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ABSTRACT - The formation of ectomycorrhizas by monokaryotic and dikaryaotic isolates of Pisolithus microcarpus
(Cooke & Massee) G. Cunn. in Eucalyptus grandis W. Hill ex Maid. was studied by in vitro synthesis in Petri
dishes. The formation of ectomycorrhizas was observed for all strains tested. Ectomycorrhizas formed by
the monokaryotic strains presented a sheath of hyphae around the roots and a Hartig net limited to the epidermis
layer, typical of the angiosperm ectomycorrhizas. Colonization rates, a measure of the number of ectomycorrhizas
in relation to the total number of lateral root tips, varied from 23 to 62%. Some monokaryotic strains stimulated
the formation of lateral roots, promoting increases of up to 109% above the control. The presence of some
of the isolates in the in vitro synthesis medium stimulated the production of thicker lateral root tips. The
dimensions of the lateral roots tips and ectomycorrhizas varied from one isolate to the next, indicating a
variation in their capacity to provoke morphological changes in the host plant roots. The dikaryotic strain
M5M11 presented higher values for lateral root yield, number of ectomycorrhizas, and colonization percentage
than the corresponding monokaryotic strains, M5 and M11. This indicated the possibility of selecting compatible
performing monokaryotic isolates for the yield of superior dikaryotic strains. The set of monokaryotic strains
tested varied greatly in their ability to colonize E. grandis roots and cause secondary metabolism-related morphological
changes in roots, providing a wealth of model systems for the study of genetic, physiological, and morphogenetic
processes involved in Pisolithus-Eucalyptus ectomycorrhiza formation.
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FORMAC;AO DE ECTOMICORRIZAS IN VITRO POR ISOLADOS
MONOCARIOTICOS E DICARIOTICOS DE Pisolithus microcarpus EM
Eucalyptus grandis

RESUMO - A formacéo de ectomicorrizas por isolados monocariéticos e dicaridticos de Pisolithus microcarpus
(Cooke & Massee) G. Cunn. em Eucalyptus grandis W. Hill ex Maid. foi estudada usando-se o método de
sintese in vitro em placas de Petri. A formacgé&o de ectomicorrizas foi observada para todas as linhagens
testadas. Ectomicorrizas formadas pelas linhagens monocaridticas apresentaram manto de hifas circundando
araiz e rede de Hartig limitada a camada da epiderme, tipica de ectomicorrizas de angiospermas. As percentagens
de colonizacao, correspondendo ao nimero de ectomicorrizas em relacao ao total de raizes laterais curtas,
variaram de 23 a 62%. Algumas linhagens monocaridticas estimularam a formacéo de raizes laterais curtas,
promovendo aumentos médios de 109% em comparag&o com o controle. A presenca de alguns dos isolados
no meio de sintese in vitro estimulou a producéo de raizes laterais de maior didmetro. As dimensdes das
raizes laterais e das ectomicorrizas variaram com o isolado inoculado, indicando variac¢des dentro da populacéo
testada na capacidade de provocar mudangas morfoldgicas nas raizes da planta hospedeira. O dicario M5M11
apresentou maiores valores para produgédo de raizes laterais, nimero de ectomicorrizas e percentagem de
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colonizagao em comparacao com os isolados monocariéticos correspondentes, M5 e M11, indicando a possibilidade
de se selecionar isolados compativeis eficientes para a producéo de dicarios superiores. O conjunto de isolados
monocaridticos testado variou quanto a capacidade de colonizacéo das raizes de E. grandis e de causar
mudancas morfoldgicas nas raizes relacionadas ao metabolismo secundario, constituindo- sistema-modelo
para o estudo da genética, da fisiologia e dos processos morfogenéticos envolvidos na formagao de ectomicorriza

entre Pisolithus e Eucalyptus.

Palavras-chave: Morfologia de ectomicorrizas, Manto e Rede de Hartig.

1. INTRODUCTION

The ectomycorrhizal association of Pisolithus spp.
with angiosperms and gymnosperms is widespread
inthe World (Marx etal., 1982). In Brazil, the importance
of Pisolithus is derived from its association with
Eucalyptus L“Hér., an exotic genus widely cultivated
for timber, charcoal, and cellulose pulp for the paper
industry. The benefits of ectomycorrhizas to the host
plant include improved plant growth (BARROS et al.,
1978; BURGESS etal., 1994; SILVVAetal., 2007), increased
phosphorus (P) uptake (BURGESS et al., 1993; TRAJANO
etal., 2001; SILVA et al., 2007), higher tolerance to
temperature stress (MARX and BRYAN, 1971) and soil-
borne pathogens (MARX, 1972; CHAKRAVARTY and
UNESTAM, 1987), among other effects. For a long time,
this has raised the interest of researchers in the functioning
of the symbiosis aiming at an efficient and sustainable
management of ectomycorrhizas in the field and forest
nurseries.

In nature, Eucalyptus plants are found to be
associated with only dikaryotic strains of Pisolithus.
Monokaryotic strains, originated from the germination
of basidiospores, soon mate with another sexually
compatible monokaryotic strain, giving rise to a dikaryotic
mycelium (KOPE and FORTIN, 1990; KOPE, 1992;
CARVALHO etal., 1997). Reports of ectomycorrhizal
formation by monokaryotic strains of a few basidiomycete
ectomyecorrhizal fungi have been found only for temperate
gymnosperms species in in vitro synthesis (KROPP
etal., 1987; GAY etal., 1994; KROPP, 1997).

Monokaryotic strains constitute a much simpler
system for the understanding of the genetic control
of mycorrhizal traits and other ecological and
physiological aspects of the symbiosis. For example,
monokaryotic strains have proven useful for the
determination of a linkage map for Laccaria laccata
(Scop.) Cooke, the number of linkage groups, and the
genome size based on the cosegregation of RAPD markers
(DOUDRICK etal., 1995). Monokaryons may yet be
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used to solve many problems of mycorrhizal research
with strategies involving mutagenesis, protoplast fusion,
and transformation (COSTA et al., 2002).

The inoculation of Pinus strobus L. with Laccaria
bicolor (Maire) P. D. Orton has shown that monokaryons
of this fungus display a wide range of root colonization
capacities, varying from a complete inability to establish
the association to highly infectious isolates (KROPP,
1997). In this study the inheritance of the ability for
ectomycorrhizal colonization has shown that this trait
is polygenically controlled. Also, for Pisolithus tinctorius
(Pers.) Coker & Couch, variations in the ability of
dikaryotic strains originated from controlled crossings
between monokaryons to form ectomycorrhizas with
Pinus elliotti Eng. var. elliotti has shown that
mycorrhizal formation is under polygenic control and
that selected strains, obtained from specific crosses,
could be used with selected host plants to improve
ectomycorrhizal formation in a combined fungal and
tree breeding program (ROSADO et al., 1994).

Certain morphological events that take place in
the roots during the establishment of the symbiosis
seem to be related to a few products of fungal secondary
metabolism such as auxins and hypaphorine (GOGALA,
1991; GAY etal., 1994; BEGUIRISTAIN and LAPEYRIE,
1997). In a study with auxin overproducer mutants of
Hebeloma cylindrosporum Romagnesi, IAA-
overproducing monokaryons showed higher mycorrhizal
activity than the non-overproducers, indicating that,
although the mycorrhizal activity in monokaryons is
under polygenic control, high IAA production gives
advantages in mycorrhizal formation (GAY etal., 1994).
According to Wong and Fortin (1990), fungal
phytohormones may enhance rhizogenic activity in
the host plant providing an increased quantity of
available colonization sites and consequently facilitating
the establishment of the ectomycorrhizal symbiosis.
Conversely, hypaphorine, a major indole compound
accumulated in P. tinctorius mats in pure culture, causes
a strong reduction of root hair elongation in Eucalyptus,
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suggesting that fungal molecules such as hypaphorine
itself, could prevent root hair development in lateral
roots as they emerge from colonized roots
(BEGUIRISTAIN and LAPEYRIE, 1997; DITENGOU
etal., 2000; REBOUTIER et al., 2002).

Interactions between monokaryotic strains of P.
microcarpus and Eucalyptus are still poorly explored,
though knowledge of several physiological, genetic,
and ecological aspects of the symbiosis has greatly
advanced (CAIRNEY and CHAMBERS, 1997; COSTA
etal., 2002; SILVA et al., 2007). Thus, the objective
of this work was to verify whether monokaryotic strains
of P. microcarpus, originated from the germination
of basidiospores, were fully capable of forming
ectomycorrhizas with E. grandis in vitro in Petri dishes,
and to check whether such strains could cause the
same morphological changes related to fungal
secondary metabolism products in the roots of the
host plant compared to other dikaryotic isolates
included in this study.

2. MATERIALAND METHODS
2.1. Monokaryotic and dikaryotic strains

The monokaryotic strains 35, 75, 94, 95, 99, 109,
147, 248 were obtained from the germination of spores
collected from a P. microcarpus basidiocarp (voucher
specimen VIC 26495), according to the method described
by Carvalho et al. (1997), with some slight modifications.
Briefly, approximately 0.05 g of spores was
homogeneously spread onto 25 mL malt agar (20g L-
malt extract; pH 5.5, adjusted with 1.0 mol L*HCI).
The Petri dishes were incubated for seven days at 25
°C and observed daily for the removal of contaminating
colonies or disposal, if extensively contaminated. Cultures
free of contamination were used to cut off 0.5 x 0.5
cm agar blocks containing spores. These blocks were
then suspended in sterilized 0.5% Tween 80 to obtain
a final spore concentration of 5 x 106 mL-*. One hundred
microliters of the spore suspension thus obtained (500,000
spores) were spread onto an MNM medium (MARX,
1969) containing 2 g L *activated charcoal. Two disinfected
seeds of Eucalyptus citriodora Hook were placed on
the medium with the spores and incubated at 25 °C
for 3 days in the dark. Seed disinfection was done by
treating seeds with 70% ethanol for one min, 20% H,O,
for six min, followed by five rinses with sterilized distilled
water. After germination, a single seedling was left
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per plate. The Petri dishes were then transferred
to a growth chamber and incubated at 25 °C with
12 h of light (100 umol m2 st). From the 20™ day,
newly formed colonies were transferred to fresh
MNM, incubated for another 20 days at 25 °C and
examined for the presence of clamp connections.
Colonies without clamp connections were considered
to be monokaryotic.

The monokaryotic strains, M5 and M11, isolated
from a basidiocarp collected under a Eucalyptus sp.
forest, and the corresponding reconstituted dikaryotic
strain M5M11 were obtained from the ectomycorrhizal
culture collection of Universidade Federal de Lavras,
Lavras, Minas Gerais, Brazil. The dikaryotic strain Pt
90A, isolated from Eucalyptus sp., was obtained from
the ectomycorrhizal culture collection of the Microbiology
Department at Universidade Federal de Vigosa, Vigosa,
Minas Gerais, Brazil.

2.2. Invitro synthesis of ectomycorrhizas

In vitro synthesis of ectomycorrhizas followed
a protocol described by Burgess et al. (1996) with
modifications. The experiment was conducted in 90 x 20
mm Petri dishes containing 20 mL of a nutrient medium with
the following composition: 3 mmol L N; 0.7 mmol L*
Ca; 0.6 mmol L* ClI; 0.5 mmol L** Mg; 0.5 mmol L*S;
0.046 mmol L* K; 0.04 mmol L P; 0.02 mmol L* Fe,
0.01 mmol L1 B; 2.28 umol L't Mn; 0.2 umol L*Zn;
0.005 umol Lt Co; 0.03 umol Lt Mo; 0.03 umol L* Na;
100pgL*thiamine; 0.2 g L glucose; 0.8% agar; and
pH 5.8, adjusted with 1.0 mol L-* HCI. The following
salts were used to prepare the synthesis medium: NH,NO,,
KH_PO,, MgsO,, CaCl,, Ca(NO,),, FeCl_H,BO,, MnSO,,
ZnSO,, (NH,).Mo.0,,, NaCl, CoCl,. The surface of the
medium was overlaid with a disc of autoclaved cellophane
paper. Three agar discs cut off from the edge of actively
growing twenty-day-old colonies of the ectomycorrhizal
strains described above were placed along a line drawn
on the bottom of the Petri dish, approximately, 3.0 cm
away from the center of the plate (line A). The Petri
dishes were incubated at 25 °C for five days. To provide
a support for the host plant seeds and prevent them
from dropping off the correct position in the Petri dish,
two hundred microliters of water-agar were spread along
aline drawn 2.0 cm away from line A. Ten E. grandis
seeds, previously disinfected as described above, were
then placed along the water-agar layer, 2.0 cm away
from the fungal colonies.
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The experiment contained ten replicates of each
treatment, corresponding to each monokaryotic and
dikaryotic strain. A control treatment without fungal
inoculation was also included. The plates were
incubated at an angle of 70° in a growth chamber
under the same conditions as those described for
spore germination. The formation of lateral roots
and mycorrhizae were followed for 66 days.
Ectomycorrhizal colonization was recorded only at
the end of the experiment.

2.3. Mantle and Hartig net formation

To verify the formation of the mantle and Hartig
net by the monokaryotic and dikaryotic strains, samples
of ectomycorrhizas and of uninoculated lateral root
tips from all treatments, stored in formaldehyde: ethanol
70% ethanol: acetic acid (FEA, 5:90:5), were taken for
morphological studies. Ectomycorrhizal and uninoculated
lateral root tips were mounted in Jung Tissue Freezing
Medium™ and sectioned in a Leica CM 1850
cryomicrotome at -28 °C. Unstained 35 pum-thick sections
were observed by bright field microscopy with an Olympus
BX 50 microscope and photographed with a PM-C35DX
Olympus camera.

2.4. Measurements of lateral root tips and
ectomycorrhizas

Samples of ten lateral roots and ten
ectomycorrhizas were randomly taken for each strain
and measured with an OSM 203749 Olympus
micrometer mounted on a Carl Zeiss microscope. The
measurements corresponded to root and
ectomycorrhiza length and diameter of the basal,
middle, and apical thirds of lateral root tips and
ectomycorrhizas. Mantle thickness was measured
indirectly in the photographs of the sections of the
ectomycorrhizas.

2.5. Statistical analysis

The experiment was installed in a completely
randomized design with ten replicates. Data were
submitted to variance analysis and media were grouped
by the Scott-Knott test at 5% probability whenever
pertinent. Pearson’s simple correlation was also
determined for the number of lateral root tips and
ectomycorrhizal colonization.
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3. RESULTS

3.1. Formation and morphological characterization of
ectomycorrhizas

All monokaryotic and dikaryotic isolates were capable
of forming ectomycorrhizas with E. grandis under the
conditions used in the experiment (Table 1).
Ectomycorrhizas could be clearly observed from the
8™ to the 12™ day after seed germination and were
exclusively formed with the newly emerged lateral root
tips. Despite the long incubation in vitro (66 days),
ectomycorrhizas could be observed throughout the
experiment, being either newly formed young ones or
older, senesced mycorrhizas. No data were recorded
relative to age of ectomycorrhizal and lateral root tips.

Ectomycorrhizal formation started by contact
between the hyphae growing on the support medium
and the lateral root tips. The contact phase occurred
two to three days after seed germination and depended
greatly on the length of the main root axis, root extension,
and lateral root tip emergence. Hyphae were first loosely
attached to the lateral root tips and progressed to form
dense layers of mycelium over the entire seedling root
so that, most of the time, the visualization of
ectomycorrhizas was only possible by removing excess
mycelium from the roots, followed by observation under
a stereomicroscope. In the intermediary phases of
colonization, patches of vigorous mycelial growth were
observed adjacent to or over discrete regions of the
seedling roots, indicating improved fungal growth on
exudates and sloughed-off tissue produced by the plants.
As contact of the fungus with young lateral root tips
and lateral root primordia occurred, a strong inhibition
of root hair development was observed.

The synthesized ectomycorrhizas were monopodial,
unbranched and mostly isolated, but sometimes present
in clusters of three to five ectomycorrhizas (Figure 1).
Despite the variation observed for mycelial color of
the monokaryotic and dikaryotic strains, variation in
ectomycorrhizal color was narrower and corresponded
mostly to beige, light yellow, or light orange, being
similar to mycelial color in pure culture.

Anatomical sectioning showed the presence of
a hyphal sheath or mantle around the lateral root tips
and a Hartig net limited to the epidermal intercellular
spaces (Figure 1). Mantle thickness varied from one
isolate to the next (10 to 36 um), but no correlation
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Table 1 — Number of lateral root tips, ectomycorrhizas, and root tip colonization percentage of Eucalyptus grandis seedlings

inoculated with monokaryotic (35, 75, 94, 95, 99, 109, 147, 248, M5, M11) and dikaryotic (M5M11, Pt 90A)
isolates of Pisolithus microcarpus, after 31 and 66 days of plant growth in vitro.

Tabela1— Numero de raizes laterais curtas, ectomicorrizas e percentagem de colonizagao de plantulas de Eucalyptus grandis

inoculadas com isolados monocariéticos (35, 75, 94, 95, 99, 109, 147, 248, M5, M11) e dicariéticos (M5M11,
Pt 90A) de Pisolithus microcarpus, ap6s 31 e 66 dias de crescimento in vitro.

Isolate Lateral Increase®(%) Lateral Increase®(%) Ectomycorrhizas/ Colonization
number roots/plan roots/plant plant (%)
31 days 66 days
35 6.2 a 130 8.2 a 86 22D 27 ¢
75 43b 59 53c 20 3.1lb 59 a
94 7.3 a 170 9.2 a 109 39a 42 b
95 3.1lc 15 73D 66 35a 48 b
99 46b 70 6.1c 39 3.1b 51 b
109 6.6 a 144 73D 66 4.0 a 55 a
147 48b 78 75b 70 3.6 a 48 b
248 31lc 15 4.2 c -5 26 Db 62 a
M5 35¢c 30 6.1c 39 2.1b 35b
M11 25¢ -7 57¢c 30 13c 23 ¢
M5M11 49 b 81 6.8 b 55 29b 43 b
Pt 90A 40b 48 6.7 b 52 27b 40 b
Control 27¢c 0 44 c 0 0.0d od
Mean® 4.6 70 6.7 52 2.9 44

For each column, values followed by the same letter are not statistically different by the Scott-Knot test at 5 % probability.
a/ Increase in lateral tip emergence in relation to the control mean [(treatment mean — control mean)/control mean x 100].
b/ The mean does not include the control treatment.

Figure 1 — Roots and ectomycorrhizas of Eucalyptus grandis grown in vitro. (A) Uninoculated control roots showing abundant

root hairs (RH). (B) Mycorrhized root (MR) showing emanating hyphae of the monokaryotic isolate 94. (C)
Transversal section of an ectomycorrhiza of the monokaryotic isolate 75 at the beginning of Hartig net (HT)
formation. Notice the thickness of the mantle and the presence of non-elongated epidermal cells (EP) of the
pre-Hartig net zone. Bars: A =300 um, B =500 pm, and C = 20 pm.

Figura 1 — Raizes e ectomicorrizas de Eucalyptus grandis- cultivadas in vitro. (A) Raiz ndo- inoculada do tratamento--controle

mostrando abundante produc¢éo de pelos radiculares (RH). Raiz micorrizada (MR) mostrando hifas emanadas
do isolado monocariético 94. (C) Secéo transversal de uma ectomicorriza do isolado monocariético 75 no inicio
da formagéo da rede de Hartig (HT). Notam-se a espessura do manto e a presenca de células epidérmicas nao-
elongadas tipicas da regiao pré-rede de Hartig. Barras: A =300 pm, B =500 pme C = 20 pum.
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was established between this trait and isolate
aggressiveness due to the limited number of sections
observed and photographed. Mantle development
allowed the distinction of layers of outer prosenchyma
(mantle with air spaces) and inner synenchyma (mantle
with no air spaces) closely attached to roots.

In the mantle layer formed by isolates Pt 90A,
M5M11, and 95, orange to brown, spherical to oval,
sometimes irregularly shaped incrustations were also
observed. The spherical incrustations were 4.0 to
7.0 um in diameter and their chemical composition
was not determined.

The diameter of the apical, middle, and basal
thirds of the ectomycorrhizas as well as the length
of the ectomycorrhizal root tips were measured to
characterize the morphological changes brought about
by the colonization of the root system by the
monokaryotic and dikaryotic isolates. Except for root
tip length, root colonization by some of the isolates
caused increases in the apical, middle, and basal
diameters when compared to the lateral root tips
produced by uninoculated seedlings (Table 2).
Ectomycorrhizal root tips showed a slight tendency

COSTA, M.D. et al.

to taper from the base to the apex and were thicker than
unmycorrhized tips (Table 2). The monokaryotic isolates
M5 and Mid not cause changes in ectomycorrhizal lateral
root tip morphology (Table 2). However, the corresponding
dikaryotic strain M5M11 was capable of stimulating
increases in root tip dimensions to values above those
of the control treatment. In general, the isolates that caused
the less marked morphological changes in mycorrhized
lateral root tips were the monokaryons M5, M11, and
the dikaryon M5M11 (Table 2).

The presence of unassociated mycelium in the vicinity
of host roots was capable of causing changes in lateral
root tip morphology (Table 2). Similarly to mycorrhizal
root tips, some isolates were capable of inducing increases
in apical, middle, and basal diameters of the nonmycorrhizal
lateral root tips, showing that morphological changes may
occur even without a direct association of the fungus
with the host plant roots. For mycorrhized, as well as
nonmycorrhized lateral root tips (Tables 2), root tip length
was always the same as that observed for the control,
indicating that cell elongation along the lateral root tip
axis was not stimulated to the same extent as root radius.

Table 2 — Apex, middle, and basal diameters and length of ectomycorrhizas (ECTO) and non-mycorrhizal lateral root tips (LATR)
of Eucalyptus grandis seedlings inoculated with monokaryotic (35, 75, 94, 95, 99, 109, 147, 248, M5, M11) and
dikaryotic (M5M11, Pt 90A) isolates of Pisolithus microcarpus, recorded after 66 days of plant growth in vitro

Tabela 2 — Diametros apical, basal e médio e comprimento das ectomicorrizas (ECTO) e de raizes laterais finas ndo- micorrizadas
(LATR) de mudas de Eucalyptus grandis inoculadas com isolados monocarioticos (35, 75, 94, 95, 99, 109, 147, 248,
M5, M11) e dicarioéticos (M5M11, Pt 90A) de Pisolithus microcarpus, ap6s 66 dias de crescimento da planta in vitro.

Isolate Diameter um Length mm
number
Apex Middle Base
ECTO LATR ECTO LATR ECTO LATR CTO LATR
35 184 b 119 ¢ 199 a 146 b 226 a 166 b 1.31 a 1.15 a
75 191 a 133 b 223 a 154 b 239 a 187 a 0.94 a 1.40 a
94 192 a 115 ¢ 213 a 143 b 230 a 165 b 0.88 a 1.26 a
95 180 b 130 b 202 a 147 b 214 a 159 b 0.76 a 1.14 a
99 196 a 140 b 220 a 161 a 237 a 197 a 0.89 a 1.17 a
109 185 b 144 b 218 a 166 a 233 a 194 a 1.03 a 1.29 a
147 200 a 127 b 224 a 154 b 243 a 183 a 0.91 a 1.09 a
248 196 a 121 ¢ 219 a 152 b 231 a 170 b 1.10 a 1.17 a
M5 146 ¢ 84 e 165 ¢ 107 ¢ 184 b 139 b 0.97 a 0.98 a
M11 135 ¢ 115 ¢ 161 ¢ 131 ¢ 178 b 156 b 0.77a 1.37 a
M5M11 171 b 118 ¢ 186 b 139 b 207 b 169 b 1.05 a 1.55 a
Pt 90A 194 a 164 a 229 a 172 a 262 a 188 a 1.25 a 1.30 a
Control - 102 d - 121 ¢ - 151 b - 1.01 a
Mean? 180 126 205 148 224 173 0.99 1,24

For each column, values followed by the same letter are not statistically different by the Scott-Knott test at 5% probability.
a/ The mean does not include the control treatment.
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3.2. Root tip emergence and ectomycorrhizal
colonization

The formation of root tips was followed along a
66-day period and statistical analysis was performed
on days 31 and 66 of plant growth. After 31 days,
the number of lateral root tips formed varied from one
isolate to the next and corresponded to 2.5 to 7.3 lateral
root tips/plant (Table 1). The mean number of root tips
in the presence of all the monokaryotic and dikaryotic
isolates studied (4.6 lateral root tips/plant) was 70%
higher than that for the control treatment, without fungal
inoculation (2.7 lateral root tips/plant; Table 1). For
individual isolates with lateral root tip emergence
significantly higher than that of the control, the mean
for lateral root tip emergence varied from 4.0t0 7.3
lateral root tips/plant, corresponding to increases of
48 to 170% over the control. At the end of 66 days,
the stimulation of lateral root tip formation was the
highest in the treatments with isolates 35 and 94, followed
by those with isolates 95, 109, 147, M5M11, and Pt
90A (Table 1). The increases in root tip production
varied from 20 to 109% with a mean increase of 52%
in relation to the control treatment (Table 1). The number
of ectomycorrhizas formed varied from 1.3 to 4.0
ectomycorrhizas/plant and colonization rates,
representing the number of mycorrhizal root tips over
the total number of root tips produced, varied from
2310 62% (Table 1). A positive correlation was found
between the production of lateral root tips and
ectomycorrhizal colonization (0.6398; p<0.05)

At the end of the experiment, the isolates were
grouped into three classes according to the results
obtained for lateral root tip yield: Class I11 group isolates
with means not statistically different from that of the
control treatment by the Scott-Knott test at 5%
probability (75, 99, 248, M5, M11); Class Il group isolates
for which means for lateral root tip yield are statistically
higher than that of the control (95, 109, 147, M5M11,
Pt 90A); and Class I includes the isolates with means
higher than those for the isolates belonging to Class
Il and Class 111 (35, 94). The mean number of lateral
root tips produced for each one of the three classes of
isolates along the incubation time is shown in Figure 2.
In general, lateral root tip formation reached a maximum
around the 55" day of plant growth. From this point
on, the number of lateral root tips tended to stabilize.
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Figure 2 — Mean emergence of lateral root tips in Eucalyptus
grandis seedlings inoculated with Pisolithus
microcarpus isolates of classes | (@), 11 (O),
and 111 (§), over a 66-day period. Isolates were
grouped according to the results of the Scott-
Knott test at 5% probability. Class | group isolates
(35, 94) with means for lateral root tip formation
statistically higher than the means for isolates
of Class Il and Class Il1. Class Il group isolates
(95, 109, 147, M5M11, Pt 90A) with means for
lateral root tip formation statistically higher than
the means for isolates of Class I1l. Class 111
corresponds to the isolates (75, 99, 248, M5,
M11) whose means are not statistically different
from the control mean.

Figura 2 — Média do nimero de raizes laterais curtas em
mudas de Eucalyptus grandis inoculadas com
isolados de Pisolithus microcarpus das classes
1 (@), 11 (QO) elll (W), apbs 66 dias de
crescimento in vitro. Os isolados foram agrupados
de acordo com os resultados do teste Scott-Knott
a 5-% de probabilidade. Os isolados da classe
1 (35, 94) apresentam médias de raizes laterais
curtas estatisticamente superiores as das classes
Il elll. Aclasse Il agrupou os isolados (95, 109,
147, M5M11, Pt 90A) com médias de raizes laterais
curtas estatisticamente superiores a dos isolados
daclasse I11. Classe Il corresponde aos isolados
(75, 99, 248, M5, M11) cujas médias ndo sao
estatisticamente diferentes da média do tratamento
controle.

4. DISCUSSION

The technique employed in this experiment allowed
the efficient synthesis of ectomycorrhizas for the
monokaryotic as well as for the dikaryotic strains studied.
Despite the use of smaller Petri dishes than those used
by Burgess et al. (1996), ectomycorrhizal formation
and lateral root tip emergence could be followed with
ease. Plantlets appeared healthy and well nourished
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throughout the experiment. It was not our interest to
synchronize ectomycorrhiza age and, therefore,
ectomycorrhizal formation was evaluated only at the
end of the experiment with maximum care to sample
only fresh, morphologically intact, fully developed
ectomycorrhizas for anatomical studies.

The main morphological features of the
ectomycorrhizas formed by the monokaryotic strains
indicated that these were typical of angiosperm
ectomycorrhizas, containing a hyphal sheath or mantle
around the roots and a Hartig net limited to the intercellular
spaces of the root epidermis (BRUNDRETT et al., 1996;
SILVA et al., 2007). Although no relationship could
be established between mantle thickness and isolate
aggressiveness (BURGESS et al., 1994), the presence
of the mantle and the Hartig net indicated that all isolates
tested were compatible with the host plant. Signs of
isolate-host incompatibility such as the deposition
of tannins in root tissue, lysis of hyphae and of epidermal
and outer cortical cells of roots were not observed.

The presence of spherical incrustations in the mantle
of ectomycorrhizas formed by isolates Pt 90A, M5M11,
and 95 could be an indication of incompatibility reactions
between the isolates and the host plant, but this could
not be elucidated since the chemical composition of
such structures was not determined. For in vitro
synthesis experiments, high glucose concentrations
lead to the accumulation of phenolics depositions in
the plant cells and the formation of irregular mantles
(DUDDRIDGE, 1986; GIBSON and DEACON, 1990).
BURGESS et al. (1994) previously optimized the
carbohydrate concentration in the synthesis medium
used in our experiment and it seems unlikely that the
observed structures may be sites of phenolics
accumulation in the mantle due to excessive carbon.
Alternatively, such incrustations may constitute sites
of calcium oxalate deposition as already observed in
the mantle of ectomycorrhizal roots of Pinus radiata
D. Don and Eucalyptus marginata Donn. ex Sm.
(MALAJCZUK and CROMACK, 1982).

Nonmycorrhizal lateral root tips produced in the
presence of some of the monokaryons were thicker
than those of uninoculated control seedlings, indicating
that such isolates were capable of inducing morphological
changes in the lateral root tips without an apparent
colonization of the host root. Some other isolates were
not able to cause changes in the diameter of mycorrhized
as well as unmycorrhized lateral root tips. This could
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be related to an incapacity to synthesize plant hormones
such as IAA. The application of IAA to non-inoculated
eucalypt plantlets to simulate fungal secretion induced
the formation of slow-growing, swollen, and highly
branched roots, superficially similar to ectomycorrhizas
(HORAN, 1991). However, IAA failed to generate
characteristics typical of ectomycorrhizas such as
elongated epidermal cells, among others traits. This
information does not allow us to elucidate whether
failure of some isolates to promote thicker lateral root
tips is linked to a reduced synthesis of IAA, but
suggests that such variations in monokaryons may
be important to elucidate unknown functions required
for ectomycorrhizal formation.

The formation of ectomycorrhizas resulted in the
inhibition of root hairs in colonized tips and this is
in agreement with a putative synthesis of hypaphorine
(DITENGOU etal., 2000; REBOUTIER et al., 2002) by
all isolates, indicating that some secondary metabolism-
dependent processes were fully functional in association
with all the monokaryotic and dikaryotic strains.

The monokaryotic and the dikaryotic strains varied
in their ability to stimulate lateral root tip emergence,
ectomycorrhizal formation and, consequently,
ectomycorrhizal colonization. Genetic work with some
ectomycorrhizal fungi has already shown that
ectomycorrhizal formation is under polygenic control
(ROSADO etal., 1994; KROPP, 1997) and that both
monokaryotic as well as dikaryotic strains possess
different abilities to colonize plant roots. The dikaryotic
strain M5M11, produced in a crossing between the
monokaryotic strains M5 and M11, promoted higher
colonization rates and numbers of lateral root tips and
ectomycorrhizas than the corresponding monokaryons.
This represented a gain over the parental monokaryons
used to synthesize M5M11 and exemplifies how
monokaryons can be used to produce strains with better
ectomycorrhizal performance by means of selection
and crossings (ROSADO et al. 1994). In fact, percentage
ectomycorrhizal formation has been shown to involve
a significant additive genetic component (ROSADO
etal., 1994) and this may explain improvements in
ectomycorrhizal colonization achieved with the dikaryotic
strain M5M11.

The positive correlation found between the number
of lateral root tips and the ectomycorrhizal colonization
(0.6398; p<0.05) corroborates the hypothesis that an
increased rhizogenic activity, resulting in increased
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number of infection sites, benefits the establishment
of the ectomycorrhizal symbiosis (WONG and FORTIN,
1990). However, some monokaryons that formed
ectomycorrhizas with E. grandis did not stimulate lateral
root tip formation, indicating that, although rhizogenic
activity stimulation increases ectomycorrhizal formation,
it is not essential for the establishment of the symbiosis.

Lateral root tip formation was followed throughout
a 66-day incubation period and showed two distinct
phases of root tip production. The first phase
corresponded to a period of linear increase of lateral
root tip number and a second one when lateral root
tip emergence stabilized. The Linear increase was
observed up to approximately the 48" day of plant
growth. Class | and Class Il isolates substantially
improved the mean yield of lateral roots. Burgess et
al. (1996) also observed the same kind of stimulus of
lateral tip formation. In their work, lateral root tip
emergence was also shown to be stimulated in the
presence of exudates from Pisolithus sp. and the
alterations in root tip emergence patterns of inoculated
seedlings were supposedly attributed to exogenous
auxins from the fungus overriding the normal internal
controls of the root. Similar effects have been observed
previously and attributed to ectomycorrhizal fungi
altering the normal host hormone balance either by
supplying hormones (GAY and DEBAUD, 1987;
GOGALA, 1991; GAY etal., 1994; GEA etal., 1994)
or by eliciting an alteration in endogenous hormone
level (GOGALA, 1991). Also, the ability of H.
cylindrosporum to form ectomycorrhizas with P. pinaster
is improved in monokaryotic and dikaryotic auxin
overproducer strains, indicating a role for IAA in the
formation of ectomycorrhizas (GAY etal., 1994).

In conclusion, the monokaryotic strains studied in
this work were capable of forming ectomycorrhizas with
E. grandis and present a wide variation in the morphogenetic
changes that take place in the root system during the
contact and establishment of the symbiosis. Such variation,
so far observed for a small population of monokaryotic
individuals, can be used to elucidate how quantitative
and qualitative aspects of the plant-fungus symbiosis
interact to result in the highly complex and intricate structure
of an ectomycorrhiza. Reports on the interaction of
Eucalyptus spp. with monokaryotic strains of Pisolithus
arerare (SILVAetal., 2007). Success in the isolation of
monokaryotic strains of Eucalyptus-specific Pisolithus
species, which have already been achieved (CARVALHO
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etal., 1997), may eventually allow the development
of both classical and molecular biology studies on
the genetics of Pisolithus taking advantage of the far
simpler genetic system represented by monokaryons.
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