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ABSTRACT

The use of dark septate fungi (DSE) to promote plant growth can be beneficial to agriculture,
and these organisms are important allies in the search for sustainable agriculture practices.
This study investigates the contribution of dark septate fungi to the absorption of nutrients
by rice plants and their ensuing growth. Four dark septate fungi isolates that were identi-
fied by Internal transcribed spacer phylogeny were inoculated in rice seeds (Cv. Piaui). The
resulting root colonization was estimated and the kinetic parameters Vi, and Ky, were
calculated from the nitrate contents of the nutrient solution. The macronutrient levels in
the shoots, and the NO;~-N, NH,*-N, free amino-N and soluble sugars in the roots, sheathes
and leaves were measured. The rice roots were significantly colonized by all of the fungi, but
in particular, isolate A103 increased the fresh and dry biomass of the shoots and the number
of tillers per plant, amino-N, and soluble sugars as well as the N, P, K, Mg and S contents
in comparison with the control treatment. When inoculated with isolates A103 and A101,
the plants presented lower K, values, indicating affinity increases for NO;~-N absorption.
Therefore, the A103 Pleosporales fungus presented the highest potential for the promotion
of rice plant growth, increasing the tillering and nutrients uptake, especially N (due to an
enhanced affinity for N uptake) and P.
Published by Elsevier Editora Ltda. on behalf of Sociedade Brasileira de Microbiologia.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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Introduction

Despite the increasing yields caused by genetic progress over
the last 30 years, improvements in crop yields have not been
very evident, especially for rice,"?> which is the most fre-
quently cultivated and consumed cereal in the world.®> That
said, farmers have to face the increased costs of seeds, chem-
icals, and fertilizers.”? In this scenario, increasing crop yields
at lower costs could be achieved by increasing the root sur-
face provided by associations with fungi, culminating in better
nutrient uptake and plant health.*>

Dark septate fungi (DSE) are ascomycetes, and they are
characterized by having dark pigmentation, microsclerotia
and melanized septate hyphae that colonize the root epider-
mis and cortex inter- and intracellulary in the host roots.®*!
Many of these fungi are able to colonize the root cells of plants,
promoting growth without causing pathologies.’>!?

These fungi often inhabit oligotrophic soils that are asso-
ciated with the roots of hundreds of plant species in all
climate regions and major biome types.'>14?0 Although DSE
research is increasing, our knowledge of the diversity of
these fungi remains restricted.?! DSE classification is grad-
ually being improved and new species are being described,
but many isolates do not yet have adequate taxonomic
positioning.”’?? For example, the three novel genera Dark-
sidea, Aquilomyces and Flavomyces belonging to Lentitheciaceae,
Morosphaeriaceae and, Massarinaceae family were recently
documented.’!’ To date, approximately 40 DSE species have
been described.®?1,23-26

The ability of these fungi to promote plant growth has
attracted attention because of their potential use in differ-
ent species, such as conifers, grasses, and cabbages, among
others.®?227-29 Furthermore, because they readily grow in
culture media and are not biotrophic, DSEs have advan-
tages over other fungi because their inoculant production
can be easier.>*° Newsham®® performed a meta-analysis of
18 independent studies to assess the inoculation of DSE
in different crops, concluding that this practice raised the
nitrogen (N) and phosphorus (P) contents as well as the
plant biomass by 26-103%. Conversely, another meta-analysis
suggested negative to neutral effects from inoculating with
non-clavicipitaceous root fungal endophytes (including DSE)
on the plant biomass and N content.?! Although the influence
of DSE on its host is still under debate, the identification of
DSE with biotechnological potential expands the horizons for
its use in agriculture, as is also the case for nitrogen-fixing
bacteria and other beneficial microorganisms.

In Brazil, recent studies have shown the presence of DSE
in the roots of healthy Oryza glumaepatula plants in the natu-
ral environment.?? In this study, some isolates were able to
colonize and contribute to the development of Oryza sativa
L. without causing disease symptoms.>>* In the same way,
based on intergenic spaces, Bonfim et al.*> identified 35 DSE
groups representing 27 species that were isolated from 7 native
trees, indicating the high diversity of these fungi. Likewise,
a new dark septate fungus species from China (Harpophora
oryzae) was recently identified in the healthy roots of Oryza
granulata, which was able to increase the biomass of O. sativa,
also without triggering disease symptoms.??

The way in which DSE establish their association with the
host is not fully understood, but studies have indicated that
growth promotion can be performed directly, by enhancing the
nutrient uptake; or indirectly, by protecting the plant against
abiotic stresses (drought, salinity, and high concentrations
of heavy metals) and the production of phytohormones or
analogous substances.?”-3¢-38 In Brassica campestris L., a mutua-
listic association was found with the fungus Heteroconium
chaetospira, in which the fungus supplies N to the plant and
the plant provides carbon to the fungus, resulting in significant
increases in plant biomass.?’

The best growth promotion responses from DSE use have
been observed when organic sources of N are used.'?1327,28
However, because of the generalized occurrence of dark sep-
tate fungi in a wide range of environments,?%3° there are likely
DSE species that are also able to assist in nutrient uptake from
inorganic sources.?’

DSEs have been shown to form intraradical structures
resembling those formed during mycorrhizal symbioses. For
example, Acephala macrosclerotiorum formed ectomycorrhizae
in pine and spruce?’ and H. chaetospira formed loose intracel-
lular hyphal loops that morphologically resembled the ericoid
mycorrhizae in Rhododendron obtusum var. kaempferi.*® How-
ever, the roles of these intraradical hyphal structures are still
at the hypothesis level.

In a previous study, the compositional diversity of the DSE
that colonized native rice (O. glumaepatula) in the Brazilian
Amazon was investigated.>®> Based on in vitro tests, 32 non-
pathogenic isolates were considered as DSE fungi.?? This study
was performed to address the phylogenetic position and to
assess the contribution of dark septate fungal isolates (A101,
A103, A104 and A105) obtained from O. glumaepatula®® to the
absorption of nutrients and the growth of rice plants (O. sativa)
under controlled conditions.

Materials and methods

Fungal isolates, DNA extraction, and phylogenetic
analyses

All of the isolates investigated here are deposited in the
CRB-JD (Centro de Recursos Biolégicos Joanna Ddbereiner at
Embrapa Agrobiologia - www.embrapa.br/agrobiologia/crb-jd)
(A101, A103, A104, and A105). For the phylogenetic analy-
ses, genomic DNA was extracted from eight-day-old cultures
grown in PDA medium. Five discs of 6mm each were trans-
ferred from the plate to 2 mL sterile microtubes, to which 0.2 g
of glass beads (106 pm; Sigma) and 1 mL of sterilized ultrapure
water were added. The suspension was vigorously agitated by
vortex and centrifuged (1.5 min; 13000 rpm). The supernatant
was transferred to clean microtubes, and 600 uL of the cell
lysis solution from the kit Wizard® Genomic DNA Purification
(Promega) was added. The samples were vigorously agitated
by vortex (10 min) and subjected to three cycles of 95°C/ice,
with 10min for each step. These cycles were followed by a
Wizard® Genomic DNA Purification protocol. The ITS1-5.8S-
ITS2 region of the rDNA fragment was amplified using primers
ITS1 and ITS4.*! PCR was performed with 25 uL reactions con-
sisting of 14.63 uL of water, 1x buffer, 2.5 mM MgCl,, 0.25 pM
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dNTP, 0.2 uM of each primer (ITS1 and ITS4), 1.25U of Tag DNA
polymerase (5UpL~1), and 1.0 uL of DNA template (approx.
50ng). The amplification conditions from Maharachchikum-
bura et al.*? were used. DNA sequencing was performed for
both DNA strands, and the sequences were assembled with
Bionumerics software v. 7.1.

The dataset used for the phylogenetic analysis contained
taxon belonging to dothideomycete orders and only Pleospo-
rales was represented by their known families. The order-level
dataset was used to gain information about the phyloge-
netic position of A101, A104 and A105 isolates in Pleosporales
(Fig. 2). Alignments of our sequences together with sequences
from GenBank were performed using MUSCLE in MEGA v.
7.3 The sequences were edited using MEGA v. 7. Aligned
dataset of ITS was analyzed using Maximum likelihood (ML).
The best model for ML was selected based on the Akaike
Information Criterion (AIC), which was calculated in MEGA
v. 7. ML analysis was done by calculating an initial tree
using BioNJ and the subsequent Heuristic search done with
the Nearest-Neighbour-Interchange (NNI) option. Distance
matrices were calculated using the Kimura three-parameter
substitution model*® and the robustness of the tree nodes
was evaluated by bootstrap analysis** using 1000 replicates.
The software default parameters were considered in all
analyses. The ITS region sequences were deposited in Gen-
Bank (KR817246=A101, KR817248=A103, KR817249=A104,
and KR817250 = A105).

Experimental design, treatments, and conditions of the
incubator room

This experiment was performed in an incubator room at
Embrapa Agrobiologia, in Seropédica, Rio de Janeiro state. The
experimental design was completely randomized, with rice
plant treatments grown without (control) and with the inocu-
lation of dark septate endophytic fungi (DSE). Each treatment
including the control had 4 replications, and each replication
had four plants. The Piaui rice variety, a genotype adapted to
the natural low-fertility of Brazilian soil was used, along with
the fungalisolates A101, A103, A104 and A105. The plants were
grown with a 13h/11h (light/dark) photoperiod, a luminosity
of 384 umolm~2s~! (photosynthetically active photon flux), a
relative humidity of 50-60% and a temperature of 28°C/24°C
(day/night).

Inoculation and growth conditions

The rice plants were grown in disposable Petri plates con-
taining sterilized agar-water (1% concentration), and they
were adapted to allow for the myecelial growth. Two plates
(one inverted) and one lid contained four equidistant holes
(approximately 8 mm in diameter), and the holes on the bot-
tom were sealed with adhesive tape to hold the previously
autoclaved agar water (Fig. 1). The set of plates was sealed
with high-resistance adhesive tape (Fig. 1) and then exposed
to ultraviolet light for 20 min in a laminar flow hood to prevent
contamination.

The fungal isolates were previously grown on PDA medium
for seven days at 28°C. The rice seeds were washed in
70% alcohol for 5min and disinfested with 2.5% sodium

hypochlorite for 10 min, followed by successive washing in
autoclaved distilled water. The seeds were placed on the agar-
water medium at the spots where each plate was perforated.
Additionally, one disk of PDA medium (approximately 8 mm)
in diameter containing mycelia was placed alongside of each
seed. The Petri plates for the control plants were inoculated
with PDA plugs without fungal mycelium. After their sowing,
the plates were incubated for three days at 28 °C to favor fungal
germination and establishment.

After the seeds had germinated, four plates with uniformly
sized seedlings were selected for transfer to glass pots contain-
ing only autoclaved, distilled water (120°C for 1h). After five
days, the water contained in the pots was replaced by nutrient
solution that was formulated according to*> at 1/4 of the ionic
strength, which was modified with 1.5mmolL-! of NO3;~-N
(KNOj3 as source). After three days, this solution was replaced
by another solution at 1/2 ionic strength, with 2.0mmolL~!
of NO3~-N and 0.5mmolL~? of NH*-N, with Ca(NOs3), and
(NHg4)2S04, respectively. This strategy was adopted to avoid
causing salt stress in the plantlets.*® Thereafter, the 1/2 ionic
strength solution was replaced every three days.

Thirty-two days after germination (DAG), the plants were
deprived of nutrient solution NO3~-N for a period of 72h to
increase the roots’ capacity to absorb N*’ after which a nutri-
ent solution containing 0.5 mmolL~! of NO3;~, again by using
KNOs as the source, was supplied. During 11h, samples of the
solution were then collected every 30 min by removing 0.5 mL
aliquots from each pot to plot the depletion curves and deter-
mine the kinetic parameters Viax and Kp.*®%° The samples
were placed in microtubes and the NO3~ concentration was
measured according to°? as adjusted following Alves et al.>!
The Vmax and K, values were determined by using the math-
ematical graphing method proposed by Cometti et al.>” with
the Cineticawin 1.0 program (Universidade Federal de Vigosa,
Minas Gerais, Brazil).

Soluble fraction and colonization measurement

Following the collection of the last nutrient solution sample,
the plants were cut and the heights and numbers of tillers
from each plant were determined. The fresh and dry masses
of the roots and shoots were measured, in the second case
after being dried in a forced-air chamber at 65 °C until reach-
ing a constant weight. The fresh samples (one gram of root,
sheath and leaf tissue) were homogenized in 80% ethanol,
and after partitioning the samples with chloroform,”* the
levels of NO3~-N,*0 free amino-N,** NH4*-N,°> and soluble
sugars® in the soluble fraction were measured. The remaining
shoot material was used to determine the macronutrient
concentrations.”” After removing the shoots, a fresh root was
removed from each pot and kept on alcohol 50% to observe the
colonized roots. The diafanization and staining of the roots
were performed according to.”® The root sections (approx.
1cm) were placed in slides with glycerin and screened at
high magnifications (400x and 1000x) using an Axioplan light
microscope (Carl Zeiss, Jena, Germany) equipped with an Axio-
cam MRCS digital camera (Carl Zeiss). The microsclerotia and
intraradical hyphae were counted in 100 microscopic fields per
root system under 400x magnification using point-intercept
method.??>%0 To prepare cross-sections of colonized roots for
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Petri plates

Lid

2 9.00cm

Inverted plate

12.00

Pot

Fig. 1 - Vessel used to study the NO3~-N uptake kinetics in rice plants (var. Piaui) that were inoculated with dark septate
fungi and subjected to 0.5 mM of NO3;~-N after 72 h of N nutrient deprivation. (A) Petri dishes containing agar-water with
seeds and mycelium discs; (B) fungal biofilm of A103 (10 DAG); (C) fungal characteristics at the collection time (35 DAG); (D)
non-inoculated plant at 41 DAG; (E) the start of A103 establishment (3 DAG); (F) Pot used; (G) overview of vessel.

light microscopy, the samples were dehydrated twice in an
ethanol series of 70, 90 and 100% for 1h each. After dehydra-
tion, the colonized roots were infiltrated with historesin (Leica,
Wetzlar, Germany) and 100% ethanol (1:1, v/v) for 12h and then
with 100% historesin for 24 h before being embedded in his-
toresin. Sections (that were approximately 5um thick) were
sliced using a rotary microtome (Leica). The samples were
observed and the images were analyzed as described above.

Statistical analyses

An analysis of variance and a t-test for the comparison of
means were applied to the data (p<0.05) with Assistat®’ and
Sisvar software.®?

Results and discussion
Phylogenetics of the isolates based on ITS

The sequences obtained from the isolated fungi were
first subjected to a BLAST search (http:/www.ncbinlm.
nih.gov) and to pairwise sequence alignment (http://www.
fungalbarcoding.org). For the A101 fungus, only matches with
less than 88% similarity were found, indicating that it rep-
resented an unknown taxon. For the other three isolates, a
similarity to a fungus belonging to the Pleosporales order was

found, this is the largest order in the Dothideomycetes class and
encompasses some recognized dark septate fungal families.??

According to the results of the phylogenetic analyses,
the three isolates (A103, A104 and A105) belonged to the
Pleosporales order and are nested in families of the suborder
Massarineae, near the Morosphaeriaceae (Fig. 2). Additionally,
the three new isolates are closely related to some genera
that were treated as incertae sedis (a genus not yet placed
within a specific family/genus), such as Massarina igniaria (CBS
845.96), Periconia macrospinosa (CBS 135663), Noosia bankssiae
(CPC 17282), Flavomyces fulophazii (CBS 135761) and Flavomyces
fulophazii (CBS 135664) (Fig. 2).2* Therefore, the ITS sequence
analysis indicated that our isolates represent new taxa that
will require a proper polyphasic analysis in the future, but at
least three isolates belong to the classical dark septate fungal
group, i.e., the Pleosporales order.

Colonization

The inoculation of the rice plants with four different DSE
isolates did not cause any disease symptoms, indicating the
compatibility of the association. Other studies also indicated
that DSE can colonize the root cortex of plants without caus-
ing any pathologies.® In the same way, the roots of all of the
plants that were inoculated with A103, A104 and A105 fungi
had intercellular melanized hyphae that formed structures
resembling anastomoses (Fig. 3B, J, and O) and intracellular
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Pleosporales

96/ KP184000 Flavomyces fulophazii CBS 135664
KP184001 Flavomyces fulophazii CBS 135761
JF951147 Noosia banksiae CPC 17282
4 KR817248 Pleosporales sp. A103
KR817249 Pleosporales sp. A104
KR817250 Pleosporales sp. A105
EU552152 Pithomyces valparadisiacus CBS 113339
KP184002 Aquilomyces patris CBS 135661
KP184004 Aquilomyces patris CBS 135760
KP184003 Aquilomyces patris CBS 135662
100/ LC014586 Massarina igniaria CBS 845.96
KP183999 Periconia macrospinosa CBS 135663
LC014569 ina eburnea HHUF 26621
KP170653 Neottiosporina paspali CBS 331.37
LC014568 Massarina cisti CBS 266.62
FJ852595 Corynespora olivacea CBS 291.74
JQ044429 Corynespora olivacea CBS 484.77

KP183979 Darksidea zeta CBS 135640
ﬂ‘f KP183998 Darksidea alpha CBS 135650

9

Massarineae

KP183983 Darksidea epsilon CBS 135658
KP183976 Darksidea beta CBS 135636
— NR137957 Darksidea beta CBS 135637
NR111243 Pleospora herbarum var. herbarum CBS 191.86
DQ491489 Cochliobolus heterostrophus CBS 134.39
FJ196306 Alternaria alternata CBS 916.96
JN943649 Pyrenophora phaeocomes DAOM 222769
GU237794 Didymella exigua CBS 183.55
FJ515608 Phoma complanata CBS 268.92
GU237763 Ascochyta pisi CBS 122785
GU237829 Leptosphaerulina australis CBS 317.83
L_76f g9y EU930011 Pyrenochaeta nobilis CBS 407.76
NR103598 Pyrenochaeta nobilis CBS 407.76
EU930010 Pyrenochaeta unguis-hominis CBS 378.92
JF740191 Cucurbitaria berberidis CBS 363.93
99] KM434270 Phaeosphaeria chiangraina MFLUCC 13-0231
K F P ié i MFLUCC 10-0563
KT389542 Setomelanomma holmii CBS 110217
& KF498728 Ophiosphaerella herpotricha CBS 620.86
KF766146 Phaeosphaeria ammophilae CBS 114595
KT225528 Phaeosphaeria avenaria DAOM 226215
96| AF439479 Phaeosphaeria eustoma CBS 573.86
GQ203757 Westerdykella angulata CBS 610.74
AY943056 Westerdykella cylindrica ATCC 24077
NR103587 Westerdykella ornata CBS 379.55
LC001725 Lophiostoma caulium HHUF 27307
JN942664 Lophiostoma arundinis HHUF 27304

Pleosporigeae

1 1

—_—
0.1

Fig. 2 - ML phylogenies of ITS sequences from Dothydeomycetes showing the phylogenetic placement of the dark septate

KF901603 Verruciporota CBS 584.75

JN942963 Lophiostoma compressum HHUF 29192

AJ496633 Lophiostoma arundinis CBS 621.86
JQ435793 Lindgomyces rotundatus MAFF 239473

‘QQENFH 19937 Lindgomyces breviappendiculatus MAFF 239292

NR119938 Lindgomyces ingoldianus ATCC 200398

HM163570 CBS 303.34
_%|_gg|— EF596817 Lophium mytilinum CBS 269.34
EF596819 Lophium mytilinum CBS 114111

NR111186 Spencermartinsia viticola CBS 117009

KF951627 Macrophomina phaseolina CBS 227.33
KF766205 Neofusicoccum ribis CBS 115475

KU198424 Diplodia mutila CBS 431.82

NR144906 Diplodia mutila CBS 112553
DQ458888 Botryosphaeria tsugae CBS 418.64
AF027764 Dothidea insculpta CBS 189.58
AJ244243 Dothiora cannabinae CBS 737.71

GQ412724 Sydowia polyspora CBS 248.93
NR111220 Dothidea sambuci DAOM 231303
EU700371 phaeocryptopus nudus CBS 268.37
95 AJ244251 Kabatiella caulivora CBS 242.64
FJ150906 Aureobasidium pullulans CBS 584.75
KF901603 Verrucisporota daviesiae CBS 116002
NR121315 Cercospora beticola CBS 116456
GU269644 Mycosphaerella marksii CBS 110920
DQ302953 Mycosphaerella endophytica CBS 114662
JX901744 Dothistroma septosporum CBS 112498
GU269829 Pseudocercospora vitis CBS 132012
1 KF901671 Mycosphaerella heimii CBS 110682
EF114685 Phaeocryptopus gaeumannii CBS 267.37
DQ303044 Teratosphaeria suberosa CBS 436.92
82| g9y GU214622 Aulographina pinorum CBS 302.71
JX500102 Catenulostroma abietis CBS 459.93
AY260093 Catenulostroma elginense CBS 102187
DQ028271 Friedmanniomyces simplex CBS 116775
KF901728 Teratosphaeria fibrillosa CBS 121707
KF901573 Teratosphaeria cryptica CBS 110975
AY725518 Teratosphaeria stellenboschiana CBS 116428
100) AY548808 Schismatomma decolorans DUKE 0047570
KF036005 Schismatomma decolorans S-F66053

Current isolate

Morosphaeriaceae

Massarinaceae

Lentitheciaceae

Pleosporaceae

Didymellaceae

Cucurbitariaceae

Phaeosphaeriaceae

Sporomiaceae

Lophiostomataceae

Lindgomycetaceae

Mytilinidiales

Botryosphaeriales

Dothideales

Mycosphaerellaceae

Teratosphaeriales

1 Outgroup

endophytes A103, A104 and A105 (labeled in pink). Schismatomma decolorans (DUKE 0047570 and S-F66053) was chosen as
the out-group. The numbers at the branching nodes represent bootstrap values (1000 replicates) of 70% and higher. Ex-type
and ex-epitype sequences are in bold. Families highlighted in orange sections and blue are orders. Selected model: Tamura

3-parameter (T92) + K2 +G.
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Fig. 3 - Morphological aspects of rice (var. Piaui) roots at 35 DAG on control (non-inoculated) and colonized by A103, A105,
A104 and A101 fungi, unstained (d) or stained with methyl blue (others). (A) Non-inoculated control; (B-H) intercellular
melanized hyphae forming structures resembling anastomoses (arrows) (B), a loose intracellular hyphal loop (arrow) (C),
melanized intracellular microsclerotia (arrows) (E and F), a cross-section showing melanized intracellular microsclerotium
(arrow) in the cortex region tissue of root (D), intracellular melanized septate hyphae (arrowhead) and a cell surrounded by
melanized septate hyphae (arrow) (G), an intraradical chlamydospore-like structure (asterisk) in the vascular bundle region
(H) formed by A103 fungus in the rice roots; (I-L) intracellular hyphae (arrowheads) (I), melanized intracellular microsclerotia
(arrows) (K and L) formed by A105 fungus in rice roots; (M-R) intracellular hyphae (arrowhead) stained with methyl blue (M
and N), intercellular melanized hyphae forming structures resembling anastomoses (arrows) (O), an early developmental
stage of an intracellular microsclerotia (arrows) (P and Q), melanized microsclerotia (R) formed by A104 fungus in the rice
roots; (S) intracellular melanized septate hyphae (arrowhead) and melanized microsclerotia (white arrows) formed by A101
fungus (R). DAG (days after germination). Bar =20 pm.
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Table 1 - Heights of the shoots, number of rice plant
tillers (Piaui variety) at 35 DAG, with and without

inoculation with different dark septate fungal isolates
and the percentage fungal colonization of rice roots.

Treatment Height of Number of Colonization (%)
shoots (cm) tillers (pot—1)

Control 67.1+16Db 2.04+0.00 c -

A101 67.6+09b 3.13+0.06 b 333+6.0b

A103 724+11a 4.06+0.26 a 60.3+10.6a

A104 62.88+1.0c 3.25+0.20b 63.6+9.0a

A105 67.7+1.0b 3.44+0.05b 77.2+54a

CV (%) 3.90 10.85 23.79

Means + SE (n=4) followed by the same lower-case letters in the
column do not differ significantly (t-test (LSD), p <0.05). DAG, days
after germination. The means of four composed repetitions (each
repetition had four plants per pot). SE, standard error.

microsclerotia in the cortex root (Fig. 3E, D, F, K, L, P, Q and R).
A104 and A105 formed intracellular hyphae that were stained
with methyl blue in the roots of all of the inoculated rice
plants (Fig. 31, M, and N). A103 and A101 formed intracellu-
lar melanized septate hyphae (Fig. 3G and S), and the A103
fungus also formed chlamydospore-like structures that sur-
rounded the vascular bundle region (Fig. 3H) as well as a loose
intracellular hyphal loop (Fig. 3C) and A101 formed microscle-
rotia (Fig. 3S) in the roots of all of the inoculated rice plants. In
addition, during the experiment, the fungus was found to be
growing abundantly all over the water-agar in the Petri dish
that had been tossed into the pot planted with rice (Fig. 1C).
Moreover, abundant fungal growth was directly observed over
the root surface, even when the roots were submerged in the
nutrient solution (Fig. 1B). The control plants did not display
any fungal colonization (Figs. 1D and 3A). However, in all of the
treatments with dark septate inoculation, abundant coloniza-
tions were observed, varying from 33 to 77.2% (Table 1). The
percentage of colonized roots in the plants inoculated with
A103, A104, A105 was significantly higher than that of A101
fungus (Table 1). These results are similar to results obtained
recently by LukeSova et al.,?° in which the authors observed
a loose intracellular hyphal loop formed by A. macrosclerotio-
rum in birch roots, with colonization varying from 51-61%
when the birches were inoculated with Acephala applanata
and A. macrosclerotiorum and 50-80% when blueberries were
inoculated with Phialocephala fortiniis s.1. — A. applanata species
complex (PAC).

Plant biomass, growth and nutrient accumulation

An evaluation of the dry matter showed that the plants that
were inoculated with isolate A103 had higher values for the
roots, sheathes, leaves and shoots, with increases of 44%, 43%,
25% and 32%, respectively, in comparison with the control,
indicating that this fungus contributes to rice plant growth
(Fig. 4A). However, the inoculation with A104 caused reduc-
tions of 24%, 11% and 22% in the dry matter of the sheaths,
leaves and shoots, respectively (Fig. 4A), and isolates A101 and
A105 did not influence the plant dry matter (Fig. 4A). Like-
wise, the heights of the plants were influenced positively by

A103 inoculation. However, A104 caused a negative effect, and
there was no effect from A101 and A105 in comparison with
the control (Table 1). The higher root mass probably indicates
the greater presence of lateral and secondary roots and root
hairs, which is a characteristic of roots that are morphologi-
cally adapted for a more efficient uptake of nutrients. This trait
is desirable, primarily because it is an important attribute for
the absorption of nutrients such as N and P under low soil
fertility conditions.*863.64

The results of the dry matter and plant height evaluations
were widely variable among the fungal isolates. The A103
isolate promoted the greatest accumulation of biomass and
the greatest elongation of the shoot, which was previously
observed. For example, in Dendrobium nobile® and Saussurea
involucrata,®® DSE inoculation also promoted greater plant
heights and biomasses in the shoots and roots in comparison
with the control plants. Moreover, the inoculation of the host
plants (blueberries) and birch seedlings with A. applanata and
A. macrosclerotiorum showed increasing dry shoot weights and
fresh root weights.”® However, the latter author observed neg-
ative effects when the blueberries were inoculated with PAC,
which is in accordance with.>!

For the dry matter values and heights of the plants treated
with A103, there was a larger number of tillers in the plants
inoculated with the fungal isolates, with the standout again
being the plants that were inoculated with A103, with an
increase of 100% compared with the control (Table 1). This
more intense tillering likely results from the greater plant
vigor that occurs when inoculating with this isolate because
other studies have shown a high correlation between the
nutritional state and supplementation of carbohydrates.®%%
Newsham® found that the DSE fungus P. graminicola, which
is currently called Harpophora radicicola, was beneficial to the
grass Vulpia ciliata because inoculated grasses had increased
tiller numbers, root lengths, and dry biomasses for the shoots
and roots, when compared with non-inoculated seedlings in
a growth room and a glasshouse experiment.

An assessment of the macronutrient contents in the shoots
showed that the A103 treatment increased the N, Mg and S
contents in relation to the control (by 29, 19 and 30%, respec-
tively), and those levels were lower in the inoculation with
A104; there were no differences with A101 and A105 (Table 2).
Therefore, A103 inoculation promoted a greater accumulation
of these nutrients while the other fungal isolates tended not
to produce effects.

The 30% higher accumulation of N found in this study
in the A103-inoculated plants when ammonium nitrate was
applied as the N source appears to indicate that greater N
accumulation does not necessarily occur when the N source is
organic. This finding might result from the low availability of
this type of nitrogen source or the specialization of this fungus
for the absorption of mineral N in tropical soils, as previously
observed for mycorrhizal fungi.”%73

The P and K contents in the shoots of the plants that were
inoculated with A103 and A105 were higher than those of the
control plants (for increases of 48 and 32% with A103 and 18
and 10% with A105), and the levels in the plants that were inoc-
ulated with A101 and A104 were equal to that of the control.
Increases in the P contents in the shoots of DSE-inoculated
plants were observed when they were supplemented with an



74

BRAZILIAN JOURNAL OF MICROBIOLOGY 49 (2018)67-78

Dry mass(g pot™)

Free amino-N (umol pot™)

a 300
60 1 ab
a ab £ 250 4
- ab bc §_
3 [bc w o 200
5 401 ¢ E
E —
3 d 8, 150 -
z @
. 2 100
=z 2 2
a [
aby Iﬂblab aaiaa @D 50
ST [ 1

Root

Sheath

Leaf

Shoot

Root

Sheath

Leaf

Shoot

Fig. 4 - Dry mass (A), the contents of free amino-N (B), free NH;*-N (C) and soluble sugars (D) as determined at 35 DAG in
rice plants (Piaui variety) without inoculation (white bar) and those inoculated with the following different dark septate
fungal isolates: A101 (checkered bars), A103 (closed bars), A104 (grey bars) and A105 (striped bars). Different letters within a
given plant tissue (root or sheath or leaf or shoot) indicate significant differences among the treatment at p <0.05 (t-test
(LSD)). The error bars are standard error (n=4). The means of four composed repetitions (each repetition had four plants per
pot). The shoot biomass is the sum of the sheathes and leaves.

inorganic source of P.'?'3 The Ca level was equal for all of the
treatments in comparison with the control, even though there
was a tendency for higher accumulation in the plants that
were inoculated with A103 and A105 (Table 2).

Nitrogen absorption kinetics
In evaluating the NO3;~ exhaustion rate obtained from the

nutrient solution, inoculating with A101 and A103 increased
NO3~ consumption in comparison with the control treatment

(Fig. 5A and B). In general, the absorption speed was higher
during the first hours with A101, but in the plants inoculated
with A103, the highest absorption speed was observed approx-
imately 7h after inoculation, and the NOs~ content of the
nutrient solution was depleted 11 h after the start of the exper-
iment (Fig. 5B). However, inoculating with A104 and A105 did
not cause any change in relation to the control.

Among the kinetic parameters of NO3~ absorption, there
was only a significant effect for K, (Table 3). The A101 and
A103 inoculation led to lower Ky, values than the control.

Table 2 - Macronutrient contents in the rice plant shoots (Piaui variety), at 35 DAG, with and without inoculation with

different dark septate fungal isolates.

Treatment N P Ca Mg S
mgpot !

Control 56.3+3.1b 13.14+0.3 cd 49.2+3.8bc 7.9+0.6 ab 8.0+0.3b 11.4+06Db
A101 532+17b 13.7+0.7 ¢ 405+13c 6.4+0.2b 8.0+0.2b 10.3+0.3b
A103 728+1.1a 19.4+04a 65.0+4.9a 97+12a 95+03a 149+05a
A104 42.7+3.2c 11.6+06d 438+23c 6.84+0.5b 56+03c 8.6+05c
A105 53.9+1.0b 15.6+0.4b 54.6+1.2 ab 9.6+0.3a 72+02b 11.44+0.2b
CV (%) 9.22 7.47 13.94 18.41 7.44 8.73

Means £ SE (n=4) followed by the same lower-case letters in the column do not differ significantly (t-test (LSD), p<0.05). DAG, days after
germination. Means of four composed repetitions (each repetition had four plants per pot). SE, standard error; N, nitrogen; P, phosphorus; K,
potassium; Ca, calcium; Mg, magnesium,; S, sulphur.
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Fig. 5 - Depletion of N-NO5~ in the nutrient solution for each rice plant (Piaui variety) inoculated with dark septate fungi
A101 (A), A103 (B), A104 (C) and A105 (D), then subjected to 0.5 mM of N-NOs~ after 72h of N deprivation. * Significant
according to the F-test at 5% probability. The error bars are standard error (n=4).

Table 3 - Kinetic parameters Ky and Vmax for NO3~
absorption as determined at 35 DAG in rice plants (Piaui

variety) with and without inoculation with different
dark septate fungal isolates.

Treatment Vimax (pmolg—th=1) Km (pmolL~1)
Control 56.5+4.4a 88.6+4.1a
A101 55.1+3.0a 49.7 +£10.8 bc
A103 46.8+3.2a 22.0+34c
A104 60.6+16.5a 76.4+14.8 ab
A105 48.4+2.7 a 96.1+119a
CV (%) 25.81 26.21

Means + SE (n=4) followed by the same lower-case letters in the
column do not differ significantly (t-test (LSD), p <0.05). The means
of four composed repetitions (each repetition had four plants per
pot). SE, standard error.

Lower Ky, values were estimated for the A101 and A103
treatments (44 and 75% lower than the control, respectively),
indicating greater affinity for transporting the NO3;~ of the
plants that were colonized by these two isolates in comparison
with the other treatments. In the same way, the better nitrate
uptake efficiency of the colonized tomato root by arbuscular
mycorrhizal fungi (AMF) compared with a non-inoculated con-
trol was preferentially mediated by a higher expression of NRT
2.3, a member of the high-affinity transport system.”* Another
study showed that soil inoculation with AMF increased the
plant growth and N uptake of wheat when compared with a
non-inoculated control, and it was attributed to upregulation
by the AMF of nitrate transporter genes.””

Morphology, physiology and root system development,
among other aspects, determine the variations in the absorp-
tion kinetics factors (Km, Vmax and Cp,i,) of plant species. This
variation is associated in turn with the adaptation of plants to
different ecosystems.*® These morphophysiological traits of
the root system are influenced by the microorganisms that are
present in the rhizosphere.”>’® Therefore, it can be assumed
that the greater NO3;~ absorption efficiency observed in the
A103-colonized plants is explained by the lower Ky, values
caused by the presence of this fungus. This greater efficiency
in acquiring NO3~ when there are low concentrations in solu-
tion could be an indication of plant adaptations to nutritional
stress conditions in tropical regions, which are caused by the
nitrogen dynamic of the environment.*’

Plant soluble fraction

The nitrate contents of the roots, sheathes, leaves and shoots
of the rice plants were not influenced by the treatments, con-
firming the ability of the Piaui variety to accumulate nitrate,
along with amino-N in the sheathes, as already observed in
previous studies.*®%477-79 However, the free amino-N content
varied depending on the given treatment (Fig. 4B). A103 stood
out from the others because the sheathes, leaves and shoots
that were inoculated with this isolate presented a 20% increase
in the amino-N content in relation to the control (Fig. 4B). This
higher accumulation of amino-N indicates a greater influx of
N and a better potential to make proteins in the plants that
were inoculated with A103 compared with the other treat-
ments. For the A104 and A105-inoculated plants, the leaves
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and shoots presented lower contents of amino-N than the con-
trol plants, with respective reductions of 18% and 24%. The
amino-N decrease in the shoots could be related to the trans-
port of amino acids from this part to the root, to supply the
metabolic demands of the A104 and A105 fungi because there
are reports that some dark septate fungi use free amino acids
as their sole source of carbon and nitrogen.?” Other studies
have shown that the metabolic activity of mycorrhizal fungi
can cause considerable changes in the N metabolism, with a
reduced concentration of free amino-N.80-82

The NH4*-N content was generally higher in the leaves
than in the roots and sheathes (Fig. 4C). Similar results have
been observed in this variety by other authors.®787983 The
inoculation did not influence the NH4*-N contents in the roots
and sheathes (Fig. 4C). In contrast, there was lower NHs*-
N accumulation in the leaves for A104 and A105 treatments
compared with the control (Fig. 4C). In the shoots, with the
exception of the A105 treatment, which presented a reduction
of 30% in the NH4*-N content, all of the treatments presented
NH4*-N contents equal to that of the control. Another study
found an NH4*-N reduction in transgenic carrot roots that
were inoculated with AMF.®?

In general, the soluble sugar contents of the roots were
lower than those of the sheathes, which in turn contained
a lower content than the leaves (Fig. 4D). Similar results
were obtained by*® for the same rice variety. The soluble
sugar content of the roots was not influenced by the pres-
ence of the fungi (Fig. 4D). By contrast, there was a difference
between the treatments in the sheathes, leaves and shoots,
with the A103 inoculation causing the highest soluble sugar
contents, at an increase of 46% compared with the control.
This resultindicates that inoculating rice plants (Piaui variety)
with A103 can enhance maintenance respiration and plant
growth. The higher observed sugar content is an indication of
more efficient photosynthesis in the A103-inoculated plants.
This finding can be explained by the fact that plants associ-
ated with DSE can present higher levels of chlorophyll and
better efficiency of photosystem II photochemistry.?* In this
case, the establishment of the association between the host
plant and DSE should be similar to the effect of mycorrhizae
formation, which results in changes in the host plant’s phys-
iology, with increases in the chlorophyll levels in the leaves
and a consequently higher production of photoassimilates
and carbohydrates.?>%¢

The increases in the root, sheath, leaf and shoot masses
along with the greater height and number of tillers in the
plants treated with the A103 fungal isolate is an indication
of the better nutritional state of these plants as promoted by
an association with this fungus. This trend was also evidenced
by the higher accumulations of soluble sugars and the more
efficient uptake of nutrients, especially nitrogen (as indicated
by the lower value of Kn,).

Concluding remarks

There are important differences in rice plant benefits, depend-
ing on the associated fungi and ranging from the promotion
of plant growth to no effect. The Pleosporales fungus A103 pre-
sented high potential for use in the promotion of rice plant

growth, increasing the tillering and absorption of nutrients,
especially N (with an enhanced affinity for absorbing this ele-
ment) and P.
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