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About TERI

A dynamic and flexible organization with a global vision and a local focus,
TERI was established in 1974. While in the initial period the focus was mainly
on documentation and information dissemination activities, research activities
in the fields of energy, environment, and sustainable development were initiated
towards the end of 1982. The genesis of these activities lay in TERDI’s firm
belief that the efficient utilization of energy, sustainable use of natural
resources, large-scale adoption of renewable energy technologies, and reduction
of all forms of waste would move the process of development towards the goal
of sustainability.

The Bioresources and Biotechnology Division

Focusing on ecological, environmental, and food security issues, the division’s
activities include working with a wide variety of living organisms, sophisticated
genetic engineering techniques, and, at the grassroots level, with village
communities. The division functions through five areas— the Centre for
Mycorrhizal Research, Microbial Biotechnology, Plant Molecular Biology, Plant
Tissue Culture, and Forestry/Biodiversity. The division is actively engaged in
mycorrhizal research. The Mycorrhiza Network has specifically been created to
help scientists across the globe in carrying out research on mycorrhiza.

The Mycorrhiza Network and the Centre for Mycorrhizal
Culture Collection

Established in April 1988 at TERI, New Delhi, the Mycorrhiza Network first
set up the MIC (Mycorrhiza Information Centre) in the same year, and the
CMCC (Centre for Mycorrhizal Culture Collection) — a national germplasm
bank of mycorrhizal fungi — in 1993. The general objectives of the Mycorrhiza
Network are to strengthen research, encourage participation, promote
information exchange, and publish the quarterly newsletter, Mycorrhiza News.

The MIC has been primarily responsible for establishing an information
network, which facilitates information sharing among the network members and
makes the growing literature on mycorrhiza available to researchers. Comprehensive
databases on Asian mycorrhizologists and mycorrhizal literature (RIZA) allow
information retrieval and supply documents on request.

The main objectives of the CMCC are to procure strains of both ecto and
VA mycorrhizal fungi from India and abroad; multiply and maintain these fungi
in pure culture; screen, isolate, identify, multiply, and maintain native
mycorrhizal fungi; develop a database on cultures maintained, and provide
starter cultures on request. Cultures are available on an exchange basis or on
specific requests at nominal costs for spore extraction/handling.
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Role of Mycorrhiza in plants raised from cuttings or as micropropagated
plants, Part lI: fruit trees; Part lll: ornamentals and other plants

Sujan Singh*

TERI, Darbari Seth Block, Habitat Place, Lodhi Road, New Delhi — 110 003, India

Part Il: fruit trees

Effect of Mycorrhiza on plants raised
from cuttings

In studies conducted at the Institute of Plant Nu-
trition, University of Hohenheim, Stuttgart, Ger-
many, one-year-old apple (cv. 26) cuttings were
grown for six months in pot culture, with and with-
out Glomus macrocarpum in soil collected from a
long-term fertilizer field experiment with different
P (phosphorus) availability (20, 210 and 280 mg
calcium-extractable P/kg). The indigenous VAM
fungus propagule density was reduced by 0.5 M
rad X-irradiation. At harvest, non-inoculated and
inoculated plants had similar proportions of root
length-bearing vesicles. Net dry weight of tree
cuttings was significantly increased by inoculation
only at 20 mg P/kg (+62%). Increasing P availabil-
ity from 210-280 mg P/kg led to a four-week de-
pression of shoot elongation rate only in the
inoculated plants. Uptake of P was significantly
enhanced by inoculation at 20 and 210 mg P/kg
(+64% and +12%, respectively). On average, in-
oculated plants had a significantly higher concen-
tration of zinc in the leaves and roots (+16 and
+14%, respectively), and of copper in the stem and
roots (+13 and +126%, respectively). A lipid con-
tent of 0.9—4.5 percent in root dry matter was at-
tributed to the presence of vesicles corresponding
to 1.6-8.2 per cent of total root caloric content. As
the control plants were also infected, the beneficial
effect of VAM on nutrient uptake and growth of
apple cuttings was underestimated at all P levels.
VAM-potential at the lowest P level was not fully
exploited as onset of infection was most certainly

* Compiled from TERI database — Riza

delayed because of a decreased photosynthetic rate
due to P deficiency (Gnekow and Marschner
1989).

Effect of Mycorrhiza on micropropagated
plants

Effect of ectomycorrhiza on rooting

Studies conducted at the Centro Studi Tecnica
Frutticola del CNR, Bologna, Italy, on pear shoot
microcuttings placed in jars on MS medium
amended with IBA at 0, 0.1 or 0.2 mg/litre, and
inoculated with 1 ml of Hebeloma sinapizans myc-
elium slurry, showed that in auxin-free medium,
rooting percentage after 28 days was increased
three fold by H. sinapizans inoculation. With 0.2
mg/litre IBA, rooting was slightly enhanced by in-
oculation (79% compared with 69% in the con-
trol). With IBA at 0.1 mg/litre, the rooting was
reduced. Root numbers per plantlet were highest in
inoculated media, with or without IBA, but most
roots were formed with IBA at 0.2 mg/litre. Root
lengths, were however greatest in auxin-free media
and were markedly reduced by the addition of the
IBA or of H. sinapizans inoculum at low concentra-
tions (Baraldi and Branzanti 1988).

Studies conducted at the University of Lyon 1,
CNRS, Umr Microbienne Soil, Villeurbanne,
France, on rooting of micropropagated cuttings of
Prunus avium and P. cerasus, mainly
endomycorrhizal plants, showed that rooting per-
centage of P. avium cuttings was approximately
16% in the absence of hormonal treatment; it in-
creased up to 30% in the presence of 5.7 uM IAA
and was enhanced in the absence of IAA but in the
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presence of various strains of Hebeloma
cylindrosporum rooting ranged from 50%-60% with
the IAA over-producing mutant D 111 or the wild-
type dikaryon D1 to 100% in the presence of the
mutants 331 or D 117 of H. cylindrosporum. Root-
ing was approximately 40% in cuttings of P. cerasus
in the absence of hormonal treatment and except
for the mutant D 117, rooting was not significantly
improved by H. cylindrosporum. In P. avium, sur-
vival for uninoculated cuttings was 50% and in
inoculated cuttings, survival ranged from 30%-—
100% depending upon the fungal genotype. In P.
cerasus, survival was 85%—-100% and fungi either
did not significantly improve survival or lowered it.
At acclimatization, fungal hyphae could be ob-
served in close contact with adventitious roots, but
did not establish mycorrhizae. Shoot height in P.
avium was not significantly different in inoculated
and uninoculated plants but in P. cerasus, growth of
acclimatized plants was generally depressed with
fungal inoculation (Grange, Bartschi, and Gay
1997).

Effect of VA mycorrhiza on rooting

Studies conducted at the Agricultural Research
Centre, Finland, Laukaa, Finland, on
micropropagated Malus sp. showed that inoculation
with AMF did not improve the rooting rate in di-
rect rooting. Also directly rooted microcuttings had
a higher survival rate than in vitro rooted cuttings.
Glomus hoi caused severe rotting of microcuttings
and thus lowered the rooting rate of Finnish
crabapple cv. Hanna. Sucrose in the in vitro me-
dium gave better support to weaning survival in
comparison to glucose and fructose (Uosukainen
and Vestberg 1994).

In studies conducted at the Universitat di
Torino, Departmento di Biologia Vegetale, Viale,
Mattioloi, Turis, Italy, micropropagated plantlets
of Prunus cerasifera (plum) were inoculated with
Glomus mosseae or G. intraradices or with the ericoid
mycorrhizal species, Hymenoscyphus ericae and
grown in sand culture irrigated for 75 days after
transplanting with nutrient solution that included a
soluble source of P. None of the treatments signifi-
cantly affected the length of adventitious roots or
the first, second or third order laterals that devel-
oped from them. VAM colonization increased the
intensity of branching in all root orders with the
effect being most obvious on first order laterals
where the number of branches increased by 100 to
300 branches per metre. First order laterals made
up 55% of the root system in the control and 36%
in VAM-inoculated plants but second order laterals
made up 25% in the control and 50% in VAM
plants. G. intraradices and not G. mosseae increased
root diameter. Both AM fungi increased the con-
centration of soluble proteins in root extracts and
modified the protein profiles by elimination and
addition of protein bands detected by PAGE analy-
sis (Berta, Trotta, Fusconi et al. 1995).
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In studies conducted at the University of Pisa,
Departmento Cultivaz and Difesa Specie Legnose
Sez Cultivaz Arboree, Pisa, Italy, micropropagated
cuttings of Prunus cerasifera clone Mr S2/5 were
placed in a sterile rooting mixture or inoculated
with AM fungi or uninoculated and given auxin
treatment (IBA) of 200 mg per litre or were sup-
plied with a non-sterile sievate of mycorrhizal in-
oculum. In vivo, rooting of Mr S2/5 shoots was
obtained successfully but mycorrhizal inoculum did
not show a positive influence on rooting ability of
microcuttings. The first harvest of plantlets was
carried out very early when mycorrhizal and non-
mycorrhizal plants showed no significant growth
differences. By this time, AM fungi had greatly
increased the proportion of root system present as
higher order laterals and also the branching inten-
sity of roots. Also, mycorrhizal inoculation ap-
peared very important for rapid acclimatization and
growth of in vivo rooted microcuttings.
Mycorrhizal symbiosis induced early resumption of
shoot apical growth during the acclimatization
phase. No significant alterations in root system
morphology were observed in plants grown in una-
mended soil and also in plants receiving IBA treat-
ments (Fortuna, Morini and Giovannetti 1998).

Studies conducted at the Instituto di
Microbiologia Agraria, University of Pisa, Italy, on
micropropagated Mr S2/5 plum showed that inocu-
lation with Glomus mosseae influenced root mor-
phology since endomycorrhizal plants displayed a
more branched root system. Also, inoculation ap-
peared profitable in stimulating shoot apex growth,
allowing plants to overcome the prolonged rest
period to which micropropagated plantlets of this
clone are often subject. However, it was not possi-
ble to establish the influence of G. mosseae in root
induction since even in the uninoculated treatment,
rooting percentage reached the maximum
(Giovannetti, Fortuna, Loreti et al. 1996).

In studies conducted at the Centro
Miglioramento Genetico e Biologia Vite, CNR, Via
Leonardo da Vinci, Grugliasco, micropropagated
shoots of apple (Malus pumila MM 106) were
rooted in media containing a vital staining in order
to distinguish in vitro-formed roots from in vivo-
formed roots. The presence of the dye reduced
plant growth in apple. At transfer into the soil,
plants were inoculated with the arbuscular
mycorrhizal fungus, Glomus mosseae. The dye did
not prevent root colonization by the mycorrhizal
fungus and 4-5 weeks after transplanting, both in-
vitro-and in vivo-formed roots were colonized by
the VAM fungus (Gribaudo, Zanetti, Morte et al.
1996).

Stimulation of growth by mycorrhizal
fungi

Studies conducted at the Centre de Studio per la
Microbiologia del Suolo, Via del Borghetto, Pisa,
Italy, on apple, peach and plum micropropagated



root stocks, inoculated with Glomus sp. (strain A6),
on transplanting from in vitro to in vivo culture
showed that the optimal root length for effective
infection, assessed in apple root stock M25 was
0.1-1.5 cm corresponding to the beginning of root
elongation. When inoculated at this stage, plants
showed maximum growth increase and survival.
Mycorrhizal infection of the Mr S2/5 Prunus
cerasifera (plum) root stock induced earlier growth
renewal after transplanting than in the controls
(Sbrana, Giovannetti and Vitagliano 1994).

Studies conducted at the Instituto di
Ecofisiologia delle Plante Arboree de Frutto, Bolo-
gna, Italy, on micropropagated plantlets of Pyrus
communis clonal rootstock OHX F51 and Prunus
persica x P. amygdalus clonal rootstock GF 677,
inoculated with Glomus sp. during the early wean-
ing stage of acclimatization showed that both root
stocks were well-colonized though infection of
OHX F51 spread more slowly. At the end of initial
vegetative growth, mycorrhizal plants of both root-
stocks showed a three fold increase in shoot length,
longer internodes and greater fresh mass than the
controls. The root: shoot ratio was especially al-
tered by VAM inoculation in OHX F51 which
showed a greater increase in shoot than root
biomass. Glomus sp. induced a greater development
of both root stocks in the second growing year after
over-wintering. Mycorrhizal plants always had a
higher content of total soluble sugar although there
was no difference in soluble carbohydrate concen-
tration between inoculated and uninoculated
plants. Starch accumulation was found only in
mycorrhizal plants of the peach x almond rootstock
(Rapparini, Baraldi, Bertazza et al. 1994).

Studies conducted at the University of Pisa,
Departmento Coltivaz and Difesa Specie Legnose,
Sez Coltivaz Arboree, Borghetto, Pisa, Italy,
showed that unfertilized and non-mycorrhizal
micropropagated plantlets of MM 106 apple
(Malus pumila L..) and Mr S2/5 plum (Prunus
cerasifera) showed no apical growth during the
post-in vitro acclimatization stage, whereas P ferti-
lization induced early resumption of shoot apical
growth. Growth enhancement and percentage of
actively-growing apices of plantlets inoculated with
Glomus mosseae, G. intraradices and G. viscosum
were comparable to those obtained in plantlets
fertilized with P. Also, tissue P concentrations of
mycorrhizal plantlets were similar to P fertilized
plantlets (Fortuna, Citernesi, Morini et al. 1996).

In studies conducted at the Universitat de
Torno, Departmento di Biologia Vegetale, Viale
Mattioloi, Twurin, Italy, micropropagated trans-
plants of Prunus cerasifera (plum) were inoculated
with either Glomus mosseae or G. intraradices or with
the ericoid mycorrhizal species, Hymenoscyphus
ericae, and grown in sand culture irrigated for 75
days after transplanting with a nutrient solution that
included a soluble source of P. VAM inoculation

increased survival and growth by more than 100%,
increased root, stem and leaf weight, leaf area, root
length and specific leaf area as compared to
uninoculated controls or transplants inoculated
with H. ericae. VAM inoculation decreased the root
length/leaf area ratio, root/shoot weight ratio and
specific root length. VAM inoculation also in-
creased the uptake of P and its concentration in
leaves. The time taken for development of infection
varied, being most rapid with G. mosseae but was
ultimately higher with G. intraradices (Berta,
Trotta, Fusconi et al. 1995).

Studies conducted at the IRTA, Patovegetal
Ctr. Cabrils, Spain, on micropropagated plantlets
of almond x peach clone (GF67), grown on two
peat-based potting mixtures and tested with four
fungi, Glomus mosseae, G. intraradices, G. species
(E3) and Acaulospora laevis showed that response of
VAM fungi varied with the potting mix used
(Estaun, Calvet, and Camprubi 1994).

Studies conducted at the Agriculture Research
Centre, Finland, Laukaa, Finland, on
micropropagated Malus showed that AMF inocula-
tion increased the mean shoot height of established
plants, particularly inoculation with Glomus hoi
V98, G. claroideum V439, G. fistulosum V128. Some
AMF strains like G. hoi V 104 caused strong
growth retardation. After the rooting and weaning
stage, many uninoculated plants lapsed into an
arrest of growth and this phenomenon was less
frequent in AM inoculated plants (Uosukainen and
Vestberg 1994).

In studies, conducted at the CSIC, Estacion
Experimental Zaidin, Granada, Spain, mycorrhizal
inoculation on micropropagated Annona cherimola
plants was assayed at two different stages of the
micropropagation process. These stages were
(1) immediately after the in vitro phase before start-
ing the acclimatization period and (ii) after the
acclimatization phase before starting the post-accli-
matization period under greenhouse conditions.
Plantlet survival was about 50% after the acclimati-
zation period. Plant growth and establishment prof-
ited remarkably from mycorrhiza establishment.
Most of the VAM fungi assayed greatly increased
shoot and root biomass and leaf area. Micro-
propagated anona plants seemed to be more
dependent on mycorrhiza than plants derived from
seeds. The greatest effect of VAM on plant growth
occurred when they were introduced after the accli-
matization period (Azconaguilar, Encina, Azcon
et al. 1994).

Studies conducted at the University of Lyon I,
CNRS, Umr Microbienne Soil, Villeurbanne,
France, showed that shoot height in Prunus avium
was not significantly different in plants inoculated
with Hebeloma cylindrosporum and in uninoculated
plantlets. In P. cerasus, however, growth of acclima-
tized plantlets was generally depressed with fungal
inoculation (Grange, Bartschi, and Gay 1997).
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Part lll: ornamentals and other plants

Cornus and Cotoneaster

Studies conducted at the Land Resource Research
Centre, Agriculture, Canada, on softwood cuttings
of Cotoneaster and Cornus, stuck into rooting me-
dia containing chopped leek root inocula of either
Glomus intraradices, G. clarum, G. vesiculiferum or
no VAM, showed that root development was de-
layed only in G. intraradices treatments. Within
each plant species, all treatments had similar root
weights at the end of the rooting period. Rapid
spread of infection resulted in declines in relative
root growth and was delayed in Cornus and G.
clarum treatments. VAM colonization prolonged
positive relative root growth after non-mycorrhizal
treatments had declined to zero. Cold storage re-
sulted in a significant increase in root infection by
G. clarum (Nelson and Clough 1987).

Epacris impressa

Studies conducted at the Victorian College of Agri-
culture and Horticulture, Burnley Campus,
Burnley Gardens, Swan Street, Richmond, Victoria
showed that E. impressa stem cuttings (about 8 cm
long) planted in unsterilized soil were mycorrhizal
and had a higher survival rate than those planted in
sterilized soil which were non-mycorrhizal. The
surviving cuttings in the unsterilized soil also had
more flowers and roots than those in the sterilized
soil. The soil was collected from under the original
plants (McLean, Lawrie and Blaze 1994).

Euphorbia pulcherrima

Studies conducted at the USDA, Southeastern
Forest Experiment Station, Athens, Georgia, USA
showed that the roots of Euphorbia pulcherrima
cuttings became mycorrhizal when inoculated with
Gigaspora margarita. Maximum VAM formation
occurred following application of azygospores to
both the rooting medium in the mist bed and, sub-
sequently, to rooted cuttings at transplant. But in
both cases only fewer mycorrhizae developed. G.
margarita in conjunction with rootone stimulated
rooting of cuttings in the mist bed by markedly
increasing the number and weight of roots over
cuttings treated with rootone alone. The
mycorrhizal cuttings withstood transplant shock
under high temperatures and low moisture condi-
tions better than non-mycorrhizal cuttings (Bar-
rows and Roncadori 1977).

Gerbera, Nephrolepis and Syngonium

In studies conducted at the University of Laval,
Fac Sci Agr and Alimentat, Ctr Res Hort, Quebec
City, Canada, micropropagated plantlets of Gerbera
jamesonii, Nephrolepis exaltara and Syngonium podo-
phyllum were inoculated with Glomus intraradices
and G. vesiculiferum and potted in peat-based me-
dia. Symbiosis was established between the three
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ornamental species and VAM fungi within 4—-8
weeks of culture in the greenhouse, but not during
acclimatization. Mortality of Gerbera and
Nephrolepis mycorrhizal plantlets was reduced at
week 8 compared to the non-inoculated control. A
peat-based substrate low in P and with good aera-
tion improved the spread and efficiency of VAM
fungi. The mycorrhizal substrate was beneficial in the
long term by increasing leaf and root dry weight of
Gerbera and Nephrolepis. Mycorrhizal Gerbera plants
flowered significantly faster than non-mycorrhizal
plants (Wang, Parent, Gosselin et al. 1993).

In studies conducted at the Centre de Recher-
che en Biologie Forestiere, Universite Laval, Que-
bec, Canada, rooted plantlets of in vitro
micropropagated Nephrolepis exaltata var.
whitmanii, were transferred to pots containing a
brown peat-based mix and simultaneously inocu-
lated with one of the four Glomus spp. Glomus
intraradices and G. clarum formed rapid and exten-
sive infection in N. exaltata roots, while G.
vesiculiferum and G. versiforme showed a signifi-
cantly slower rate of infection. Inoculated plants
and one control treatment were grown in low phos-
phorus nutrient solution while in the other control,
plants were grown in high phosphorus supple-
ments. The high phosphorus control performed
better than all other treatments, except for number
of fronds, which did not differ significantly. Out of
four mycorrhizal treatments, plants inoculated with
G. vesiculiferum showed the most significant in-
crease in growth compared with the low phospho-
rus control (Ponton, Piche, Parent et al. 1990)

Helianthemum almeriense

In studies conducted at the Department de
Biologia Vegetal, Universidad de Murcia, Spain,
the mycorrhization rate of H. almeriense
micropropagated plantlets with Terfezia claveryi,
grown on modified Melin Norkrans agar medium
with pH 8.0, was about 80% after 12 weeks. T.
claveryi did not enhance in vitro rooting of
microcuttings of H. almeriense but appeared to im-
prove the survival rate of rooted plantlets (Morte,
Cano, Honrubia et al. 1994).

Further studies conducted at the above univer-
sity showed that micropropagated plantlets of
Helianthemum almeriense formed mycorrhiza in vitro
with Terfezia claveryi on the recently-developed
agar medium MH at pH 7.0. The mycorrhization
rate was approximately 75% after 8 weeks.
Mycorrhizal association stimulated the growth of
the plantlets. 7. clavery: formed
ectendomycorrhizas with a discontinuous mantle of
lax hyphae (Morte and Honrubia 1995).

Hydrangea

In studies conducted at the School of Life Sci-
ences, Jawahar Lal Nehru University, New Delhi,
India, micropropagated plantlets of hortensia



(Hydrangea macrophylla) cv. leuchtfeuer) were inocu-
lated with Glomus intraradices. At the acclimatiza-
tion stage, roots were heavily colonized by the
VAM fungus. There was 100% survival. Shoot api-
ces were active and no apparent transient transfer
shock was noticed. Infected plants had better
growth and larger leaf areas than controls. Eighteen-
week-old, infected potted plants exhibited consid-
erable resistance to induced-stress environmental
conditions in the phytotron. In contrast, non-in-
fected plants were severely wilted and the number
of apical buds was reduced. The general bacterial
population was several fold higher in the
rhizospheres of colonized roots than in non-in-
fected roots with Pseudomonas fluorescens being pre-
dominant (Varma and Sohuepp 1994).

Morus

In studies conducted at the Mulberry Agronomy
Laboratory, Central Sericultural Research and
Training Institute, Srirampura, Mysore, India,
eight-month, 17 cm long cuttings of mulberry
(Morus sp) variety S-54, were planted in furrows 15
cm deep and 20 cm apart and inoculated with
Glomus mosseae inoculum containing spores (more
than 15 spores/g of air dried soil) and infected root
fragments. The nursery soil was sterilized by burn-
ing accumulated weeds for two hours before dig-
ging the furrows. Cuttings were planted at 10 cm
spacing. An equal number of cuttings was planted
on sterilized soil without VAM inoculation as con-
trols. The survival rate of cuttings was 85.9% with
inoculation as compared to 76.1% in the controls.
Sapling height, average number of leaves per sap-
ling, fresh and dry weight of the plants were signifi-
cantly increased in inoculated plants as compared
to controls. Nitrogen and phosphorus contents of
leaves in inoculated plants was more than in the
controls (Das, Katiyar, Hanumantha et al. 1994).
In further studies conducted at the above insti-
tute on cuttings of three varieties of mulberry
(Kanva 2, S-54, S-34) inoculated or not with
Glomus mosseae, G. fasciculatum and mixture of G.
mosseae + G. fasciculatum by the method as de-
scribed above, significantly higher rates of survival,
plant height, plant fresh and dry weight were ob-
served due to VAM inoculation over uninoculated
controls. Among inoculations, G. mosseae was bet-
ter followed by mixed inoculation. The variety S-54
responded significantly better than the other varie-
ties. The effect of rock phosphate with VAM inocu-
lation was significantly higher on sprouting,
survival, height and fresh and dry weights of plants
when compared with other phosphorus sources
such as diammonium phosphate and single super
phosphate (Fathima, Katiyar, Das et al. 1995).

Pelargonium hortorum

In studies conducted at the Ohio State University,
Columbus, Ohio, USA, rooted cuttings of florists’
geranium (Pelargonium hortorum) were inoculated

with spores of Glomus mosseae, G. etunictum or a
suspension lacking mycorrhizal fungi (controls). A
complete fertilizer (NPK) or fertilizer lacking phos-
phorus (NK) were applied at every watering or
biweekly for 12 weeks. The highest level of
mycorrhizal infection was in inoculated treatments
without P. The geraniums were then out planted at
12 field sites with soil P levels ranging from 8 to
230 ng/g. Assessment after 14 weeks showed that
inoculated plants receiving NK fertilizer and those
receiving NPK fertilizer had significantly greater
dry weights, more blooms, and higher performance
ratings than comparable non-mycorrhizal plants.
There was no difference between inoculated and
non-inoculated plants given NPK at every water-
ing. At harvest, plants in all treatments at all sites
had become mycorrhizal with no significant differ-
ences between treatments in percent mycorrhizal
infection, which was 20%-25% of total root length
(Chatfield, Rhodes and Powell 1979).

Saccharum officinarum (sugarcane)

In studies conducted at the Department of Botany,
Gulbarga University, Gulbarga, India, shoot forma-
tion was obtained from leaf explants of sugarcane
(Saccharum officinarum) variety CO 419 when cul-
tured on MS medium supplemented with 3 mg/litre
2-4 D and 10% coconut milk to obtain a friable
sugarcane callus, and further subcultured on MS
medium supplemented with 2 mg/litre kinetin and
10% coconut milk for shoot induction. The regen-
erated shoots were transferred to MS liquid me-
dium using the following treatment for root
induction.

1 MS medium supplemented with NAA (5 mg/
litre) with 10% coconut milk (T?)

2 MS medium supplemented with Glomus
aggregatum spore extract (2500 spores/litre) and
10% coconut milk (T?)

3 MS medium supplemented with VAM root ex-
tract (10 g/litre) and 10% coconut milk (T?)

4 MS medium with non-VAM root extract (10 g/
litre) and 10% coconut milk (T%)

Root initiation took place after 8—12 days in T,
3—6 days in T2, 2-6 days in T? and no rooting took
place in T*. The number of roots per shoot was 10—
15 in T', 3-12 in T? and 30-50 in T>. The length
of roots after 20 days was 0.4-0.6 cm in T?, 1.5-3
cm in T? and 0.5-1cm in T3. Root length after 40
days was 1-2 cm in T, 3-4 cm in T? and 1.5-3 cm
in T? (Muniyamma, Bharti and Reddy, 2000).

Sciadopitys verticillata

Studies conducted at the US Department of Agri-
culture, Agricultural Research Service, Eastern
Regional Research Centre, East Mermaid Lane,
Philadelphia, USA, on Sciadopitys verticilata
showed that a VAM fungus in a peat-based me-
dium significantly increased survival, callus devel-
opment and rooting percentage of S. verricilata
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cuttings over non-inoculated cuttings. The pres-
ence of a nurse host plant in the absence of S.
verticilata roots decreased survival and rooting per-
centage but not callus development, compared to
the fungus without the nurse host plant (Douds,
Becard, Pfeffer et al. 1995).

Syngonium podophyllum and Draceana

In studies conducted at the Tata Energy Research
Institute, New Delhi, India, inoculation of
micropropagated plantlets of Syngonium podophyl-
lum and Draceana sp. by a consortium of VAM
fungi during an early-weaning stage of acclimatiza-
tion showed that Draceana exhibited significantly
higher colonization than S. podophyllum after 20
weeks. Draceana plants showed little difference in
the extent of VAM colonization at the weaning or
hardening stage but S. podophyllum plants were
better colonized at the weaning stage than at 20
weeks. In both hosts, survival was high in VAM
plants at lower fertility. Inoculated S. podophyllum
showed better stolon production than in the
uninoculated controls at both fertility levels tested
though the increase was higher at lower fertility.
Draceana showed no response in shoot height.
VAM inoculation in both species saved almost 15
days in the total hardening process (Gaur and
Adholeya 1999).

Tetraclinis articulata

In studies conducted at the Departmento de
Biologia Vegetal, Botanica, Universidad de Murcia,
Campus de Espinardo, Murcia, Spain,
micropropagated Tetraclinis articulata plantlets were
inoculated at acclimatization stage with two types
of Glomus fasciculatrum inoculum on sterilized soil,
sand and peat mixture. No major differences were
observed between the two types of inoculum with
respect to the extent of plant root colonization and
plant survival. In both cases, mycorrhizal coloniza-
tion was 37% and it stimulated plant growth and
improved the survival of plants during the weaning
stage (Morte, Diaz and Honrubia 1996).

Sesbania sesban

In studies conducted at the Jamia Millia Islamia,
Centre for Biosciences, New Delhi, India, plantlets
of Sesbania sesban were developed from somatic
embryos and/or adventitious buds (induced from
various explants on Gamborg’s medium supple-
mented with 6-benzylaminopurine) in the presence
of 10"M alpha-naphthalene acetic acid and 5x10°M
gibberellic acid. Subsequent to nodulating the
roots with rhizobium, the plantlets were trans-
planted into sterile garden soil and inoculated with
or without Glomus fasciculatum. Only 30 per cent of
plantlets transferred to soil without G. fascicularum
survived. Histochemical studies revealed the pres-
ence of intracellular hyphae with well-developed
arbuscules and intercellular hyphae with vesicles.
This suggested that G. fasciculatum formed a good
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mycorrhizal association with S. sesbans roots. The
studies indicated that mycorrhizal association with
S. sesbans roots helped the micropropagated
plantlets to successfully withstand transplantation
shock (Subhan, Sharmila and Saradhi 1998).

Tobacco

In studies conducted at the Jawaharlal Nehru Uni-
versity, School of Life Science, New Delhi, India,
regenerated plantlets of tobacco subjected to two
different biological hardening techniques showed
88-94% survival when inoculated with
Piriformospora indica, a novel plant growth promot-
ing root endophyte, as compared to 62% survival in
uninoculated control plants under similar condi-
tions. The tendency of the plantlet to overcome the
stress in terms of revival capacity was maximal in
the case of P. indica as compared to the control
(Sahay and Varma 1999).

Viburnum

Studies conducted at the University of Florida,
Fort Lauderdale, Florida, USA, showed that inocu-
lation of cuttings of Viburnum dentatum during
propagation with isolated spores of Glomus
fasciculatum at the rate of five spores per cubic cen-
timetre of propagating material resulted in uniform
infection and increased root growth and root devel-
opment (Verkade 1987).
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Research findings

VA Mycorrhizae in relation to growth of different tea varieties

A K Roy', Rashmi Kumari', B N Chakraborty? and U Chakraborty?
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Introduction

The potential of vesicular-arbuscular mycorrhizal
fungi in the field of agriculture is well documented.
It has been established that VAM fungi increase
plant growth through enhanced nutrient uptake
and cycling of phosphorus, nitrogen, carbon, zinc,
copper and other minerals.

Despite the ubiquitous occurrence of VA fungi in
diverse groups of soils and plant species, information
on mycorrhizal association with the tea plant is very
limited (Sieverding and Toro, 1987; Morita and
Konishi, 1989; Mridha, Begum and Begum 1995;
Kumaran and Santhanakrishnan, 1995).

Several tea varieties collected from three differ-
ent tea research stations viz. Tocklai Experimental
Station, Jorhat, Assam; Tea Research Station,
Kurseong, Darjeeling and UPASI Tea Research
Station, Valparai, Tamil Nadu are maintained in
the Tea Germplasm Bank in North Bengal Univer-
sity, Siliguri. The performance of these varieties is
not uniform despite all conditions being the same.
It was, therefore, considered worthwhile to study
mycorrhizal association with these tea varieties in
relation to their growth.

Material and methods

The following 8 varieties of tea were selected for
the present investigation and were categorized into

Mycorrhiza News 14(1) <+ April 2002

two sections (A and B) on the basis of age (Table
1). Section A included plants (4 varieties) 6 years
of age and Section B included plants (4 varieties),
4 years of age and one variety 3 years old.

Tocklai : TV-23, TV-26, TV-29; Teen Ali-17
Darjeeling : B-777
UPASI  : UPASI-2, UPASI-9, UPASI-26

Five plants of the same age group in each vari-
ety and five samples (rhizosphere soil and roots) of
each plant were collected from the Germplasm
Bank and brought to the laboratory in tagged
polyethylene bags. The rhizosphere soil samples
were processed to screen the VAM spore popula-
tion by the wet sieving and decantation method
(Gerdemann and Nicolson, 1963). The root sam-
ples were examined following the method of
Phillips and Hayman (1970). VAM species were
identified by the manual of Schenck and Perez
(1987). The growth performance of the plant was
categorized on the basis of the foliage borne by
them, into good (more than 15), poor (6—10), and
very poor (less than 6).

Results and discussion

The average results of five replicates are presented
in Table 1. A good correlation could be established
between VAM population root colonization and



Table 1 Spore population and root colonization in relation to growth performance of tea varieties

Spore population* Root colonization*

Variety of tea Age of plant (in years) Plant growth condition* (spores/10 g dry soil) (%)
Section A Tv-23 06 Good 30 100
TV-26 06 Good 15 100
B-777 06 Poor 15 75
Teen Ali-17 06 Poor 10 50
Section B UPASI-2 04 Good 30 100
UPASI-26 04 Good 20 80
UPASI-9 04 Good 07 34
Tv-29 04 Good 05 15
TV-26 03 Very poor 05 35

* date represents average of five replicates

plant growth for the tea varieties of Section A.
100% root colonization and 15-30 spores/10 g dry
soil were observed in TV-23 and TV-26, where the
growth of individual plants was also good. Teen
Ali—17 and B-777 varieties which attained poor
growth had 50-75% root colonization and 10-15
spores/10 g dry soil. However, in Section B, 80—
100% root colonization and 20-30 spores/10 g dry
soil were observed in UPASI-2 and UPASI-26 where
growth was good. Plant growth was good in other
varieties (TV-29, UPASI-9) but they had only 15—
34% root colonization and 5-7 spores/10 g dry soil.

The six-year old TV-26 variety had 100% root
colonization and good growth whereas 3-year old
plants of the same variety showed only 35% root
colonization and very poor growth. It appears that
older plants provide adequate carbohydrates to the
symbiont for their proliferation and in turn it sup-
plements nutrients for good growth of the plant.
Glomus macrocarpum, G. fasciculatum and G.
ambisporum were invariably recorded in association
with roots of all the varieties whereas the distribu-
tion of G. aggregatum, Gigaspora margarita,
Sclerocystis and Scutellospora was not uniform.
Gigaspora margarita along with Glomus species was
found to associate with plants showing good
growth.

The positive impact of VA mycorrhizae on
plant growth has also been reported by several
workers including Krishna, Shetty, Dart et al.
(1985), Singh and Subba Rao (1987), Ratti and
Janardan, 1996). Sieverding and Toro (1987) also
observed the impact of different isolates of VAM
fungi on tea and found a three-fold increase in
growth parameters compared to non-mycorrhizal
plants. Moreover, other factors, such as diverse
microbial populations in rhizophere soil or edaphic
conditions, also exert a good or bad impact on
plant growth and VAM colonization (Finley, 1985;
Reid, Parker, Mitchell et al. 1988; Klyuchnikov
and Gelster, 1990; Lussenhop, 1996). In case of
TV-29 and UPASI-9 (Section B) where plant
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growth was good despite very poor root coloniza-
tion by VAM fungi, the viability potential of plants
and the growth promoting efficacy of the colonized
VAM fungi might be one of the possible reasons
but further investigation is required.
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Introduction

AMPF (arbuscular mycorrhizal fungi) form symbi-
otic associations with most tropical crop plants.
These fungi can improve plant growth under con-
ditions of low fertility, confer resistance/tolerance
to some pathogens, improve the water balance of
the plants and contribute to the formation of soil
structure (Hayman 1982). Mass inoculation of
AMF with efficient strains in the field for cultivated
crops has usually met with little success because of
the inability to culture the fungus axenically.
Large-scale production of AM inoculum for field
inoculation is technically feasible using the roots of
host plants grown in sterilized soil to produce pot
cultures of a single AM species.

Sweet potato ([pomoea batatas (Lam.) L.) is
now being recognized as the foremost tuber crop in
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respect to calorific value. The dependence of the
crop on mycorrhiza for growth and nutrient uptake
has been well established (Harikumar 1997). In
this study an attempt has been made to develop a
technology for the mass multiplication and mass
inoculation of AMF to field-grown sweet potato.

Materials and methods

Cassava preinoculated with AMF, Glomus
microcarpum, was used as the source of AMF. Cas-
sava skin containing spores ranging from 30 to 40/
cm? (wet weight basis) was cut into small pieces
and mixed with lignite slurry (2 parts of lignite
having 40% moisture). The mixture was spread uni-
formly in a layer above sterile soil in the pot and was
covered with a top layer of soil.

11



Sweet potato (var. Kanjangad) vine cuttings (30
cm length) were collected from healthy plants, stacked
and kept for 3 days for defoliation. Mycorrhizal inocu-
lation was done batch-wise by planting the stacks in
pots containing inoculum (Figure 1) at two fertility
levels of phosphorus, high (140 ppm) and low (69.75
ppm). Root samples were collected at intervals of ten
days up to 40 days after inoculation (DAI) and proc-
essed for monitoring mycorrhizal infection
(Giovannetti and Mosse 1980). Inoculum build-up in
soil was assessed (Gerdemann and Nicolson 1963)
after each growing season of sweet potato.
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Figure 1 Flow chart showing mass multiplication of VAMF for
field inoculation in sweet potato

Results and discussion

Co-inoculation of G. microcarpum in the roots of
sweet potato vine cuttings was observed from 10
DAI onwards. At low levels of P the percentage of
colonization and intensity of infection was greater
than at high levels of P. Establishment of the fun-
gus was similar at both low and high levels of P,
but the colonization rate was different. From 10
DAI onwards both percentage colonization and
intensity of infection showed an upward trend.
Even at 40 DAI percentage colonization approxi-
mated 100 and 84.61 in roots at both low and high
levels of P, respectively (Table 1). The intensity of
infection also showed the same trend. Spore den-
sity in the soil was found to increase after continu-
ous cultivation for 3—4 seasons (Table 2).

The technique developed in the present study for
mass multiplication and mass inoculation of AMF
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Table 1 Establishment of G. microcarpum in rooted sweet
potato vine cuttings at two levels of P

DAl

Fungal

AMF characters Plevels 10 20 30 40

Percentage  Low 40 90.48 94.73 100

colonization  High 36 73.33 85.71 84.61
G. microcarpum

Intensity of  Low 16 30.53 40.91 53.85

infection High 15.24 28.53 36.67 52.67

Mean of 10 replications

Table 2 Inoculum build-up in sweet potato soils after con-
tinuous cultivation

Spore load/50 g soil*
P levels Season | Season Il Season lll
High 78 116 206
Low 102 133 274

* Average of 10 replications

needs no sophisticated equipment or skill. Peels of
cassava skin from the tubers which harbour AMF are
often left waste (Potty 1985) and can effectively be
utilized as inoculum for further multiplication/propa-
gation. Repeated mass inoculation over 2-3 years can
effectively build up sufficient mycorrhizal population
in the field reducing the need for further inoculation.
Even a farmer with little education can successfully
practise this technology in the field.
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Introduction

There are several reports that AM fungi occur
worldwide in diverse habitats (Bagyaraj, Manjunath
and Reddy 1979; Parvathi, Venkateshwaralu and
Rao 1984). Schmidt and Scow (1986) found that
AM fungi were present to varying degrees in the
roots of at least some members of all plant commu-
nities sampled. Medina, Kretshmer and Sylvia
(1988) observed that legume species differ in per-
centage of root colonization and total spore density
among sites. AM distribution, occurrence and asso-
ciation were studied at both cultivated (Rao, Pawar
and Singh 1990) as well as uncultivated sites
(Blaszkowski, 1993). Level of AM colonization
varied between the two crops from site to site and
species to species and was not related to soil prop-
erties (Talukdar and Germida, 1993; Muthukumar,
Udaiyan and Manian 1996).

Material and methods

During the year 1995-96, sampling was carried out
separately for each crop in fields of leguminous
crops at polluted sites (Javan and Harduaganj) and
pollution-free sites (Kwarsi and Kharaishwar). Six
commonly cultivated leguminous crops, pea, chick-
pea, pigeonpea, cowpea, mungbean and clover
were selected for study at each site and their char-
acteristics are given in Tables 1a and 1b. Fifty sam-
ples collected randomly were thoroughly mixed.
Seven root samples of each plant species were col-
lected at random to measure root colonization of
AM fungi.

Spores of AM fungi were isolated by the wet
sieving and decanting method (Gerdemann and

Table 1a Soil characteristics at the polluted sites

Nicolson, 1963) and the clearing and staining of

the roots was done by the method of Phillips and
Hayman (1970). Percentage of root colonization

was determined by the slide method (Giovannetti
and Mosse, 1980).

% AM association =
Number of mycorrhizal segments
Total number of segments screened

x 100

Isolated spores were identified using keys pro-
vided by Hall and Fish, 1979.

Results

The data in Table 2 indicate that the AM popula-
tion was affected by pollutants released from the
Kasimpur thermal power station. It is clear that
pollutant-free sites always yielded higher
populations of AM spores compared to polluted
sites. Among the different crops, clover supported
the highest production of spores while cowpea
yielded the minimum in all the four sites investi-
gated.

At the polluted sites Harduaganj and Javan,
mung bean showed the second highest number of
AM spores followed by chickpea, pea and
pigeonpea. Statistical analysis of the data shows
that the AM spore number varied significantly be-
tween crops.

At pollution-free sites Kharaishwar and Kwarsi,
the highest and lowest spore numbers were re-
corded in clover and cowpea, respectively. The
pigeonpea stood close to cowpea in spore number,
varying only insignificantly from that of cowpea.

Particle size %

Available nutrients (kg/ha)

Organic Distance from Kasimpur
Soil texture Sand Silt Clay Carbon (%)  pH N P K power station (km)
Javan Sandy loam 74.5 19.4 6.1 0.623 8.5 134 8.2 94.5 7
Harduaganj Sandy loam 75.0 20.2 4.8 0.775 8.7 147 8.5 90.9 4
Table 1b Soil characteristics at the non-polluted sites
Particle size % Available nutrients (kg/ha)
Organic Distance from Kasimpur
Soil texture Sand Silt Clay Carbon (%) pH N P K power station (km)
Kharaishwar Sandy loam 70.0 17.8 12.2 0.325 7.7 101 7.4 97.9 18
Kwarsi Sandy loam 76.1 16.2 7.2 0.450 8.0 120 7.7 95.8 13
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Table 2 Total AMF spore-count at different sites under
different crops

Non-polluted sites Polluted sites

Crops Kharaishwar Kwarsi Javan Harduaganj
Pea 364 342 215 200
Chickpea 367 348 225 210
Pigeonpea 355 335 205 195
Cowpea 345 323 190 175
Mung bean 374 345 240 220
Clover 405 388 310 295
CDat5% 12 15 9 8

The second highest number of spores was recorded
in mungbean followed by chickpea and pea. Analy-
sis, however, showed that the difference in spore
number between the above crops was not statisti-
cally significant.

The results shown in Table 3 indicate that the
percentage colonization of AMF was affected by pol-
lutants. It is also evident that the per cent coloniza-
tion in clover was maximum, 60-64% and 70-74%, at
the polluted and non-polluted sites respectively. In
mung bean, the colonization percentage was the sec-
ond highest of all the four sites with an average of
44%. In pea and pigeonpea, the average percentage
of root colonization was 54% and 48.5%, respec-
tively; while in chickpea it was 56.5%.

Table 3 Mycorrhization at different sites under different crops

Non-polluted sites Polluted sites

Crops Kharaishwar Kwarsi Javan Harduaganj
Pea 62 58 50 46
Chickpea 60 67 54 48
Pigeonpea 53 55 45 11

Cowpea 47 50 40 39

Mung bean 70 63 58 55

Clover 74 70 64 60
CDat5% 4 5 4 4
Discussion

The present investigation shows that all legumi-
nous crops are mycorrhizal as reported by Mosse
(1976). The total number of AM spores were high-
est in clover fields indicating that they supported
better multiplication compared with other crops at
polluted as well as non-polluted sites (Paulitz and
Linderman, 1989).
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Introduction

The influx of phosphorus in plant roots colonized
by arbuscular mycorrhizal fungi can be 3-5 times
higher than that in non-mycorrhizal roots
(Schachtman, Reid and Ayling 1998). The underly-
ing mechanism is commonly explained by the effi-
ciency with which mycorrhizal roots, with the
external hyphae extending beyond the depletion
zone surrounding the root and its hairs, exploit the
soil for acquisition of nutrients (Smith and
Gianinazzi-Pearson, 1988). Whether the AM fungi
in symbiosis function only as appendages to exist-
ing roots or alter the architecture of the host root
system in a significant way to allow better capture
of nutrients has received some attention recently
(Koide and Schreiner 1992; Tisserant, Gianinazzi
and Gianinazzi-Pearson 1996). Any such change in
root developmental pattern assumes significance in
understanding the molecular basis of morphogen-
esis of functional mycorrhiza also (Barker, Tagu,
and Delp 1998). We present here evidence to show
that root development patterns of two AM-respon-
sive plants — Dendrocalamus strictus (bamboo), a
monocot, and Citrus sinensis (sweet orange), a dicot
— are significantly changed due to AM-infection in
a low nutrient soil, having implications for possible
improvements in nutrient acquisition efficiency.

Materials and methods

Seedling plants of Citrus sinensis and Dendrocalamus
strictus were grown in pot culture in a low nutrient
laterite soil, with or without AM inoculation, in a
glasshouse under ambient environment. The sandy
loam soil had the following properties: pH 6.0,
organic carbon 0.27%, total nitrogen 0.03%, avail-
able (Olsen’s) phosphorus 5 ppm, and available
potassium 13.5 ppm. AM infectivity potential of
the solarized soil was raised from less than 5 to ca.
100 infective propagules per gram by adding maize
root-based mixed AM species inoculum before
planting 50-day old D. strictus bamboo and nucellar
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seedlings of sweet orange, raised separately in ster-
ile sand. AM-infected maize root inoculum was
produced in a sterile sand-soil mixture inoculated
with surface-sterilized (Watrud, 1984) Glomus
mosseae, G. fasciculatum and Gigaspora margarita
spores isolated from rhizosphere soils of common
plants from a similar location. Observations of root
development characters were recorded by macro-
and micrometric measurements of the whole root
system of replicate plants harvested 300 days after
planting.

Results

Dendrocalamus strictus

D. strictus is a moderately arbuscular mycorrhiza
responsive (Bhattacharya, Saha, Banerjee et al.
1995) bamboo plant. Thick (400-800 um dia),
downward-growing primary roots are produced
from the root primordia of its pachymorph rhi-
zomes. The primary roots are not infected by the
AM fungi. Progressively finer successive series of
lateral branches are produced from the primary
roots and are identified as 1st, 2nd, and 3rd order
laterals. These laterals spread somewhat horizon-
tally and together form a network of fine roots, 8—
40 cm below the surface (Figure 1a, b). Root hairs
are few and short (<2 mm), present mostly on the
third order laterals. Mycorrhizal presence is re-
stricted to the laterals, more in the 3rd than 2nd
order and rarely in the 1st order branches.
Mycorrhization resulted into a significant increase
in the lateral root development of D. strictus plants,
particularly with respect to the number of 3rd order
branches per cm of primary root (Table 1). The
total number of lateral roots per cm of primary root
was significantly higher in mycorrhizal than non-
mycorrhizal plants, the difference being individu-
ally significant for the 3rd order laterals only
(Table 1). While average lengths of the lateral roots
of any of the orders individually did not change
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Figure 1 Changes in root development pattern of sweet orange and bamboo plants upon mycorrhization

Table 1 Branching intensity and surface area of different catego-
ries of lateral roots of Dendrocalamus strictus bamboo

Categories NM M v

0.05

Number of branches per
cm of primary root

1storder 8.0+1.7 7.0+£1.7 0.71
2" order 13.7+1.5 20.7+4.7 2.44
39 order 83.7+4.0 196.0+18.1 10.50*
Total 105.3+4.0 223.7+£17.0 11.70*
Average length
1storder (cm) 0.98+0.14 0.98+0.04 0.08
2" order (cm) 0.41+0.05 0.41+0.16 0.03
34 order (mm) 0.60+0.09 0.69+0.04 1.54

Total length traversed by
branches per cm of
primary root (cm)

1storder 8.0+0.83 6.79+1.47 1.24
2" order 5.60+0.27 8.11+2.06 2.09
39 order 5.04+0.77 13.57+1.22 10.28*
Total 18.65+2.86 28.46+3.23 3.94*
Diameter (mm)
1storder 0.36+0.07 0.54+0.17 1.67
2" order 0.19+0.04 0.23+0.08 0.75
39 order 0.11+0.03 0.13+0.03 0.89

Surface area (sq mm)

1storder 89.43+9.27 114.53+24.72 1.64

2" order 34.30+1.61 59.10+15.00 2.84*

3 order 17.10+2.62 56.26+5.00 12.00*
Table ‘t’ value =2.776, * Significant

0.05,d.f4

significantly upon mycorrhization, the total length
traversed by the laterals per cm of primary root, par-
ticularly the 3rd order laterals, increased significantly
in mycorrhizal over non-mycorrhizal plants. Diam-
eters of the mycorrhizal plant root laterals also
showed a marginal increase over non-mycorrhizal
plant root laterals. Due to increases in their numbers
and hence total length, the total surface area of the
3rd and also the 2nd order laterals increased in
mycorrhizal over non-mycorrhizal plants. Frequency
distribution data of the different size groups of lateral
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roots showed that the increase in the mean number of
3rd order laterals in mycorrhizal plants was almost
exclusively due to the very significant increase in the
number of smaller laterals (Figure 2). Increased lat-
eral root developmental activity of D. strictus plants
upon mycorrhization by production of a significantly
higher number of short 3rd order laterals, resulting
into increased absorptive lateral root surface area was
indicated by the data.

Number of 3rd order lateral roots
40

354
30+ M
254
201
151
10
54

117 133 15 1.5and
above

0 4 T T T T T
0 017 033 05 0.67 083 1

Length of 3rd order lateral roots (mm)

Figure 2 Frequency distribution data of 3rd order lateral roots

Citrus sinensis

C. sinensis, a highly mycorrhiza-dependent plant
(Menge, Johnson, and Platt 1978), produces progres-
sively finer 1st to 3rd order lateral branches from the
taproot. The laterals are devoid of root hairs and are
infected by the AM fungi. Presence of mycorrhizal
elements is higher in 3rd, than 2nd and 1st order
laterals.

Taproots of mycorrhizal plants showed a sig-
nificant increase in length and weight compared to
the taproots of non-mycorrhizal plants although
there were no mycorrhizal elements in these roots
(Table 2). Significantly, the taproot weight per unit
length of mycorrhizal plants also increased.
Number of lateral roots, both total per plant and
per unit length of taproot, increased significantly in
mycorrhizal over non-mycorrhizal plants (Table 3).
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Table 2 Development of tap root of mycorrhizal and non-
mycorrhizal sweet orange plants

Table 4 Average length (cm) of lateral roots of non-

mycorrhizal and mycorrhizal sweet orange plants

NM M L NM M ‘U o8

Average tap root lengthper 5.2+1.4 89+1.4 5.15 1storder 5.10+1.25 2.91+0.32 2.94

plant (cm) 2" order 2.02+0.16 1.33+0.21 4.56
Average tap root weight per 92.0+36 270.0+53 7.98 34 order 1.65+0.17 0.87+0.25 4.45

plant (mg)
Average tap root weight 174+42 303+3.3 6.42 Table ‘' value ., ,=2.776

percm (mg)
Table ‘t’ value =2.145 mycorrhiza have been examined and interpreted far

0.05,d.f14

Average lengths of lateral roots of mycorrhizal
plants, of all orders were significantly lower than
those of the non-mycorrhizal plants (Table 4). But,
due to the increase in number the total length tra-
versed by the mycorrhizal plant lateral roots was
higher than that of the non-mycorrhizal plants. The
differences in lateral root length, between
mycorrhizal and non-mycorrhizal plants, were sig-
nificant for the 1st and 2nd order laterals, but not
for the 3rd order laterals, owing to the extreme
reduction in their size. Total length of individual
order lateral roots per cm of taproot, however, did
not differ significantly between mycorrhizal and
non-mycorrhizal plants. Frequency distribution
data of the different size groups of lateral roots
showed that the observed significant increase in
their mean number was due to the significant increase
in the number of short sized laterals (Figure 3). Pro-
nounced lateral root initiation activity associated
with reduced apical growth of the individual
branches was indicated by the data (Figure 1c).

Discussion

Roots are the sites of infection of arbuscular
mycorrhizal fungi, but, surprisingly, the effects of

less than shoots. The pronounced cytoskeletal
changes that occur in host cells due to intra-and
intercellular colonization of the biotrophic AM
fungus (Bonfante and Perotto, 1995), is expected
to be less than innocuous for morphogenesis and
development of roots. Although, due to overall

Number of 2nd order lateral roots
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Length of 2nd order lateral roots (cm)

0 05 1

Figure 3 Frequency distribution data of 2nd order lateral roots

Table 3 Development of different order lateral roots of non-mycorrhizal and mycorrhizal sweet orange plants

Per plant Per cm of tap root
NM M T oos NM M  oos
Number of lateral roots
1t order 17.5+0.5 48.3+3.5 15.1 3.4+0.1 5.4+0.4 8.8
2" order 84.5+3.5 230.0+37.0 6.8 16.3+0.7 25.8+4.2 3.9
34 order 49.67+6.51 128.0+19.3 6.7 9.5+1.2 14.4+£2.2 3.4
Total 151.7+£9.5 406.3+58.9 7.4 29.2+1.8 45.6+6.6 4.16
Total length traversed by the lateral roots (cm)
1t order 89.2+2.5 140.6+10.2 8.5 17.2+0.5 15.8+1.2 1.9
2" order 169.0+£7.0 3059+49.3 48 32.8+1.4 344+55 0.6
34 order 81.9+10.7 111.4+16.8 2.6 15.8+2.1 125+1.9 2.0
Total 337.8+15.4 5542+75.0 4.9 65.7+3.4 62.7+8.4 0.6
Table ‘' value . .., = 2.776
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improvements in nutrition and metabolism there
may be an absolute increase of root mass in
mycorrhizal over non-mycorrhizal plants, a de-
crease in the root:shoot ratio is the typical
arbuscular mycorrhizal response of most plants
dependent on mycorrhiza physiologically (Smith
and Gianinazzi-Pearson, 1988). However, a de-
crease in absolute root mass development may also
occur due to sink competition for photosynthate
between the partners of symbiosis, in relatively
mycorrhiza independent or non-mycotrophic plants
(Marschner, 1995). Apart from such gross changes
in root mass development (total root length,
weight, volume etc.), changes in the fine structure
of roots (branch number, length, fineness, root hair
production etc.) have sometimes been reported
(Koide, 1991). More significant in the context of
plant nutrition may be the possible changes in root
geometry or branching pattern, modifying the
whole root architecture, as seen here and suggested
earlier also (Berta, Fusconi, Trotta et al. 1990).
Evidence is now available to postulate that such
structural changes in root development may be the
cause (Barker, Tagu and Delp 1998), rather than
the effect (Koide, 1991), of improved phosphorus
nutrition.

In the two contrasting plant species, bamboo
and sweet orange, mycorrhiza-induced increased
lateral root development activity resulted in in-
creased lateral root number, branch length, and
surface area per unit length of the non-feeding,
anchoring roots. Such changes in lateral root devel-
opment activity, were more pronounced for the
more mycorrhiza-responsive dicot citrus plant, but
the pattern of changes was similar at a gross level in
the less responsive monocot bamboo plant also.
Characteristically, in the highly responsive citrus
plant, the lateral root branching effect was opera-
tive some distance away from the main site of colo-
nization. In the less responsive bamboo plant, the
effect was restricted to the main site of colonization
only. Apart from the gross changes in rooting den-
sity, the changed root geometry of the mycorrhizal
plants (large number of short feeding roots per unit
primary root length) would provide for changed
root architecture for a more efficient exploration of
a larger volume of soil. The same, along with the
extramatrical hyphae would function in more effi-
cient acquisition of nutrients from the soil and add
to the physiological efficiency of mycorrhizal plants
in nutrient-deficient soils. The large number of
short root laterals due to mycorrhization can also
add to the ‘escape’ competence of plants against
root pathogens.
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The description of diversity within a natural com-
munity or habitat is important for exploiting it.
But, diversity at the functional rather than the
taxonomic level is important for the long-term sta-
bility of an ecosystem.

Functioning refers to those AM (arbuscular
mycorrhizal)-specific processes which may influ-
ence mineral nutrition, stress tolerance and eventu-
ally also the growth of the plant (Jakobsen, 1994).

If resident mycorrhizal fungi are to be managed
in field conditions, the keystone protocol is to de-
termine their infectivity and the functional effi-
ciency of these fungi. The infectivity of the
mycorrhizal fungi can be defined as the rate and
extent of mycorrhiza formation (Abbott and
Robson, 1982), and therefore depends on the
number of propagules in the soil and the capacity
of those propagules to produce infective hypha
which reach the root surface. Currently, four types
of propagules are recognized: spores, hyphae in
dead root fragments, hyphae (and/or vesicles) in
living roots and extraradical hyphae. The metabolic
status of these propagules governs the infectivity of
the fungi. Prediction of infectivity prior to plant
and establishment is essential if inoculation with
functionally-efficient AMF is to be considered or
adjustments in fertilizer applications allowed. Mi-
croscopically, it is not always possible to reveal
non-viable spores as they can maintain a visually
normal appearance in soil for extended periods
(McGraw and Hendrix, 1986). The use of vital
stains is an alternative method for assessing spore
viability (An and Hendrix, 1988; Meier and
Chavat, 1993; Walley and Germida, 1995). The
tetrazolium salt, 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) and 2-
(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl-2H-tetrazolium
chloride (INT) are used to estimate the viability of
AMEF spores. Similarly, routine root staining tech-
niques (using trypan blue, acid fuchsin, chlorazol
black E) for revealing mycorrhizal structures do not
distinguish living from dead fungi. Succinate dehy-
drogenase, a mitochondrial enzyme, has been used
histochemically to detect the proportion of infected
roots/hypha in which the fungus is alive (Ocampo
and Barea, 1985; Kough and Gianinazzi-Pearson,

20

1986; Smith and Gianinazzi-Pearson, 1990). But
the estimation of AMF spore viability and the suc-
cinate dehydrogenase activity method are not in-
dicative of the efficiency of the fungus in terms of
plant growth.

The positive role of arbuscular mycorrhizae in
the growth of many plant species generally results
from a greater efficiency of mycorrhizal roots to
take up phosphate, mainly due to the capacity of
actively-absorbing external hyphae to better exploit
the labile pool of available soil phosphate (Smith
and Gianinazzi-Pearson, 1988). Studies of the
physiological basis of phosphate absorption, accu-
mulation and translocation by AM fungi indicate
that all these processes are metabolically dependent
(Gianinazzi-Pearson and Gianinazzi, 1986;
Thomson, Clarkson and Brain, 1990). Amongst
enzymes, the alkaline phosphatases are known to
be involved in the phosphate nutrition of AMF and
this enzyme activity also indicates the existence of a
functional AM symbiosis (Tisserant, Gianinazzi-
Pearson, Gianinazzi et al. 1993).

Conventionally, effects of AM on nutrient
transport and growth have been studied by com-
paring AM-colonized plants with uncolonized con-
trols. This approach is less suited to studying the
quantification of processes and identifying con-
straints in AM functioning, so novel methods were
introduced, which use a two-compartment/multi-
compartment principle to directly measure nutrient
transport by the AM mycelium (Jakobsen, 1994).
Special multi-compartment systems were exploited
by Schiiepp, Miller, and Bodmer (1987) in a study
of hyphal spread through different growth
substrates and since then hyphal compartments
have been utilized in several experiments. This
includes the hyphal incorporation of carbon by
different AM fungi (Jakobsen and Rosendahl,
1990), differences between AM fungi in total
lengths and spread of hyphae (Jakobsen, Abbott
and Robson 1992a), the depletion of different soil-
P fractions and soil acidification by AM hyphae
(Li, George and Marschner 1991), time-course
studies of hyphal transport of >’P by different AM
fungi (Jakobsen, Abbott and Robson 1992b),
hyphal transport of N (Johansen, Jakobsen and
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Jensen 1992) and hyphal transport of Cu (Li,
Marschner, and George 1991) and Zn (Kothari,
Marschner and Réomheld 1991). Radioactive
(Jakobsen, Abbott and Robson 1992b) and stable
isotopes (Ames, Reid, Porter et al. 1983) are the
most powerful tools for directly demonstrating nu-
trient transport by hyphae. The isotopes may either
be supplied to the intact hyphal network in solution
(Hattingh, Gray and Gerdemann 1973), mixed into
soil layers at defined positions from the root com-
partment (Jakobsen, Abbott and Robson 1992b) or
uniformly mixed into the soil of the hyphal com-
partment (Johansen, Jakobsen and Jensen 1992).
The two/three-compartment system also facilitates
the measurement of the P uptake of the indigenous
AM population from disturbed or undisturbed field
soils in controlled growth conditions. Ultimately,
these measurements should be carried out in the
field. Radiotracers have been widely used for study-
ing the root activity of field-grown crops (Abbott
and Fraley, 1991) and Dighton, Mason and Poskitt
(1990) measured the P uptake by ectomycorrhizas
of birch from an aqueous solution of *?P injected
into the soil.
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New approaches

Lyophilization of mycorrhizal fungi

A protocol was developed by Sundari, Prakash,
Adholeya (1999) to freeze-dry (lyophilize) vegeta-
tive mycelium of ectomycorrhizal fungi. (In: Pro-
ceedings of the National Conference on
Mycorrhiza. March 5-7, 1999, Gwalior, Madhya
Pradesh, India). Out of 15 species tested, 14 re-
sponded positively and 12 showed 90%-100%
viability. Species of Sclerodermataceae were found
difficult to freeze dry and species of Pisolithus were
particularly sensitive. Every isolate showed a cer-
tain lay period in growth after rehydrating the
freeze-dried material which was found to be gov-
erned by both the specific protectant used and the
species under test. The optimization of the freeze-
drying protocol included selection of the candidate
fungus, optimizing physiological growth conditions
and age, standardization of the protectant type and
concentration, optimization of the prefreezing
method, freeze-drying run and extent of drying,
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choice of the rehydrant and the extent of rehydra-
tion (Sundari S K, Adholeya A 1999, Biotechnol-
ogy Techniques 13(7): 491-495).

Freeze-drying of Laccaria fraterna revealed that
the culture retained its viability after lyophilization
and when subjected to quality assurance tests gave
consistent results similar to the non-lyophilized
culture indicating the stability of the product.
Sundari, Adholeya also observed that physical in-
tegrity of freeze-dried cultures was comparable to
that of non-lyophilized cultures (Canadian Journal
of Microbiology 47(2): 172-177). Inter-and
intraspecific variation in morphology, physiology
and metabolic rate were maintained after lyophili-
zation. Maintenance of total protein content con-
firmed metabolic stability. According to the assays
of viability, a plating assay and determination of
total biomass confirmed stable mitotic activity of
the freeze-dried cultures.
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