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Resumen

Asociaciones fungicas de micorrizas y enddfitos septados en
gimnospermas del sur de la India

Sélo un pequefio porcentaje de las asociaciones fungicas de plan-
tas que crecen en ambientes naturales han sido examinadas. Por
ese motivo, nosotros examinamos asociaciones fungicas de 15
gimnospermas del sur de la India. Todas estas plantas fueron colo-
nizadas por micorrizas arbusculares y 7 de ellas fueron co-coloni-
zadas por hongos enddfitos septados Se cita por primera vez la
presencia de asociaciones micorrizas arbusculares y enddfitos
septados en 10 y 5 gimnospermas, respectivamente. La coloniza-
cion por micorrizas arbusculares caracterizadas por morfologias
Paris e Intermedio se citan por primera vez para 11 especies de
plantas. Se han asociado 6 esporas de micorrizas arbusculares, de
los géneros Glomus, Claroideoglomus, Funneliformis y Scutellos-
pora, a las rizosferas de gimnospermas.

Palabras clave: Micorriza arbuscular, Ectomicorriza, Glomus, Hongos
endofitos septados.

Abstract

Only a small percentage of plants growing in natural habitats are
examined for their endophytic fungal associations. Therefore, we
examined 15 gymnosperms growing in southern India for their en-
dophytic fungal associations. All gymnosperms were colonized with
arbuscular mycorrhizal fungi, of which seven had co-colonization
by septate endophytic fungi. Presence of arbuscular mycorrhizal
and septate endophytic fungal association has been reported for
the first time in ten and five gymnosperms respectively. Arbuscular
mycorrhizal colonization characterized by Paris- and intermedi-
ate-type morphologies have been reported for the first time in 11
plant species. Six AM fungal spore morphotypes belonging to
Glomus, Claroideoglomus, Funneliformis and Scutellospora were
associated with the rhizospheres of the gymnosperms.

Key words: Arbuscular mycorrhiza, Ectomycorrhiza, Glomus,
Gymnosperms, Septate endophytic fungi.
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Introduction

Gymnosperms, the naked seeded vascular plants
are a major component of the temperate forests.
There are more than 1000 extant species of gym-
nosperms belonging to 88 genera and 14 families
distributed in various parts of the world (The
Plant List 2015). In India, the gymnosperm diver-
sity encompasses 101 species, four varieties and
one form in 33 genera (Srivastava 2006). Fossil
evidence do suggest the presence of arbuscular
mycorrhizal (AM)-like association characterized
by arbuscules and vesicles in gymnosperms from
the Carboniferous period, and this type of mycor-
rhiza continue to exist in a majority of the extant
gymnosperm tree species (Wang & Qiu 2006). A
summary of the mycorrhizal status of gym-
nosperms by Wang & Qiu (2006) indicated that
members of gymnosperm families like Cy-
cadaceae, Zamiaceae, Ephedraceae, Welwitschi-
aceae, Podocarpaceae, Taxoidaceae and Taxaceae
are exclusively AM, whereas those belonging to
Gnetaceae and Pinaceae are predominantly ecto-
mycorrhizal (EM). In EM association, the fungi
typically form a sheath on the root surface called
as mantle and a Hartig net consisting of the inter-
cellular fungal hyphae within host roots (Horton
et al. 1998, Wagg et al. 2008, Brundrett 2009).
Ectomycorrhizal association has been reported to
exist in family Pinaceae since approximately 130
MYA (Smith & Read 2008). In addition, taxa in
Araucariaceaec and Cupressaceae are capable of
associating with both EM and AM fungi.

Mycorrhizal fungi affect growth and develop-
ment of gymnosperms both under green house and
field conditions. Ouahmane et al. (2007) showed
that seedlings of Cupressus dupreziana var.
atlantica (Gaussen) Silba (=Cupressus atlantica
Gaussen) inoculated with native AM fungi had a
better growth both under greenhouse and field
conditions. The influence of mycorrhizal fungi on
plant growth has often been attributed to the
enhanced N and P nutrition of the host plant
through mineralization of soil organic matter
and/or extending the absorptive surface available
for plant’s uptake (Smith & Read 2008). Inspite of
their importance, only 82 gymnosperms have been
examined for their mycorrhizal status (Wang &
Qiu 2006).

During the past decade, considerable develop-
ment has been made to improve the outplant per-

formance of forest tree species on various reaf-
forestation sites by using specific mycorrhizal
fungal strains (Caravaca et al. 2003). The identifi-
cation of an efficient mycorrhizal fungus is there-
fore considered as a prerequisite for inoculation
programs as the efficiency of mycorrhizal inocula-
tion on the plant growth often depends on the fun-
gal species involved (Smith & Read 2008). To
achieve this, understanding of the mycorrhizal sta-
tus and mycorrhizal dependence of plant species
is often necessary. For example, a plant taxa may
be EM in certain regions and AM in other regions
(Diagne et al. 2013).

The diversity of mycorrhizal fungal associated
with gymnosperms also tends to be influenced by
several factors. For instance, an assessment on the
mycorrhizal status of Araucaria angustifolia
(Bertol.) Kuntze suggested that the AM fungal
diversity and richness, were usually higher in
native areas compared with the reforested areca
(Moreira et al. 2003, 2006). Unlike EM fungi,
AM fungi often colonize a wide range of plant
species due to their low host specificity (Allen et
al. 1995). However, in certain cases, AM fungi do
exhibit a certain degree of host preference in natu-
ral ecosystems as certain fungal taxa proliferate
specifically with certain plant species (Bever et
al. 2001, Helgason et al. 2002).

In addition to AM and EM fungi, certain
ascomycetes fungi often termed as dark septate or
septate endophytic (SE) fungi also colonize living
plant root tissues both intracellularly and intercel-
lularly and exhibit a wide range of interactions
(Jumpponen & Trappe 1998). In certain regions,
SE fungi are most commonly found in fine roots
of trees and shrubs, particularly in conifers
exhibiting little host or habitat specificity (Ahlich
& Sieber 1996). In addition, SE fungi can also
occur in harsh climatic conditions (Jumpponen &
Trappe 1998, Addy et al. 2005). The SE fungal
association has been reported in about 600 plant
species of 320 genera in 114 families, including
several gymnosperms that are mycorrhizal (Jump-
ponen & Trappe 1998).

Co-occurrence of AM and SE fungi has been
reported in gymnospermous families like Cupres-
saceae, Cycadaceae, Pinaceae and Podocarpaceae
(Jumpponen & Trappe 1998, Muthukumar &
Udaiyan 2002). Wagg et al. (2008) reported the
co-occurrence of AM and SE fungi in the roots of
four members of Pinaceae [Pinus banksiana
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Lamb., Pinus strobus L., Pinus contorta Douglas
ex Loudon, and Picea glauca x Picea engelman-
nii (hybrid spruce)] from a disturbed forest area in
central Canada. In India, although ecto- and endo-
mycorrhizal associations have been reported for
limited number of gymnosperms (Smith & Smith
1997), such reports are scarce for gymosperms of
southern India. The same holds true for SE fungal
association for south Indian gymnosperms. Previ-
ously, Muthukumar & Udaiyan (2002) investi-
gated the AM status of three species of cycads
from southern India and observed inter, intracellu-
lar hyphae, arbuscules and vesicles in the cortex
resembling typical Arum-type AM morphology. In
addition, these authors also reported moderate lev-
els of AM fungal colonization in cycads and an
inverse relationship of root hair density and root
hair length to AM fungal colonization (Muthuku-
mar & Udaiyan 2002). The present study, there-
fore, was carried out with the following objec-
tives: 1) to determine the mycorrhizal and SE sta-
tus of South Indian gymnosperms, and ii) to
assess if any relationship exists between the dif-
ferent fungal variables.

Material and Methods

Study sites

This study was carried out at Coimbatore (here-
after referred to as site-A) and the Nilgiris (here-
after referred to as site-B) located at 11°16”N,
76°58’E and 11°22°N,76°45’E respectively. The
altitude and average annual rainfall are 411 and
2,290 MAMSL, and 674.2 and 1,960 mm at sites
A and B respectively. The soil characteristics and
the number of plant taxa examined from each site
are presented in Table 1.

Sample collection

We collected root and soil samples of 15 gym-
nosperms belonging to seven families during Jan-
uvary and February 2013 from the two different
sites of southern India. Three plants comprising of
both seedlings and trees were sampled for each
taxa. One species, Pinus roxburghii Sarg. oc-
curred at both the sites (Table 2). The roots were
collected carefully and positively identified as be-
longing to the desired plant in order to avoid the
collection of roots from unintended species. Roots
were washed gently with tap water and stored in
FAA (formalin: glacial acetic acid: 70% ethyl al-

cohol, 5:5:90, v:v:v) until processing. The rhizo-
sphere soil collected from the individual plants
was shade dried, packed separately in polythene
bags, labelled and stored at 4 °C. One part of this
soil samples were used for enumeration as well as
the extraction of AM fungal spores. The other part
of the soil samples from all the individuals of a
site was bulked and used for soil characterization.
The plant nomenclature and authorities for gym-
nosperms are according to http://www.plantsys-
tematics.org/, and http://www.theplantlist.org/.

Study sites
Coimbatore Nilgiris
Characters (A) (B)
Soil texture Sandy loam SaT:;/nc];Iay
pH? 8.02 8.14
Ec (dSm™y 0.16 0.14
Total N (kg ha™")° 102.12 102.11
Available P (kg ha™)° 8.36 8.25
Exchangeable K (kg ha™')*  200.41 190.10
No. of plant taxa examined 10.00 6.00

#Measured using digital meters
® Analyzed according to Jackson (1971)

Tabla 1. Caracteristicas del suelo y numero de taxones de
gimnospermas estudiados.

Table 1. Soil characteristics and the number of gymnosperm taxa
examined from the study sites.

Determination of ectomycorrhizal associa-
tion

The FAA fixed roots were washed in tap water.
Assessment of root length with ectomycorrhizal
association was made according to Brundrett et
al. (1996).

Preparation of roots for AM and SE fungal
assessment

The fixed roots were washed thoroughly free of
FAA with tap water, cut into 1-cm long bits, and
processed for AM fungal assessment according to
Koske & Gemma (1989). Thirty trypan blue
stained root bits were examined with an Olympus
BX51 compound microscope (x400) for the pres-
ence of AM and SE fungal structures. Five inter-
section points was observed for each root bit. The
percentage of root length colonization by AM and
SE fungi was estimated according to the magni-
fied intersection method (McGonigle et al. 1990).
The AM morphology type was determined based
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Family / Plant name

Site Mycorrhizal Status AM type

Previous reports
Association AM type

Araucariaceae

Araucaria heterophylla A AM*,SE* P* - -

Cupressaceae

Chamaecyparis obtusa B AM* SE* pP* -- -

Cupressus macrocarpa B p* - -

Cupressus sempervirens A AM*,SE* p* - -

Cupressus torulosa B AM*,SE* pP* - -

Platycladus orientalis A P* - -

Thuja sp. A AM, SE | - -

Taxodiaceae

Cryptomeria japonica A P AM?2510 P

Cycadaceae

Cycas circinalis A AM,SE | AM*87 SE7 A

Pinaceae

Pinus roxburghii A - EM'3489 .
B |* - -

Podocarpaceae

Podocarpus sp. A | - -

Podocarpus elongata B AM*, SE* p* - —

Podocarpus macrophyllus A I* AM* -

Prumnopitys taxifolia A |* - -

Zamiaceae

Zamia furfuracea A p* - -

Site: A: Coimbatore; B: Nilgiris
AM type: P, Paris-type; |, Intermediate-type
*First report of AM-type, AM and SE association

1 Bakshi (1957), 2 Gallaud (1905), 3 Ghildiyal et al. (2010), 4 Igbal et al. (1990), 5 Konoe (1957), 6 Muthukumar and
Udaiyan (2002), 7 Muthukumar et al. (2006), 8 Rawat et al. (2004), 9 Singer and Singh (1971) & 10 Yamato and

Iwasaki (2002)

Tabla 2. Asociaciones con ectomicorrizas (EM), micorrizas arbusculares (AM) y endofitos septados (SE), y morfologia de AM, con

referencias anteriores en gimnospermas del sur de la India.

Table 2. Ectomycorrhizal (EM), Arbuscular mycorrhizal (AM), septate endophyte (SE) fungal associations, and AM morphology along with

the previous reports in gymnosperms of southern India.

on descriptions of Dickson (2004). Regularly sep-
tate, melanized or hyaline hyphae with microscle-
rotia or moniliform cells characterized SE fungal
colonization.

Isolation, enumeration and identification of
AM fungal spores

The AM fungal spores were isolated and enumer-
ated according to Muthukumar & Udaiyan (2000).
Briefly, the soil suspension was prepared by mix-
ing 100g of soil to 1L of water. The suspension
was then decanted through a nested series of
sieves (720 to 35 pm) and the sievates were col-
lected over filter papers. The filter papers were
spread on a glass plate and examined using a
stereomicroscope. All intact spores (non-collapsed

spores with cytoplasmic contents and free from
parasitic attack) were counted, picked and
mounted in polyvinyl alcohol-lactoglycerol with
or without Melzer’s reagent for identification
(Schenck & Perez 1990). The spores were identi-
fied according to the observations of morphology
and sub-cellular characters under an Olympus
BX51 compound microscope and by comparing
with the original descriptions of Schiiflers lab
web page (http://www.Irz-muenchen.de/~schuessl
er/amphylo/amphlo_species.html) and also by us-
ing culture data base established by INVAM
(http:/invam.cag.wvu.edu). Frequency of occur-
rence was calculated using the formula: Fre-
quency (%) = [No. of soil samples in which a par-
ticular spore morphotype was present/Total num-
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ber of soil samples examined] x100 (Beena et al.
2000).

Statistical analysis

Data of AM and SE fungal colonization was sub-
jected to Analysis of Variance (ANOVA) to assess
the significance of wvariation between plant
species. Pearson’s correlation was used to assess
the relationship between AM and SE fungal colo-
nization. As data on root colonization and spore
numbers follow a negative binomial distribution
(St. John & Koske 1988), these data were respec-
tively arcsine and log transformed prior to statisti-
cal analysis.

Results

Ecto- and endo-mycorrhizal association

All the gymnosperms examined from the two dif-
ferent sites, had AM fungal association and Pi.
roxburghii (Pinaceae) examined from site-A had
ectomycorrhizal association. Ectomycorrhizal as-
sociation in Pi. roxburghii was characterized by
the presence of a fungal mantle covering the root
surface and a Hartig net. The presence of Hartig
net was restricted mainly to the outer cortex re-
gion and the hyphae never penetrated the endoder-
mis (Figs. 1a, 1b) and the root length colonization
was 43.56%.

The AM fungal colonization was characterized
by the presence of an appressorium on the root
surface at the point of hyphal penetration, inter or
intracellular linear hyphae, intracellular hyphal
coils, intra- or inter-cellular vesicles that were ter-
minal or intercalary and arbuscules/arbusculate
coils in the root cortex (Figs. 1c-g). Linear hyphae
were not observed in nine plant species: Arau-
caria heterophylla (Salisb.) Franco (Araucari-
aceae); Chamaecyparis obtusa (Siebold & Zucc.)
Endl. [=Cupressus obtusa (Siebold & Zucc.)
FMuell.], Cupressus macrocarpa Hartw. ex
Gord., Cupressus sempervirens L., Cupressus
torulosa D.Don, Platycladus orientalis (L.)
Franco [=Biota orientalis (Siebold & Zucc.)
F.Muell.] (Cupressaceae); Cryptomeria japonica
(L.f.)) D.Don (Taxodiaceae); Podocarpus elonga-
tus (Aiton) L'Herit. ex Persoon (Podocarpaceae);
Zamia furfuracea L.f. in Aiton (Zamiaceae). Vesi-
cles were absent in four plant species: Pl orien-
talis, Cr. japonica, Pi. roxburghii, Za. furfuracea.

Arbuscular mycorrhizal fungal spores were
observed in roots of Ar. heterophylla and Za. fur-
furacea (Fig. 1j).

Distribution of AM morphological types

Most of the gymnosperms (67%, 10/15) had fea-
tures that were typical of Paris-type AM morphol-
ogy. Typical Paris-type colonization is character-
ized by intracellular hyphal coils, arbusculate
coils and intracellular vesicles. Six of the gym-
nosperms, like Thuja sp. L. (Cupressaceae), Cy-
cas circinalis L. (Cycadaceae), Pi. roxburghii,
Prumnopitys taxifolia (Banks et Sol. ex D.Don) de
Laub. (=Podocarpus taxifolius Kunth), Podocar-
pus macrophyllus (Thunb.) D.Don, Podocarpus
sp. Labill. (Podocarpaceae), had intermediate-type
characterized by intercellular hyphae, intracellular
arbusculate coils and hyphal coils (Table 2).

Extent of AM fungal colonization

The extent of AM fungal colonization and root
length colonized by AM fungal structures varied
significantly among the plant species. The per-
centage of root length with total colonization (%
RLTC) ranged between 41% (Ch. obtusa) and
67% (PIl. orientalis) and significantly varied
among plant species (Fisq4 = 7.75; P<0.01). The
percentage root length with hyphae (% RLH)
ranged between 3% (Podocarpus sp.) and 14%
(Po. macrophyllus) and significantly varied
among plant species (Fis44 = 30.30; P<0.01). Per-
centage root length with hyphal coils (% RLHC)
and arbusculate coils (% RLAC) ranged from 8%
(Po. elongata) to 42% (Po. macrophyllus) and 9%
(Za. furfuracea) to 40% (PI. orientalis) and varied
significantly among plant species (Fisss = 16.32;
P<0.01; Fu4s = 8.10; P<0.01). The percentage
root length with vesicles (% RLV) significantly
varied among plant species (Fua = 10.43;
P<0.01) and ranged from 3% (Ch. obtusa, Thuja
sp.) to 14% (Cy. circinalis, Podocarpus sp.) (Ta-
ble 3).

Distribution of AM fungal spores

Six AM fungal spore morphotypes were distin-
guished, on the basis of spore morphology from
the soils of gymnosperms examined (Fig. 2).
These included Glomus aggregatum Schenck &
Smith, Glomus viscosum Nicolson, Claroideoglo-
mus etunicatum (Becker & Gerd.) Walker &
SchiiBler, Funneliformis geosporum (Nicolson &
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Figura 1. Asociaciones fingicas de ectomicorrizas, micorrizas arbusculares (AM) y endofitos septados en gimnospermas. a: Seccion
transversal de Pinus roxburghii mostrando el manto (mn) y la hifa (fh); b: Red de Harting (flechas) en el cortex radicular de Pi. roxburghii;
c: Rulo hifal (hc) en Platycladus orientalis; d: Rulo arbuscular (ac), hifas intracelular (ih) y intercelular (inh) en célula cortical de
Podocarpus macrophyllus; e: Vesicula intracelular (v) en Cycas circinalis; f: Vesicula intercalar en Cupressus macrocarpa; g: Rulo hifal AM
intracelular (hc) en Cryptomeria japonica; h: Hifas septadas (sh) en Cupressus torulosa. i: Hifas septadas (sh) en Cy. circinalis; j: Esporas
AM en raiz de Zamia furfuracea; k: Esclerocios en celula cortical de raiz de Thuja sp.. Barra de escala=50 pm.

Figure 1. Ectomycorrhizal, arbuscular mycorrhizal (AM) and septate endophytic fungal associations in gymnosperms. a: Transverse section
of Pinus roxburghii root showing mantle (mn) and fungal hyphae (th); b: Hartig net (arrow heads) in root cortex of Pi. roxburghii; ¢: Hyphal
coils (he) in Platycladus orientalis; d: Arbusculate coil (ac), intracellular (ih) and intercellular (inh) hyphae in cortical cell of Podocarpus
macrophyllus; e: Intra-cellular vesicle (v) in Cycas circinalis; f: Intercalary vesicle in Cupressus macrocarpa; g: Intracellular AM hyphal coil
(he) in Cryptomeria japonica; h: Septate hyphae (sh) in Cupressus torulosa. i: Septate hyphae (sh) in Cy. circinalis; j: AM fungal spores (sp)
in root of Zamia furfuracea; k: microsclerotia (ms) in root cortical cell of Thuja sp. Scale bars=50 pm.
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AM colonization (%)

SE colonization (%)

Family Spore

RLH RLHC RLAC RLV RLTC o SM RLDH RLMI  RLDTC
Plant name (100 g”)
Araucariaceae
Araucaria —  26.61#1.71% 11.70£1.19 5.19+1.72 43.51+0.82 25.33+2.60 CE, GV - 4.56+1.32 4.56+1.32
heterophylla
Cupressaceae
gg’t‘i’,’::ecypa”s - 24.49+2.14 14.20+1.34 2.56+0.56 41.25+2.60 3.67+1.76 FG, GA 7.75£1.17 0.64+0.14 8.39:0.71
Cupressus - 42.44+3.84 14.7920.43 3.55:0.08 60.78+3.92 6.67+1.76 GV,FM - - -
macrocarpa
Cupressus - 36.91+0.71 17.90+2.84 9.52+2.98 64.34%3.29 4.33+1.86 CE,SC  2.9620.58 2.37+0.57 5.33+1.06
sempervirens
g‘ﬂf;:”s - 33.79+0.87 15.730.63 11.89+0.95 61.39+1.40 37.67+2.91 CE, FG  0.62£0.12 - 0.6210.12
Platycladus —  2770+2.06 39.52+347  —  67.23t4.09 8.33+2.85 FG,CE - - -
orientalis
Thuja sp. 7.3842.11 24.42+0.87 15.54+3.89 3.01+1.68 50.35¢6.77 13.67+2.40 CE,SC 10.87+2.61 5.84+1.12 16.75+3.61
Taxodiaceae
Cryptomeria - 29.09+2.05 12.97+1.05 - 42.07+1.68 14.33+1.88 FM, FG - - -
Japonica
Cycadaceae
Cycas circinalis 4.90£0.69 22.02+2.53 22.25+3.73 14.24+1.57 58.24+1.44 15.33+2.40 FG - 0.74+0.25 0.74+0.25
Pinaceae
Pinus roxburghii 4.05:0.20 19.06+2.83 32.65:4.01 - 55.89+1.99 3.67+0.67 FG, GA - - -
Podocarpaceae
Podocarpus sp. 3.01:0.06 13.27+2.46 18.08+0.28 14.45+1.79 48.80+0.77 13.00£2.65 FG, FM - - -
Z,‘(’)%‘;‘;";’;p“s - 8.04+0.64 38.97+3.94 6.95:1.75 54.13%5.12 30.00+3.46 FG,CE  3.75+1.07 - 3.75¢1.07
Podocarpus 45 9841 57 42064453 14.11:2.66 4.16£1.75 61.23+0.47 3.33+1.33 FM, SC - - -
macrophyllus
Prumnopitys 3 974040 19.35¢1.50 23.92+1.08 8.53+2.14 58.10+4.29 14.33t348 FG - - -
taxifolia
Zamiaceae
Zamia - 31.45+0.36 9.410.87 - 41.52+1.63 13.00£2.65 GV, SC - - -
furfuracea

AM: Root length with hyphae (RLH), hyphal coils (RLHC), arbusculate coils (RLAC), vesicles (RLV) and AM total colonization (RLTC)
SE: Root length with dark septate hyphae (RLDH), microsclerotia (RLMI) and septate endophyte fungal total colonization (RLDTC)

Spore morphotype (SM): GV: Glomus viscosum; GA: Glomus aggregatum; CE: Claroideoglomus etunicatum; FM: Funneliformis mosseae; FG:
Funneliformis geosporum; SC: Scutellospora calospora

Tabla 3. Extension de la colonizacion por micorrizas arbusculares (M) y endofitos septados (SE) y niimero de esporas AM y diversidad
asociada con gimnospermas del sur de la India. Los valores se expresan como media + SE.

Table 3. Extent of arbuscular mycorrhizal (AM) and septate entophyte (SE) fungal colonization and AM fungal spore numbers and diversity
associated with gymnosperms of southern India. The values are expressed as Mean + SE.

Gerd) Walker & Schiiller, Funneliformis mosseae
(Nicolson & Gerd) Walker & Schiifler and
Scutellospora calospora Walker & Sanders. Spore
numbers significantly varied among the plant
species (Fisas = 16.88; P<0.01). The AM fungal
spore density ranged from 3 (Po. macrophyllus) to
38 (Cu. torulosa) spores per 100g soil observed.
Fu. geosporum (60%) was the most frequent
species (Table 3; Fig. 3). The AM fungal spore
numbers was not significantly related to % RLTC
(r=-0.087, P>0.05; n=15).

Occurrence of SE fungal association

Septate endophytic fungal colonization characte-
rized by the presence of darkly pigmented septate
hyphae, microsclerotia and moniliform cells in
root cortex was observed in six plant species. Ty-
pically melanized septate hyphae along with mi-
crosclerotia occurred in 33% of root samples ex-
amined (Table 3; Figs. 1h,1i, 1k). However, SE
fungal structures were absent in eight plant
species belonging to five families which included
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Figura 2. Esporas micorricicas arbusculares asociadas a gimnospermas. a: Racimo de esporas de Glomus aggregatum; b: Espora de GI.
aggregatum; ¢: Espora de Claroideoglomus etunicatum; d: Espora de Funneliformis geosporum; e: Espora de Glomus viscosum; f: Espora de
Scutellospora calospora; g: Hifa bulbosa subyacente de Sc. calospora. Barra de escala: a, =100 pm; b-e, g =50 pm.

Figure 2. Arbuscular mycorrhizal fungal spores associated with gymnosperms. a: Spore cluster of Glomus aggregatum; b: Single spore of
Gl. aggregatum; c: Claroideoglomus etunicatum; d: Funneliformis geosporum; e: Glomus viscosum, f: Scutellospora calospora; g: bulbous
subtending hyphae of S. calospora. Scale bars: a, =100 um; b-e, g =50 um.
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Figura 3. Frecuencia de morfotipos de esporas fungicas en la
zona de las raices de las gimnospermas. GV: Glomus viscosum;
GA: Glomus aggregatum; FG: Funneliformis geosporum; CE:
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Figure 3. Frequency of arbuscular mycorrhizal (AM) fungal
spore morphotypes in the root zones of gymnosperms. GV: Glo-
mus viscosum; GA: Glomus aggregatum; FG: Funneliformis
geosporum; CE: Claroideoglomus etunicatum; FM: Funneli-
formis mosseae; SC: Scutellospora calospora.

Pl orientalis, Cu. macrocarpa, Cr. japonica, Pi.
roxburghii, Podocarpus sp., Pr. taxifolia, Po.
macrophyllus and Za. furfuracea.

Extent of SE fungal colonization

The percentage of root length colonized by SE
fungal hyphae (% RLDH) ranged from 1% (Cu.
torulosa) to 11% (Thuja sp.,). The percentage root
length with microsclerotia (%RLMI) ranged from
1% (Ch. obtusa, Cy. circinalis) to 6% (Thuja sp.).
The percentage root length with total SE coloniza-
tion (% RLDTC) ranged between 1% (Cu. toru-
losa, Cy. circinalis) and 17% (Thuja sp.) (Table
3). The % RLDTC and root length with SE fungal
structures varied significantly (P<0.01) among
plant species (% RLDTC, Fi444= 15.27; % RLDH,
Fis4= 16.65; % RLMI, Fy44= 8.09) (Table 3). No
significant correlation existed between % RLDTC
and % RLTC (r=-0.259, P>0.05; n=15).

Discussion

The high incidence of AM fungal colonization in
gymnosperms in the present investigation is con-
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sistent with studies where a high incidence of AM
was reported in gymnosperms (Muthukumar &
Udaiyan 2002, Yamato & Iwasaki 2002,
Muthukumar et al. 2006). Likewise, most of the
vascular plants in a coniferous forest in New Zea-
land were also found to be colonized by typical
mycorrhizal endophytes (Johnson 1977). The high
prevalence of mycorrhizae in the gymnosperms
observed could be attributed to the low levels of P
in tropical soils as evidenced in the present study.
Generally, at low levels of available P in soils,
most of the plant species, including gymnosperms
are highly dependent on AM fungi to satisfy their
nutrient demands (Moreira & Cardoso 2002). This
might be the reason for the high frequency of my-
corrhizal association in gymnosperms in the
present and other studies.

Previous information on mycorrhizal status of
gymnosperms is available for only four of the 15
species examined in the present study. This clearly
indicates the fact that only few gymnosperms
from tropical regions have been examined for
their mycorrhizal status despite the general
assumption that mycorrhizal symbiosis is wide-
spread among gymnosperms (Smith & Smith
1997, Muthukumar & Udaiyan 2000, Muthuku-
mar et al. 2006, Bagyalakshmi et al. 2010). Fre-
quent occurrence of mycorrhizae in gym-
nosperms, especially in members of Podocar-
paceac has often been attributed to their high
mycorrhizal dependency. For example, Baylis
(1969) indicated that mycorrhizal association was
essential to sustain growth and development of
Podocarpus seedlings in natural soils. In addition
to roots, root nodules of Podocarpus were shown
to contain structures of AM fungi (Russell et al.
2002). However, we did not observe any AM fun-
gal structures in the root nodules of any of the
Podocarpus examined in the present study. Simi-
larly, earlier authors have also reported the pres-
ence of AM fungal association in members of
Araucaria like Ar. angustifolia (Milanez & Mon-
teiro 1950, Oliveira & Ventura 1952, Bononi et
al. 1989, Breuninger et al. 2000; Moreira et al.
20006).

Gymnosperms in the present study had a mod-
erate level of AM colonization (54%) which is in
accordance with the findings of Muthukumar &
Udaiyan (2002) who also observed moderate lev-
els (45%) of AM fungal colonization in cycads of
southern India. In contrast, Hurst ef al. (2002)

reported more intense AM fungal colonization
(96%) in Podocarpus species from New Zealand
as against the present study. Generally, the inten-
sity of AM colonization in plant roots is deter-
mined mainly by root traits like the root fineness
and architecture (Baylis 1975). Nevertheless,
Dickie & Holdaway (2011) showed that podo-
carps with dense fine roots can be intensly colo-
nized AM fungi. Reports on AM colonization pat-
terns in gymnosperms are scarce and most of the
studies examining the prevalence of mycorrhizae
in gymnosperms have only reported the presence
of AM symbiosis. To our knowledge, AM mor-
phology has been reported in 11 gymnosperms for
the first time. Predominance of Paris-type (9/15)
AM morphology in the present study is similar to
the observations of Yamato & Iwasaki (2002)
where Paris-type AM morphology was found to
be common in gymnosperms examined from the
broad leaved forests in Japan. Likewise, Paris-
type tends to occur more frequently than Arum-
type in the plant families in mixed pine forest on a
sand dune in central Honshu, Japan (Ahulu et al.
2005). Cr. japonica had Paris-type AM in the
present study similar to the observations of Ga-
llaud (1905) and Konoe (1957). Brundrett &
Kendrick (1990) and Imhof & Weber (1997) sug-
gested that Paris-type colonization could be more
beneficial than Arum-type to plants with slow-
growing and longer lived roots, and especially for
plants growing under the unfavorable shaded con-
ditions of the forest ecosystem. Although some
uncertainty exists over the function of hyphal
coils, there is ample evidence to believe that
hyphal coils do transfer P to plant root cells like
arbuscules (Dickson et al. 2007). As myco-
heterotrophic AM plants receiving organic carbon
always form Paris-type AM, it has been suggested
that plants with Paris-type AM morphology tend
to acquire carbon in addition to nutrients via fungi
(Dickson et al. 2007). Therefore, intracellular
hyphal coils of Paris-type AM are considered to
be more advanced compared to the intercellular
linear hyphae of the Arum-type (Weber et al.
1995).

In the present study, Pi. roxburghii was EM at
the site-A, and AM at site-B. Though members of
the Pinaceae are EM (Brundrett 2009), certain
species of this family-like Pinus ponderosa Dou-
glas ex C.Lawson has been reported to be either
AM or EM at different sites (Wang & Qiu 2006).
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Wagg et al. (2008) reported the co-occurence of
AM and EM fungi along with SE in seedlings of
three Pinus species (Pi. banksiana, Pi. strobus,
Pi. contorta) in the disturbed forest site of central
Canada. Nevertheless, we did not observe such
multiple associations in any of root samples of Pi.
roxburghii examined.

Arbuscular mycorrhizal fungal spore diversity
in tropical soils is usually dominated by Glomus
sp., as observed in the present and other studies
(Ragupathy & Mahadevan 1993; Muthukumar et
al. 2003; Sathiyadash et al. 2010). This could be
an adaptive feature of Glomus to thrive in low fer-
tile and highly stressed tropical soils (Muthuku-
mar & Udaiyan 2002). The presence of spores
belonging to Scutellospora is often related to the
soil texture, as sandy soils have been shown to
harbour this large spored species. However,
Muthukumar & Udaiyan (2002) recorded an
abundance of Glomus and Scutellospora in the
rhizhosphere soil of cycads (Cy. circinalis, Cycas
revoluta Thunb. and Zamia sp.). The low AM fun-
gal spore density in the present study may be due
to the high root density in the forest soil and the
perennial nature of the host roots which may defer
AM fungal sporulation (Uma et al. 2012). This is
in accordance with the findings of Muthukumar et
al. (2006) who also observed low spore numbers
in the root zones of Cy. circinalis. A low AM
spore density in the soil does not indicate the low
abundance of AM fungal propagules in the soil as
the extraradical hyphae and mycorrhizal roots
may also act as propagules during mycorrhization
(Smith & Read 2008).

In our study, 47% of the gymnosperms were
colonized by SE fungi. Of these, SE is reported
for the first time in five gymnosperms. This is in
line with the observations of Ahlich & Sieber
(1996) and Jumpponen & Trappe (1998) who also
reported SE fungal colonization in roots of
conifers. Septate endophytes were also reported to
be more common in coniferous boreal forests
(Richard and Fortin 1974). A synthesis on the
prevalence of SE fungal association in vascular
plants by Jumpponen & Trappe (1998) indicated
that 31 gymnosperms belonging to Cupressaceae
(6 species) and Pinaceae (25 species) to be colo-
nized by SE fungi. Septate endophytes have been
reported from various geographical areas and in
association with a wide range of plant species
(Jumpponen & Trappe 1998), suggesting that SE

could be as abundant as AM (Mandyam & Jump-
ponen 2005). The dual colonization of AM and SE
fungi and the lack of any relationship between
these endophytes in the present study suggest that
these fungal endophytes possibly occupy different
niches within the same root system (Wagg et al.
2008). Microsclerotia formed by SE fungi are
considered to be storage structures and usually
contains polysaccharides, polyphosphorous and
proteins as the main storage resources (Jumppo-
nen & Trappe 1998). However, Currah et al
(1993) suggested that root cells containing
microsclerotia may also act as the source of SE
fungal inoculum and the study by Yu et al. (2001)
also strengthens this view. However, in the present
study, the low intensity in the presence of
microsclerotia (6% of the root length) may be due
to insufficient nutrient allocation to the fungal
symbiont as suggested by Wagg et al. (2008).

In conclusion, the present study showed the
frequent occurrence of mycorrhizal associations in
gymnosperms of southern India. As mycorrhizal
association plays a vital role in the survival of
gymnosperms especially during the early stages of
its growth and also in disturbed sites, further stud-
ies in this field, would enlighten the ecological
importance of different endophytic fungal associa-
tions in tropical gymnosperms.
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