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GENERAL INTRODUCTION

Sl ’r@pre%mﬁﬁ one of the most dynamic living
entitks which harbour a variety of microbes like Protéxma,
algae, Fung i . bacteria, actinomycetes etoc.  Some of the

.
microbes in couwrse of time have evolved from saprophytic to
specialized symbiotic forms egimycorrhize, Rhizobium and
Frankii which are directly invelved in plant nutrition . The
CETILE “Frankia:’(Laahevali@r aﬁdeechevaliar, 1990) belongs to
actinomycetes and is able to fix atmospheric nitrogen in root
nodules of non-leguminous (actinorhizal) plants (Callaham et
al., 1978). S50 far 24 genera of  woody non-leguminoies
angicseperms have been reported to form symbiotic asseociation
with Frankia (Dixon and Wheeler, 1984). Unlike legumes,

actinorhizal plants  however, possess & wide ecological

tolerance which extends from temperate to subtropical and

tropical =ones of  the globe. The potential biological
nitrogen  fixation by actinorhbizal plants in forests has
gained much attention in present dayves especially to minimize

the use of costly inorganic nitrogencus fertilizers. Further,

biological fixation of nitrogen by Frankia nodulated plants



represent & substantial contribution to the global nitrogen
cycle (Torrey, 1978) especially in the forests, wetlands and
abandoned fields of the temperate and tropical kegionﬁ of the
globe (Hond, 1976) which is comparable to legdminouﬁ system
in agricultuwral ecosystems. Besides, the actinorhizal plants
have recently been increasingly exploited for reclamation of
hostile wastelands, (Ferinet et al., 198%; Wheeler et al.,
198&4) . %mftwm@d production (Leikola, 19743 Gordon and Dawson,
1979 Pregnet and Camire, 198%), short term forestry (Gordon
et al., 1979), improving soil fertility (Tarrant and Trappe,
1971y MZikola et al., 1983; Dawson, 19868),. nurture plants’
(Thiagalingam, 198%; Turner.et &al., 1978), wind breaks (Geary,
19693y Midgley et agl., 1983) and stabilization of lands

(Silvester, 19773 Midgley et al., 1983%).

Urider the natural  conditons  however, 1t is
difficult +to wvisualize a habitat in  which both nitrogen
fixing aricl vesicular -~ arbuscular mycorrhizal (VAM)
microendophytes exist in isolation . In majority of the
ingtances their ecological niche overlap depending uporn  the
availability of nutrients to the host and canﬁéquently
resuilting  into comntinuows interactions among themselves  and
st plants. Similar to leQumaﬁ, the root system§g of some
actinorhizal BREC L es oo have  been  reported  to form

gymbiotic assaciation  with VAM fungi (Williams and  Aldon,

ol



1976 Williams, 19793 Rose, 19805 Clelland et al., 1985
Gardner, 198&). Frankia and VYAM fungi associated with non-
leguminmuﬁ' plants ameliorate plant growth especially by
supplying N and F to the host bhence afford an ecological
advantage over plants forming single symbiosis or  without
asymbiosie. In fact., the plants farming tripartite
assooiations are true ploneer species in colonizing natrient-

deficient and hostile habitats (Daft'and Hacskaylo, 1976).

The role of mycorrhizal fungli in plant  natrition
has received a great deal of attention which pertains to  the
minreral nmtritimn especially the uptake of non labile P, (&T8]
adequate supply of P is important for satisfactory nodalation

arc nitrogen  fixation hy Rhizobium rechad ated le

JLimeE s

(Demeteric et &l., 1972) which may be saccomplished by

m?mmrrhizal symbiont (Carling et alf, 1978). Besides,
mycorrhizal fungi may also  ald in the uptake of other
mlmmentg Tike Cu, 89, In and Mn (Starks, 1971; Mosse, 19735
Bray and Berdemann, 19733 Mosse et &l., 19743 Kothari et al.,
1991) which may conseqguently lead tm enhanced nodulation  and
nitrogen  fixation by legumes (Crush, 19743 Daft and El-
Giahmi, 19763 8Smith and Daft, 1977). I mon-leguminouns
sy e e too, similar enhancement of nodulation, nodal e

activity and plant growth chareacteristics in response to VAM



symbinsis under nutrient deficient conditions has Liepenn

oheerved {(FRose  and Youngberg, 19815 Gardner et al., 19849

Fussa, 1989 Jha et al., 1993). The tripartite association

invalving  non-legume-Frankis-VAM fungl representd one of  the

most  compler systemsin whivh each microsymbiont  interacts®
bBetween themselves and with the host plant. Mo  information
. . al . - .

is  presently available o the ﬁ@agoq\ﬁltrwgen fisation by

root nodules in actinorhizal system involving VA mycorrhizal

symbiont in terms of in vivae morphology of microendophytes

(Frankia & V&AM fungid) which may add +to present  meagre
knowledge on in viveo interaction betweern endophytes under

.
field conditione where an array of limiting factors 16

operational.

Direct effects of Rhizebiam and V&AM fungi on each
other are evident (Bayne et al., 1984; Bethlenfalvay et al.,

198%:  Brown  and Bethlenfalvay, 1987) and 2y hibhit bott

(Harris et al., 1985: Brown and Bethlenfalvay, 19873 Brown et
al., 1988). 8Since the demonstration of  iloportance of  VAM
fungi in nitrogen fixetion (Asail, 1944) most of the interest
in  the VYAM fungi-Rhizobium has gained attention in the role
of former in the acquisition of P under P stress (Barea and
Arcaon—Aguilar, 1993, This role is clearly ioportant and may

influence nodule activity either through  the enhanced



kel tdenal  statws  of bhe homt plant (Claett  and  Bowe ey
1987%; Carling et al., 1978) or may directly or preferentially
stimuilate nodule function (Rares and Azcorn ~ Auguilar, 19673,
Van  MNuffelson  and Schenck, 1984)., Further, the effect of
Rhizobium on VAM fungi hes  beern indicated (Pacovsky et al.,
1984) which may be mediated by production of pwly%accharidw%
by Rhizobium (Azcon-Aguilar et a1., 1980) or directly
affecting metabolism of mycorrhizal fungus (Faccini et al.,
1984) . However, in  contrast to  leguminouws system, very
little is  known &bmut the effect of VAM fungl on Franki=
(Fraga—-Beddiar and Tacon, 1990) and absolutely nothing on

effect of latter orn former.

13

Fisation of atmﬁﬁphmria nitrogen by actinorhizal

tree speties contributes a substamtial amount of N to  the
| ; .

forest mcé%y%tmmﬁi(ﬁmnd, 1967y Fmrgu&ﬁﬁ o 19713 Torrey, 1978)
and a large proportion of latter is acoreted to soll system
by annual litter—fall (Tarranmt amd Miller, 198633 Zavitkhoveki
arnd Mewton, 19713 Debesll and Radwan, 1978) thus contributing
to  existing seil organic matter (Tarrant amd Miller, 1963;
Bormann and Debell, 1981). This prmcés& may lead to elevated
level of organic matter which may eventually influence the
growth, swrvival, infectivity and effectivity of VAM  fungi

(Danielson  and Visser, 1989) and Frankia wmicroendophytes.



Bapmd el y,  plant phencollios released from orgeandle metber  aors
kricwn to affect in vitro growth and suwrvival of both Frankia
(Ferradin et al., 1983%; Vogel and Dawson, 1983%) and VAM
endophy tes (FPederson et 1., 1991). Fresently rne
investigation is available on the effect of organic matter on
growth, . stir-vival , infectivity, effectivity of endophytes and

their interactions in tripartite association.

Sail  pH has been known to affect swrvival and
gffectivity of symbiotic Frankia (Seilor and McCormichk, 1982
Burggraaft and Shipton, 1982; Favre-Raynaud et a1., 1986y

,

Smolander and Sundman, 19873 Smolander et al., 17988) and VAWM
fungi (Mruckelmann, 19733 Graw, 1979). Further, the optimal
pH  requirement may also differ from microendophyte to
microendophyte and between host plant and microendophytes.

Effectivenass

of tripartite ass

ociation dnvolving legumes may
, !
he severely affected by soil acidity (Newbmu}d and Rangeley,

1984) . But in non-legumes, studies in this field A lacking
and warrant more endeavour. This is practically important as
the supporting soil system is constamtly becoming acidic due

to rapid replenishment of exchangeable cations with

ircre

sing soil N content (Crocker and Major, 19553 Debell
and Fadwan, 1983) and may exert harmful effect on the growth,
survival and effectivity of mycorrhizal symbiconts (Danielson

and  MVMigser, 1989) which is important in terms  of nutrients



uptake,  mitrogen  fixation  snd  swevivael o of Fet prda b

caloamnizing  the degraded €

T The  increasing soll

acidity may also influence growth, survival and mogdulation by
Frankia (Fodrigues: ~Rarrueco et al., 19468y Akkermans  and

Houwers, 19795 Smolander and Sundman, 1

7Yy which is  closely

associated with N mutrition of pilonesr actinorblizal speclies.

The importance of VAR fungld o P oaptake by plants

growing  in o dnfertile and bdgh Fefising solls  (Mos . 19VE

Fropwee 1L and Darmded y 1278 leadicmg to Dopaa

plant growth  1s
mairly  due  to capacity of mycorebizal fungi o to absorb and
transfer P oto bost root beyord the depletion zone (Rhodes and
Gerdemanr, 19783 Li et al., 1991). The ability of fungus in

the uptake  and efficient wtilization of P from sparingly

soluble  (unavailable) rock phosphate sowrce under  acidic
cormditions with conseguential  dmproved rodulation ared

rmitrogen fisation by legunes is evident (Mos

et al., 1976y
Fairunan et &l.., 1980). This ie particularly dimportant in
trapics and subbtropilos in which many P-defici

=it solls  ocour

in developing and uwnderdeveloping countries where cost  and

rapicd  Fixebtion of secluble fertilizers pe

a SN T%

o bhedlr use.

Besides, the increa

e application of soluble P may inkidibit
mvecrrbid v d colonization and  spresd  thos affecting =
rtrition  which may  be detrimental o nodulation, nitrogen

firaticorn  ard  growth  of  legumes  ( Asimi  ed &l L9EOY,



Therefore, the application of rock P may serve as excellent
alterﬂati;@ to soluble P fertilizerd in order to alleviate
plant proguctivity. Iri contrast to  leguminous system,

- Atudies involving non-legume-Frankia-VAM fungus
symbioses, their interaction and overall effect on host
plant growth under unavailable P sowrce are unknown antd
warirant investigation which may be helpful in the futwre

programmes on reclamation of nutrient-deficient habitats

where P fores one of the major factor limiting plant growth.

Morth-Eastern region of the country which is  rich
in plant diversity is recently heing threatened by continuous
encroachment of forested aress, shifting cultiveation (Jhum)
and other human activities. However, the hills of the region
are moist and favour development of variety of plant species
Among ‘which actinorhizal species of Alnus nepalensis DMDON;
Myrica esculanta Buch.-MHam.ex D.Don, Coriaria nepalensis Wall
and  Elaeagnus spp. grow Luwxardantly on nutrient deficient
soils  and represent a domioant vegetation along  with pire
forest., A.nepalensis i more versatile, hardy and
economically important species particularly colonizes hostile

=il canditions of £

astern Himalaya. It fixes substantial
amount  of  atmospheric nitrogen  consequently improving N

status of fragile forest ecosyvstem (Sharma and Ambasht, 1984

Yy



Shaorme, L9836 . However ,  dnv shgation on cheracterization  of

twe endophy b

(Frankia ard VOM fungil) of this region hes

not b

aceompl lsbecd al thowgh some information on VAM furngld
firom forested asreas i avallable (Shearma et al., 1986 .

These studies &re inmportant to alleviate Prmductivity [whi

agetinorhizal tree specles

ping in view the above phjectives, the pre

investigation has b cearried out @ cutlined below

sorral o study of  microsymbilonts {symbiotic

Frankia and VAM fungil) smorphology associated  with seasonal

= hang ire mitrogen filzation (nitrog activity) by Alnus

nepalensis ., Don under field conditions.

- In vitro imolation, cultivation ar

characterization of Frankia and VMM fungal microendrophyt

from root nodules and foor i le supporting A. nepalensis.

~~~~~ Trvestigations leading to  interactions

Frankia arnd Glomus mossese under variows levels of ¢

1. Sonl m4,
e Soill orgendo metter and

Eeo Unavadlable pbracte source (Rook phospheate)

e




and their effect on ooduelation, nitrogens activity,

uptake and growth of A. nepalensis seedlings under contirol led

conditions. were carried out,



REVIEW OF LITERATURE

FRANKIA SYMBIOSIS :
Firset report of roct nodules in oone-leguminous
plants  was made by Mayen (1829) who observed that alder

arowing in deep shadow or proscimity of water had a remarkable

tendency to produace nodules.

Worornin (1866)  observed  inter-cellular hy phae
which formed round swellings. He proposed the name Schinzia

alni for the nodwle parasite on alder.

Erunchorst { L8834 corncluded that & microbe was
indeed invalved in the nodule formatiorn in actinorhizae and

proposed & new name to the organism, Frankis swubtilis.

Maller (1890) proposed & new species Frankias
brunchaostii on the bhagis of cytological differences between

the structures of microendophytes in Alnus and Myrica.

Shibata and Tahara (1917) provided evidences for
an  actinomyecete-like organism in the actinorhizal nodules,
which was confirmed later omn by Krebber (1932)  and  Schaede

(1932, 1938 and 1962).



Moy

W Lo @ [ 1

carried studies

in cross dneoculation among fouwr  actinorhizal

plant speci

oy ey

Ferguson  and Bond (19533) provided evidences for

the fixation of nitrogen in the root nodules of  host
inooulated with nodwle suspension. Hﬁ%idﬁ%,. nodulation
accurred  freely over pH range of 3.4 - 7.0 and subsequent
better plant growth  in the pH range 4.2 - 8,4, Further,

Righer oxygen requirement of root nodules was shown.

Ziegler and Huser (1963) showed that root rodules
of Comptonia peregrina possess nitrogen-fixing ability and
focused the role of Comptania in improving the N stabtus  of

forest soile in North America.

1 e

LAt

Emplmying isotopic M oas & tracer, Delwiche et
al. (1963) revealed that excised nodules of Ceancthus spp.

exhibited & strong ability to fix atmospheric nitrogen.

Imvestigations of Daly (196%) confirmed that Alnus
rugosa was capable of conteributing greatly to nitrogen  level

of thwlﬁoil at a rate excess of 130 lb/acre/year,
.



Eecking (1965) opcired Lhe possibi ity et

geographical adaptations of the noduwle endophyte.

Rodr iguez ~Harmaeoo (1966) 1o that A.
jorellensis inoculated with nodule homogenate grew vigorously
and Ffixed atmospheric mitrogen while plants incculated  with
nodile suspension of A. glutinosa formed abundant nmdﬁle% bt

fined little or no nitrogen.

Gardner ared Etesrdd {1966) ohserved mar kel
specialization of the nodule symbionts of particular host

species ococurred in Myrica much more than in Alnus.

Wheeler (1969) reported the ocourrence of  diuwrnal
variation in nitregen fixation in actinorhizal plants even
undcler the constant temperature conditions. Wheeler(1971)
demonstrated that extracts of nodules contain BLEC I OSE o

! |
glucose and fructose.

[

Argulo Carmona (1974) amply described the proce

af  formation of an infection thread—-like structuwre in  Alnus

rubra.

Becking (19270 ) proposed a sub-division of Alnus

type endophytes into nine species with the generic name



Frankia bawogd on uﬁmmMWiﬁmmmlmtimn Brarrdbers  betwes

—F

Pkt g

families.,

Lalonde  and  Devoe  (1975) reported  polymorphic
gndophytes in  the cells of root nodule enveloped by a
membrane  called host plasma~lemma »  They added that the
perforations  through  which endophyte  penetrated the host
cells may be a result of ensymatic degradation regulated by

penetrating hyphae.

Lalonde  and  Ernowles (1978 revealed that  the
endophyte capsule was composed maiﬁly of  granular aric
fitwillar non-sulphated, de-esterified polygalacturonic  acid
or its salts. They indicated that multivesicular bodies were
responsible for  the synthesis of ceapsule murfwuﬁding thves

endophyte.

Wheslaer and Lawrie (1976) demonstrated that & very

..q’

\ . R ) . _ . .
small fraction of C accuwmalated in the infected cells o

naodule indicating that carbon compounds arriving in these

P

cells are rapidly wbilized.

-

.
Varn Dijk and Merkuas (1976) showed that in LY wlutod=]

rnodules sporangia begin to develop at & short distance behind
the nodule lobe apex in the region where vesicles, hyphas and

roadule cells are no longer viable, Besides, they recogrized

14



two types of nitrogen—-fising nodules in actine: oizal

rae o the  extent  of spoare Tormation fyy aéndaophy te.

However, no  difference in the tissue crgartization  iAn bhe

..‘A.
SR T SR mochales was noted.

Akkermans et &l. (1977) and Van Straten et ai1.
(1977} detected nitrogenase activity in  the root nodule
honogenate prepared  fTrom Alnus, Hippophae, Shepherdia and
Myrica uridder anagrobic  conditiorns when supplded with

grogenous Mg - BTF and Mas as reductant.

Field studies of Jobnsruad  (1978)  showed that
annal rate of mitrogen fisation by A. ipcapa reached as high
as 434 Kg M/ha and was affected by  temperature  and  light

AN

intensity.

G dor arcl Wheelar (19780 indicated that
nitrogenase activity of root modules was determined both by

host as well as Frankia gernotype.

Torirey (19278) oabserved that Frankia strains
isnlated from Alnus, Myrica and Comptonia nodulated freely

and established effective symbioses among themselves.

’

Mian and Bormdg (1978) demonstrated that  onsel (whi

(@‘L(V\g'




nitrogenase activity in yaureh nooduales of alder colnclded with
the production  of symbiotic vesicles by the endophyte and

concluded that vesicles were the site of nitrogen fisdation.

Van Dijk (1978) concluded that the difference

P
bhetween root-nodules  in actinorhizee - with or without
sporanglias was caused by genetic differences of the nodule

symhiont.

The first successfal isolation of root-nodule
endophyte  from Comptonia was made by Callaham et al. (L1978)
employing enzymatic maceration and selective incubation. The
filamentous bacteria grew slowly in yeast extract mediam,
induced actively nitrogen-fixing nodules and promoted plant
growbth vigorously without the exogencus supply of M.

Sprent et al. (1978) observed seasonal variation
in the nitrogensse acti?ity in Myrica gale which reached its

peak duwring late July-fAugust and declined in October.

Wheeler et al. (1979) demonstrated that acetylene
reduction activity of alder was maximum at L% — 30 W oxygen.
They found high activities of perodixase and  O-diphenyl-
oxidase in cell ocytoplasm which showed no relationstidip witd

mitrogenase activity but with cellular senescence.



Vi Dijk (1979  concluded  that clercir e o f

noadulation depends on s0ll conditions and endophyte strain.

Floe ) ofeern

are sk ermaris {1579 Chest

A

sl

hydrogenase activity only in summer and concluded that it was

corrfined bto microsymbiont.

Akkermans et &l. (1979 reported the property  of
vesicle clusters toy reduce acetylerns whigr incubated
anaerobically i the presence of ATF and  dithionite. Thiey
concluded that the final steps in the formation of citrualline

takes place in host cytoplasm.

Hall et a&l. (197%9) on the

af growth response

o f alder S e d e ahcwed e

igrnificant hoest

genotype/actinomycete strain in

Dawson and  Goroor (1w

Fonred sigrnificant
correglation between leaf area, nibgogen fixation and between

shictosynthetic  rate  and mnitrogen cobitent of  incoulated A
b

glutinogsa plants., They indicated that genetic veriations in
the host as well as the source of the endophyte affected the
rate  of nitrogenasse activity and photosynthesis  in black

adclay,



Baker et al. (1980) chemornstrate nonedrefectivi by

of strain EUIL isolated from Elaeagnus wumbellata on Ceancthus

Bpecies.,

Torrey and T]epKemd(lW79) whserved that in Myrica
and  Comptonia roolt hair infection was followed by pre-nodule

formation thereafter secondary nodules were formed Sparaaly

and in a precisely ordered -equence.,

Benson et &I. (1980) showed that bydrogenase
activity in the vesicle clusters may be driven by a range of

artificial electron acceptors.

Bhuwaneshwarli et al. {1980 cleves L oped ar
inoculation  technigque  to establish loci of the infection

process by Frankia.

Ingestad (1980) found that a continuous supply of
combined N in small doses stimelated both nitreogen  fixation

and growth of alder seedlings.

ﬁkﬁ@rman% and Roelofsen (1980) rrevera ke that
vesicle olusters suspension  had higher nitrogenase and
hydrogenase activity when incubated anaerobical ly - et
cancluded that the fixed nitrogen is excreted as ammonia into

host cytoplasm.
Y



Howwers and Gkkermans (19800 found that marny soils

devoid of alders had low numbers of endogenows  Frankia  or

none  at all. Further, they showed that nodule homogenate
. + .
ineculum  prepared  from spore nodules  was thousand times

infective than those prepared from spore nodules.
‘

Baber and Miller (1980) discovered the macrofossil
of actinmrhizal root nodule dating to about 11500 radiocarbon
VEEI S éld in Morth Vermont, U.S.60. From the gualitative
differences observed among the root nodule endophytes, they

come buded that the fossi

Ionodules  conteained  actinomycetous
endophytes morphologically  similar  to  that of @rtant

Eiliaeagnacese.

s
/

Baker et &l. (1981) demonstrated that—-endophyfeafiw
and Comptonia exhibited similar whole cell sugear patterns and
sero-group and were totally dissimilar to those eshibited by

v
Frankia isolates from Elaeagnus group. They distinguished
Frankia isolates into two serotypes: serotype 1 (isolates
from Alnus} Comptania, and Myrieca) and serotype 2 (iscolate

from Elaeagnus). /

Burggraaf et &l. (1781) isolated Frankia from
actinarhizal noduwles by emploving selecltive incubation

coupled with double agar layer technigue.



Al bermans et &l- (19810 detected that a variety of

sl et with

I RO L )

acid ocyole were active

i vesicle clusters,

Mormarnd and Lalonde (1982) reported the ocoubrence

of diversity of Frankia isclat from actinorhizal plants  of

different provén<.c

N

and suggested that spore G SpPOres

characteristice could comntribute in @

tabdlishing the taxonomy

of the genus.

SQchwintrer et al. (1982) ohserved L v ity

pef mitrogenase sctivity of root nodules of Myrica gale  and

strong  relationship between ocouwrrence of  vesicles and

ritrogena activity.

Shipton and Buargoraat (LF showed that growth of

Frankia isolates  from variouws actinorhizal plants Was

potential.

v by @t fen by watl

Dillon and Baker (1982 aluated symbiotic

pffectiveness b tweren Frankia deme] ates £ rcom Var ilous

actinorhizas  and  actinorhbizal plants in terms  of  ¢nitrogen

fixing ahilities. They concluded that efficiency of nitrogen

Fimatiorn was mainly determined by compeatibility of bost  and



Frankia strains.

Huss-Danel et &i. (1982 & ) suggested that
glyoxylate cyocle enzymes active in Frankia Ave 11 when grown
in media with Tween 80 were repressed in the nodule

et al.
symbiosis.HusS-Danell, (1982 b ) concluded that & more comples
mechanism  of  ammonium influence than & simply short  term
reduction  in supply of cerbon compounds to the nodales  may

QL.

Burggraat and Bhiptorn (1982) showed that  optimal
temperature  reguirement for growth of most Frankia isolates

R s S
was bDetween J0-35%7 C.

Ching et &al. (1983%) revealed that symbriobtic
Frankia from Alnus spp possess aercobic metabolism by virbue

of presence of cytocochrome system.

Divorn  arnd Wheeler (1983) reviewesd the effect of
abiotic environmental factors on nitrogen  fixation by

actinoriizal plants.

Employing orushed nodule inocoulum, Coyne  (1983%)

noted  inter-genetic specificity in the family Cesusarinaceae



o hostesndopbybe relationahips.

reat firmec that

Shipton  and  Buarggrasf

agptimal growth of Frankia isolat firrom Casuarina, Hippophae

. U o " o ,
and Myrica cocuwrred at 3070, Growth wes genereally  favoured

at pH & and 8 and declined below & bers water potential.

g

Quispel et al. (1991 made the comparison of lipid

regquirensnt of some Franpkia isolate ared core luded that root

=rvbial) for the isclaticon of

lipiad extracts from alder were

Frankia from Alnus glutinosa, Hippophase rhamncides and Myrica
gale.

Ferrractin et al. (19823 o €l that ferulic

P Ll W O-coumaric acid and R-coumaric acid were effective i
inhikiting growth  and decreasing  the number of  Frankia

ST AN LA . They  suggesthe that these active Dhenal ic
- Y (¢

rompounds present in actinorhbleose might  sact  es  "chemical

mediatorse” between host cells and syomhictic Frankia.

Based o DMNA homelogy Frankia straing WET 6

wiith relatively

distinguished into twe genogroups {.e. s e

high homology to strain G 34 and tho with Yo homology to

strain Ar 14 (An et al1., 1985).

Fermaor  arnd  Hanma (19807 dietinguished 43 alder



feolates  on the besis of protein pattorns of  whole  cell

lyeates,

Gramhall et a1. (1983) demonstrated that repesated
application of incorganic N odid  not suppress nitrogenase

whereas an initial large M application effectively inhibited
b b4

nodulation  and nitrogens activity and  fimally concluded

that mode of M applicaticon was more important tharn the  total

amount applied.

T e i et al. (198 FTomarsegd that Frankia isgalateoes

- - & C . .
EAN 1 pec, Opll and ACN L g uwtidized proplonate for
growth except Eullc. The zsize and rmumbesyre of  vesicles were

grester in media without ammondia and the sporalation of  all

isolates was C-sowrce dependent.

Akkermans et gl st Frankia

L sourc contained

cells grown with btweern 80 or ace

glyoxylate oy le enzyme it pepare ed i media with

i nodules,

sropdorate as well as o in symbicobic s
Yy

Krnowl ton and Dawsan  {1983) revealed that
infection of A. rabra voot by Frankia isolates  doubled the
¢

mumber of  nodules in the presence of Pseudomonas cepacia.

Further, they observed the interaction  betwesn  seedling,




substrate pHoand bacterisa in the promoticon of nodulation.

Buwrggraaf  and Yalstar (1984) concluded that bhost

plarnt selecte Frankia strains during  infection and nodule

formation. -

Baker and O Keefe (1984) isolated Frankia from the

root nodules of actinorhizal plants and soill  samples wusing

sucrose density fractionation and simple N free medium.

Moiround et al. (1984) showed the inability of

[

ot

Frankia isolates to ~grow  at  temperature be low 14

irre

pective of bt

ir o origin from cold areas. Howeverr
according  to  them, Frankia remained wviable even at low

temperature.,

Qeiler and Jobmson (1984) observed that molsture
stress  greatly reduced shoot, root, nodule and  total  dey

weight and nitrogenase activity of actinorhizal plants.

l.echevalier and Ruan (1984) demonstrated the
diversity of Frankia strains isolated from Comptonia and
Ceanothus.

?

Muarry et al. (1984) showed that proplonste  LW@s



mept el Leed via the proplonyl-coenzyme 6 patbuway . Frarther

propionate was considered most efficient carbon sowrce in the

irchaction of nltrogena activity by Frankia.
Sharma arnd Ambasht (1984 reaffirmed the

onality of nitro Fisvation in root nodules of  Alnus

nepalensis.

Studies af  VMarm Dijhk (19847) s howecd the

Frankia from areas where host plante are growing

argd ite absence in areas without < ns host plant.

Gauthisr et al. (19894) suggested that there may be

a o continuum between typiloal straing of Rhamnales  and  some

strains of Casuarinaceas.

Horriere {1984 demonstrated significant

in the abiliti of Frankia strains to produce

OE-E Al

ancd F-glucoside

oy et

Lechevalier (1984) categorized Frankia isolates

from various actinorhizae into two physiclogical cateqgories.

Hafeer et al. (1984) isolated two Frankia strains

From root nodules of Alnus nitide from MNorth Pakistan.

The result of Carpenter et a&l. (1984) indicated



that  both  host  and endophyte genotype may affect the

gtfficiency of host-endophyte symbiosis.

Lopez:  and  Torrey (198%9) showed the presence of
several Tricarboxylic acid cycle enzymes in  the vesicle

clustere.

‘v’a:\r“;\:'er)_ﬁnsc:r‘z arnd  Torrey (1985) opined that the
ability to form sporangia in symbicotic stage is controlled by
encdophytic strain rather than host genotype or host-endophyte

combination.

s

Reddell and Bowen (198%5) revealed that more than

one Frankia strain may ceoexist in same nodules.

Jaaben et al. (1985) concluded  that Ffankia

lates from Alnus and Elaeagnus show considerable variation

arnd divided them into two groups.

A et al.  (1985)  revealed that restriction
fragmernts banding patterms  were unigue for each Frankia
ieolate  and  swggested thal this method was efficient in
distinguishing morphologically indistinguishable isolates.

Me terg et al. (1985%) showed that most of  the

nitrogenase  activity was  located in the vesicles of the



rochy e endophy e,

Vogel  and Dawson (1985 observed  that none  of
Frankia isclates had the abkility to utilirzre phenolic acids as

carborn sources.

Vernauwd et 1. (198%) developed & new spot
inccwlation technigue for the nodulation of host close to the

point of inocwlation.

Weber (198646) after surveying several alder stands
.,(.. -
in Finland concluded that both spore and spore nodule types

co-existzd in the alder forests.

-

St Laurent and Lalonde (19868) successfully
isolated 30 Frankia isolates from root nodules of Myrica
gale and characterized them on the basis of morphological and
Biochemical oriteria. They observed that 12 strains were

I:'.“

infective on original host and Alnus glutinosa while 3 were

ingffective but effective in Elaeagnus and Hippophae.

Righetti et al. (1986) studied the effect of soil
moistuwre, P, K and micro-nutrients in  the nodulation of

actinorhizal plants.

Fare-Raynaud et &1. (198%) showed that growth of

y

mest of the Frankia isolates was pH dependent.



Hugseae~Darme ]} argd Frej (1984) recorded Frankia in

soile deveid of host plants for decades.

Wheeler et &l. (1984) reported that both Alnus
rubra and A. glutinasa wers egqually effective in retuwrn of N
iy e mﬁmm'ﬂt@mn.Fmrtnwr, the isolated Frankia from A. rubra
o A. glutinosa varied morphologically and  in grawth

chearac

Selletedt  (19886) found rno difference in plant

hicma hetweern nitrogen fixing and nitrate fed alders.

Surdetrom  arnd Muss-Danell (1987) revealed that

mitrogenase  activity of actinorhizal plants was severely

affected by drowght stres

v

Immurno-gold label ing studies conducted by Meesterg

(1997 showed  that nitrogenase activity wasz  located in

Frankia vesicles but not in hyphae.

-Danell (1987) found that coyanide

but
irhibited oxygen consumption in vesicles,;was not affected by

Vi bomarm ard  Hue

salicylhyvdrostamic acid, & inhibitor of alternate respiratory

catiaay Andicating that Frankia has an asrobic metabolism.

i...‘ [




Tarrey (19897) proposed that the environment within

the nodule determines the formation of spores.

Mackay et &l. (1987) and Sheppard et &1. (1987)

phaerved bthat mineral N oand scoil factors may  influence  the

hast-Frankia combination.

fFaraornse et a&l. (1287) concluded that outer wall of

v

Frankia = wvesicles was thickened by multiple liguid-like

menic l ayers in peoportion o partial ambilent oxygen level.

Guafan and Ting:iw (1987) obhserved that soil pH
and calociw  carbonate were the main  veariables influencing

podulation and nitrogen fization in purple colouwred soil.

Tisa and Ensigrn (1987) revealed the indispensable
rale  of calcium in both vesicle development and nitrogenase
activity by Frankia strains isclated from Elaeagnus and
Ceancthus. Further, they suggested that cyanide insensitive

riration may be involved in protecting nitrogenase  inside

1

the vesicles from oxygen.

Sme ) ander et al. (1988 } demornstrated that

survival of Frankia in soil at pH » &,0 was better than at pH



et 2. o
,xmsmﬁanmﬂklﬁﬂé Y o concluded that the stimulatory effects

a
of clay on Frankia may be due to adsorption  of  inhibitory

compounds secreted by alder.

Huss-Darell and Hahlin (1988) showed that addition
of ammenium to alder strongly reduced qu content in  vesicle

clusters.

Lalonde et &1. (1988) demonstrated that in vitro
epcrulation by Frankia was determined by the endophyte strain

infecting the host.

Harrison  and  Seilor (1988) showed that direct
molisture stress exerted no effect on acetylene reduction  and

podule sugar content.

Huss-Danell et &1. (1989) observed & strong
carrelation between nitrogenase activity in alder and number

of howres of sunsnine under field conditions.
Muryy and Lopez (1989) found that in pure cultured
Frankia hwadragen stimulated hydrogenase activity at  supra

arptimal cotygern concentrations.

Fytter (198%9) noticed that coarse roots of alder




oy b beanbk oof troes while fine rootse were

weree found olose

evenly distributed in the stand. Fuwrther, he attributed 90 %

oof the below ground blomass in the uppermost soil profile to

gvaillability of soll owvygen in peaty sadl.

Habm et a&l. (1989) proposed a new definition of
the family Frankiaceae besed on ENA catalods  and  reverse

transcriptase segquencing.

Simoret et al. (1789) delineated % closely related
Frankia from alder hosts on the basis of presence of plasmids

aricd southern hybridization to & nif AR probe or to a cryptic
Frankia probe.

Beriy et al. (1989) identified five Indole
compoairide  secreted by Frankia wridder  defined cultural
conditions by using gas chromatograph and mass  spectrometry
technigue. Their result indicated that utilization of indole*
RIS egthanol by plants lezd to modification of pattern of root

prrimed-dium initiation.

Seguin  and  Lalonde (198%) detected pectolytic
activity in the nodule and culture filtrates of some Frankia

shirains.,

ey et al. (1989) concluded that nitrogenase



activity was  limited by sercotolerance of host  rather  than

that of sndophyte.

Observations of Tiepkema and Murry (1989) revealed
that nodules of Casuarinag possess & 2 barrier  to oxygen
diffusion as supplied by host tissue and not by symbiotic

Frankia.

Dobritea a&nd  Stupsre (198%9) oboserved multiple
infection of actinorhizal plants with various Frankia strains
and  also  the presence of more than one strain in a single

ricacha e

Kohle and  Babker  (1989)  concluded that the
inhibition of nocdulation by nitrate in  actinorhizal plants

reswl ted from suppression of root heirs.

fAbey sekera et al.(1990) =suggested that symbiotic
Frankia obtain suger via degradation of pectic substances or

polysacoharicdes

which are constituents of capsule surrounding

Frankia in alder hosts,

Observation of Huss-Danell and  Bergman  (1990)
rcved that onset of nitrogenase synthesis in vesicles ocowr

at certain stad

of the vesicle development.




Kurdali et al. (1990) suggested that both spore

el mpere rankia sbtrains coexist in the same root system
Fienes e, spree sahibited  grester  specific nitrogenase
Lo . + . , .
activity  then  that  of  spore Frankia strains., They
ecreseve: Duelerdd bhat competitive ability varies with strains  and

that  the effectivene i affected even if nodulated plants

are transplanted into sail.

Faure-Faynaud et al. (1990) reported the diversity
of Frankic isolates from nodales of Alnus rubra by comparing

the protedin and other enzyme patterns.
F

Lundguist and Huss-Danell (1990) assigned the loss
of nitrogenase activity of intact plants to the deactivation

arnd  reduced level of enzyme in the Frankia vesicles.

Lurndguist and Huss-Danell (1971) proved that the

lose of nitrogenase activity in actinorhizal plants subjected

to dartness was largely due to loss of Mo-Fe protein in  the

symbictic vesicles of Frankia.

Furdali and Domenach (1991) reported that the rate
af  nodulation of host was affected by nutrient supply and

\
Frankia population, which decressed with soil depth.



1 bhat root

bt

Flavisendr arvel Treygey

facilitate the infection process by

exdates of hos

etimilating germination of Frankia& spores.

Freap iy et al.- (1e21) investigated the

cf Cowania subtintegra and

wlitrastructural details of nodules
noted that  endophytic  actinomycete was present in host

cortical  cells in the form of septate hyphae and elliptical

icles but not in sporangial form.,

W

tigations of  Re et a1. (1992) revealed

Trivers
that Frankia strains isolated from an Elaeagnus species wWere
abrle o cross the inoculation baryrier and infect Alnus

species  as well.



VESICUIL AR~ ARBUSCULAR MYCORRHIZAL (VAM) FUNBAL 8YMBIOSIS :

i bthe  year 1849, for  the first time

Foes d e

e of & septate funguws in the rootes  of

gdescribed the e

irchid, Necottia nidus. However the identity and the

at fungus was not recognised.

Framk irvbroduced the term "mycorrhiza”  to

slorate symbiotic association of plant rooct and the fungus.
He  divided mycorrhiza into two  broad categories, iz.

ectaotraphic and endotrophic.

Harrett (172530} remarked that the mycorrbizal fungi

sive parasites by progressive

Fév e evolved  from  aggres
swlection, of non-lethal verieties so that symbiotic stage

became indefinitely prolonged.

Mris e (19%%)  observed hyphal interconnection
between fungal sporocarp and strawberry roots. Mogse (1936,

fully estabilisehed mycorrhizal infection by

1ada ) LN 6

spares / sporaocarps and  observed

ing ewrface-sterilis

better growbth of the mycorehilzal plants.

G@rd@mqnn and Nicaleon (1943 were able to isolate

gndogonaceous epores from o seill employing wet sieving and



Flaylie (1987) report phyvcomycetous mycorrhiza in

sEveral  tres

species including gymnosperms from a rain forest
. . . 3 2 . s \

ars Ple Kualand"Bayhsugﬁu%m Justified the erological
significance of mycorrbiza in forest where P availability was

Yo,

Mersee

ardd  Howess (1968) published & key  for  the

hased faly the

identification af  different spore-types

o b s e of - oytoplas

. wall  structure  of SPOPE

Fi e

grice or absence of attached hyphae, natuwre of attachment

arcd coler of  speares,

Maymary (L270) found that mycorrbizal infectien and
erdagone spores population in wheat were influenced by

- Hayman (1970) , ,
WL areed wod ]l tresatmente. A observed maximam ramber of

14

spores and Highest mycorrhizal infection during summer.

Frod Wips and Hayman (0970) developed a technigue to

clear roots in KOH seolution and etaining in trypan blue for

the rapdd

infection in roots.

Havmary  and Mosee (1971 obhserved significantly large

ARATNR s

i the  shoot dey welght o dn ondon and Coprosaoma



plarte dincoulated with Endogone urider Fedeficlent soll.

Decf 4 and Micoleon (1974) reported the mycorrhizal

i plantes growing on coal strips. They found

irfections hRS s e

plants to be heavy and stressed  the
ecolagical  significance of mycorrhizaes in such  nutrient
deficient heareh hebhitats.

v

Gierrclemanm  and T

pee (1974) published a monograph
oy the Tamily Erndogonaceas with segregation of genus Endogone
into seven distinct genera  and  provided  the detailed

descrintion of the species found in northe-west Pacific.

B experiment  of  Rbhodes and  Gerdemann  (1973)
revesled  that the absorption of P oand its  translocation  to
hast by hyphae of Glomus fasciculatum which extended beyond
the P depletion zone of mycorrhizal onion to at least 7 om
from the root swrface.

'

Fedhaad (1975 studied the effect of ecological
factore on mycorrhizal association of Khaya sp. and concluded
that environmental variables like moisture level, light and
matrient supply exerted influence on infection ancl

sportlation by VA mycarrhizal fungus.



Froned {1273) using labelled P, found e
significant difference in specific activities of absorbed =

i mycnrrhieal and dn nonemycorerhbizal plants.

Kinden and BErown (1927%) investigated on the ultra-
, yellow
structure  of VA mycorrhizal root wfkpwplar ant  showed  the
poocurrence of inter and intra-cellular vesicles. They

(1@75) further demonstrated the formation of  intra-cellular

Faustoria~like arbuscules in the host root cells.

Khruscheva (1977) found that P oand N decreased the
eeourrence of  vesicles whereas addition of K to N and P
i wheat. The addition of

fartili aney

Yime to NPEK fertilirzer proved beneficial for mycelial growth

bt dercrea of vesicles formation. He finally

the procsEss

concluded  that vesicle formation was dependent on mineral

meztabol iem  and physio-biochemical processes within the host

plant,

B bgy and Gerdemann (1977 gdescribed a

Colorimetyric method for quantification of VAM based on yellow

vigments in infected roots in onion.

Sanders et a&l. (1977) found that out of four VA
erncophy te incoulated o onion, three ernhanced  the growbh,

crie showed no growth response.

wkig e




AESTATEE I sl Rebmon (L9779 drivers bl gacted thee

Prdbatiorn arnd abundarnce of different VA endophytes  in

cof Mustralia. They {(1978)  evaluated the

effect of three iotroda

VAM fungil din field soil  infested

s

with four indigenous VO endophyt and found that introduced

differed in their abhility to increase growth and P

erndaophy b

clover which were related to rate of

ceritbent of

mycoarrhiizal develapment when limited by P supply.

Cooper  and Tinker (1978 by means of radiosctive

ard  split plate cultwre technigqu observed that the amount

af P, 8 and In translocated w in  the ratio of 352501

the mean influx in the hyphae was in the ratic of

Fihiodes and Gerdemann (1278) studied tramslocation

cof Ca and Powsing  tracer technigue. They found that

mycorrhieal  root can explore Poand Ca &t & greater distance

fram raot swface than non-mycorrhizal one.  They added that

translocated to roots through mycorrbizal hyphee less

rapidly than &,

Fatrnayake et al. (1978) propo a hypothesis that

Foooarmhibat of mycorehiize is associated with a

I symbio

memtarane mediated decrease in o roct exudation.



-

Menge et al. (1978) proved that concentration of P

was  the regulatory factor in the determining colonization,

infection and spore production by VAM fungi.

MacDonald  and Lewis (1978) reported acid
phosphatase activity in and growing fungal structure of

Glomus mosseae.

Fowell and Daniel (1978) succeeded in  introducing
6. tenuis into the so0il already infested with the indigenous
mycorrhizal fungi and was the most efficient fungus in
stimulating P uptake. Mycorrhizal plants were more efficient
in recovering added F fertilizers than their non-mycorrhizal

counterpart.

Gianinazzi~Pearson and Gianinazzi (1978) reported
a close correlation between the mycorr-hiza specific
phosphatase activiy and development of the infection and host

growth.

Carling et al. (1979) found that the number of
infection units in young soyabean seedlings increased with
the increase in Glomus fasciculatunm inoculum till a maximum

was attained.

41



Skipper and Smith (1979) observed that overall
cultivar response in unlimed soil at pH 5.1 was greater for

Gigaspora gigantea and at pH 6.2 for Glomus mossexe.

Graw (1979) observed that Tagetes minuata and
Guizotia abyssinica reacted differently to changes in soil pH
and to fertilization with various P in spite of colonization

with same strain of Glomus macrocarpum.

Dichotomous gynoptic keys for the identification

of mycorrhizal fungi were published by Hall and Fish (1979).

Gianinazzi et al. (1979) observed a significant
acid phosphatase activity in little vacuolated, immature
terminal  arbuscule whilst strong alkaline and a —~ napthnyl
phosphatase and B-ghycerophosphatase activity was localized
within vacuoles of mature arbuscules and intercellular
hyphae. Further, in the root cells neither acid nor alkaline

phosphatase distribution was found to be modified by

mycorrhizal formation.

Owusu—-Bennoah and Wild (1979) found that
inoculation with Glomus mosseae increased seedling growth and
= content in both irradiated or non — radiated soils.

Successive autoradiographs showed that for the mycorrhizal



ant nomycorrhizal roots, most P uptake was wilithin 0,2 and 0.1

cm respectively of the root surface.

Hasel-Wandter (1979) found & close relationship
between WAM  infection and host vigour. She observed that
infection level increased with decrease in altitude of

sampling site.

Mishra and Sharma (1979) studied the mycorrhizal
status of J;ur’ forest trees and distribution of Endogone

species in the humid forests of Meghalaya.

Williams (1979) identified spores of three VA
fungal species 1.6. Glomus, Gigaspora and Acaulospora sp.
isclated from the rhizospherj%ﬁ s0ils and roots of two
actinaorhizal plants i.e. Cercocarpus mantanus and Purshia
tridentata growing at several locations in North and South

America.

Bagyaral and Manjunath (1980) found that
inoculation of cotton, cowpea and Eleusine caoracana with
&lomus fasciculatum in s0il with low P availability
significantly increased root and shoot weight, P and In
content  of plaéts but Mn was similar to that of non-~-

mycorrhizal plants.

{472



Jenson and J*akwbﬁan (19680) found abundant VAM
infection in  barley roots grown in least soil P and least
infection in  roots with high soil  F. Infection also
decreased with increasing nitrogen fertilizer. They found a
Close 'relationﬁhip between spore count and infection

intensity.

Chambers et al. (1980) observed decreased VAM
tdevelopment in young clover seedlings which was attributed to
addition of combined N. However, NH4+ was found to be more

effective than ng—-

Johnson et al. (1980) alsc found reduced
infection by Glomus fasciculatum and 6. mosseae in  response

te high M fertilization.

St. John (1980) found & strong association between
rooct  depth and mycorrhizal infection. Surface iroots were

much more likely to be infeccted by VAM fungi than deeper

Ones .
Rose (1980) after surveying 25 flowering non-
légume plant species from seven angiaaperm??’ families

concluded that these non-legumes form mycorrhizal association

with Gigaspora, Glomus,’' Acaulaspora and Entrophospord. and



pthaer undescribed VAM taxa. Spores of first three genera of
fungi were found most frequently from soil sievings.

Eose and Trappe (1980) described 3 new G&Glomus

species associated with anactinorhizal shrub.

Giovametti and Mosse (1980) reviewed various
methods of assessment of VAM infection in plants and
calculated the standard errors for four methods used

extensively by most workers.

Nemec (1981) bhistologically demonstrated the
distribution of dehydrogenase in young arbuscule, hyphae and
vesicles, He also detected peroxidase and catalase

activities in senescing arbuscules.

Mishra et al. (1981) observed highest mycorrhizal
infection and growth when 40 or more endogonaceous spores

were inoculated per plant,

Cooper and Tinker (1981) concluded that the
trranslocation of P in the hyphae occurred by protoplasmic
streaming. They however, did not rule out the possibility of

bulk flow of hyphal content under a water potential gradient.

Wang and  Hayman (1981) found that level of

4.4



ammonium  nitrate in Trifolium dicd not affect mycorrhizal

colonization but was adversely reduced in onion.

According to Gianinazzi-Pearson et al. (1981) the
prrincipal  role of VAM fungi is  the wtilization of soil P
more efficiently where the sowce of P for both mycorrhizal

and non-mycorrhizal plants remains the same.

Biermann and Linderman (1981) proposed a method
for the assessment of VAM using less number of root segments.
According to  them, the result can be obtained within

confidential limit of 10 % of the mean.

Chilvers and Daft (1981) observed morphological
diversities of VAM infections iﬁ different genera of host
plants. They did not observe any relationship between spore
population and YAM infection but indicated that mycorrhizae

were sigrnificantly less likely to bear root hairs.

Kariya and Toth {1981) investigated the
ultrastructure of mycorrhizal association between Zea
diptoperennis and Glomus fasciculatum. They observed that in
response  to penetration of cortical cell walls thin out and
farm a "collar" around the endophyte. Host cell cytoplasm

was never observed to be in direct contact with endophyte but

45



was  seperated by  an interfacial rone consisting of  host
plasmalemma, interfacial matrix and fungal cell wall.
Further, the arbuscules were formed by repeated branching of
endophyte and its deterioration started from finer branches

and proceeded backward to the point of penetration.

Azcon and 0'Campo (1981) observed that
concentration of matrients in plant tissues did not affect
level of VA infection in wheat cuwltivars inoculated with
Glomus mosseae. They further noticed that lack of sugar
exudation from the roots of non—host wheat plants was solely

responsible Tor the absence of mycorrhizal infection.

Fositive reponse in growth of Nicotianum tabaccum
inoculated with Gigaspora marginata and significantly greater
mumber of spores were detected in soils with lowest

fertilization level ( Cnios, 1981).

Manjunath ard Ragyaraj f1981) further studied the
effect of different components of VAMinoculum on the growth
of o ion and ' suggested that both extra-matrical
chlamydospores and infected root segments stimulated the
plant growth but the latter was more efficient compared to
former component.

The VAM fungal inaculum potential was



significantly reduced below 20 om depth and approached nil at

leses than 1 meter soil depth (Schwab and Reeves, 1981)

Smith and Walker (1981) suggested a model which
allows determination of rates of infection per unit length
arc  time and the rate of fungal growth in the cortex, which
may  be useful in'diﬁtinguishing environmental effects in
phases of colonization (in soil, &t root swface and within
the rmoﬁ). They further found that root tip is nearly 10

4

times more infectible than average of whole root.

Trappe (1982) proposed a synoptic key for the
identificaiton of genera and species o f rygomycetous

mycorrhizal fungi.

Bonfante—-Fasolo and Grippiocla (1982) based on
their electron microscopic studies on symbiotic association
between Glomus fasciculatum and Vitis sp. concluded that
there occurred a gradual simplification of the wall components

from the extra-radical hyphae to the intra-radical one.

1

Hogberg (1982) studied the mycorrhizal infection‘

in  various tropical forest ecosystems of Tanzania and

repaorted a dominance of endomycorrhizae.



Stahl o and Christensen (19682) found that relative
prominence  of  different YAM fungi was  related to the
geographic locations, abiotic factors and identity of plant

symbiosis.

Hethlenfalvay et &l. (1982) determined fungal
blomass both extra and intra-radical by chitin Aassay
techrigue and found that the intra-radical mycelium increased
throughout  the life span of host whereas edtra-radical one
was  maximal till  onset of soy“hean pods  and decreased
thereafter., The ratio of extra-and intra-radical hyphee also
decreased throuwgh  association. They considered that this
ratico  to be an index of wsefulness to host growth and  its
Righ value coincided with the significant growth enhancement

of host.

Whittingham and Read (1982) showed that direct
tranefer of putrients between living source and sink plants

orourred by connmecting mycorrhizal  hyphae.

Mar: et al. (1982) on the basis of ultrastructural
studies and localization of ATPase activities in  arbuscules,
praoved  that the nutrient exchange in VA  mycorrhizae occurs
across the living host fungus interface and P transfer from

fungus to host by active transport mechanism in the finer



Bramnches of arbuscules.

Kucey and Faal (1982) determined the biomass of
mycarrhizal fungl associated with bean roots by converting

the furmgeald biovolume to biomass using conversion factor of

ey

O.39% cm 7.

fAzcon et a&l. (1982) proved that soil nuatrients
influenced mycorrhizal development by acting in the
getablishment of infection rather than spread within the root

5y term.

Buwalda et x1. (1982 &) showed that in early phase
of infectiorn, the rate of spread is not significantly altered
by the presence of greater length of uninfected roots and
concluded that the initizl relative growth rate of VA fungus
wat mainly limited by its internal metabolism rather than by
avallahbility of substrate. 2~ . (1982 b} alsc found that

inherent rate of spread of fungus was not markedly altered by

application of .

Smith (1982) reported that the inflow of F  (moles

orbed/unit lengths/unit time) into mycorrhizal roots from
soil excesded that of non-mycorrhizal roots over a range of P
levels., High rates of P uptake were associated with

reduction in B/7S ratio.



fAllen  (19682) observed incressed water tramnsport
and  reduced resistance to water inflow with mycorrhizal
infection. He suggested that one major factor involved may
be increased absorptive root surface area provided by VAM

fungal hyphae.

Obzervation of Same et al. (1983) showed that the
increased P osupply decreased the paﬁﬁent root length
infection and concentration of soluble carbohydrate within
the roots. Further peq&ent root length infection was closely
related with concentration of 5mluple carbohydrate within the

rooct.

Hepper (1983) stated that application of nitrate
resulted in higher level of VYA infection by Glomus mosseae at
high P level. At high P concentrations, infection was
inhibited but at low concentration, infection level was
related to N content of the host. Treatments with low N

resulted in2dfew arbuscules and intercellular hyphae.

Bolan et al. (1983) demonstrated that in  clover
there was a.marked threshold level of P application below
which the non—-mycorrhizal plants took up little P and grew
poorly. VAM dnoculation eliminated this threshold even when

large amounts of iron-hydroxide were present.

£
L



Nl son and Jenson CLPEE)Y  aahowed that VM
increased growth of shoot, P concentration and P uptake at
all P levels but was most promsounced at low soil P level.
Further, they noted that VAM increased M and P uptake

decreased Ca, M. In concentration in shoots.

Hiermann and Linderman (1987%) showed.. that intra-

radical vesicles increased incculum potential of mycorrhiza.

Daft and Hogarth (1983) working with maize and
criion andicated  that Glomus caledonium was less efficient
thar 6. claram and suggested a mixxed inocula for effective

field irnoculations.

Schwab et &1, (1983%) were of the opinion that
apparert Ly F'ooonputrition of host does not affect pre-
penetration stages of mycorrhiza formation. External  hyphal
growtbh following initial pﬁhﬁtratiwn of host was reduced by F
matrition. Further, subsequent ability of fungus to  form
secondary Anfections was decreased resulting in overall

decrease in mycorrbizal foreation normally in high P,
Olivers et al. (19823 observed that variation in

mobility pattern of soluble alkaline phosphatases in the

extracts  of  mycorrhizal roots depended  upon VA endophyte



arvverbved They s that  thes were of  fungal

i,

Wilson et 1. (1983 developed & 1mmuario-
flourescent arrt ity technigue @mploying which they

distinguished VAM fungl from non symbiotic fungi.

Hall et 1. (1984) indicated that VAM stimulated
the shoot greweoth of Lolium perenne .. greatest and with
highest level of applied P and/or M oin nutrient (P oand N)
deficient sail. They suggested that applied M and possibly P
resul ted in mycorrhizae making & more important contribution

to plamnt P oor Cu status.

Buwalda et 1. (1984) concluded that the host
regulatesthe rate of growth of the mycorrhizal fungus.

Smith et &l. (1989) assayed the enzymes in  the
mycorrhizal and non-mycorrhizal root and shoot extracts  and
concluded that VAM fungi were able to assimilate ammonium via

g)utam_;ne syhthetase activity.

Graham and  Timmer (198%) demonstrated that
addition of superphosphate reduced root colonization and

growth  response of root stock of Carizo citrange and  sour



ORI e They showed that rock phosphate has & long term
avallable P compared to superphesphates which leached easily.

Moo further P fertilization was mec iy if rock phosphate

wias uwsed and VAN dnoculated in soil-less media.

Frankland and Harrisom (198%) reported that YVAM
infection in  Acer was highly correlated with soil  factors
ile. pH, orgenic matter, P oand Fe and the growth of the host

had  greater influence on VYA fungal infection than  soil

factore.

Furakoy (1L98%) reviewed b effects o f
environmental  variables in  endomycorrhizal formation in

plants and distribution of VYAM fungi in nature.

Davis and Youmng (1983) observed that different VA
fungal species behaved differently in their effectiveness in
tolerating  liberal fertilization as well as their potential

for stimelating or depressing plant growth.

O Campo ard Azcon (198%) found no direct
relationship  betweenrn  sugar concentration in roet  and VAM
infection in wheat and concluded that sugar in root extracts
of  these plants may not be & decisive factor in plant

susceptibility to mycorrhizal infection.



Abhbott  and Rob

wr (198%) werre of the view that

of VaM fungld in distribution of

differences among isolates
Fryphiae  in the soil may be as isportant as  differences in
length of external  hyphae when selecting  fungi  that are

gffective at increasing nutrients level.

Serny wnc Hepper (1983) characterized & species of
Glomus by subjecting spore extracts to polyacrylamide gel

electrophoresis and selective enzyme staining technigue.

Smith  and Roncadori (1984) reported that Glomus
intraradices, .G. ambisporum, and Gigaspara marginata
: . |
generally stimdlated plant growth equally at 24 and 307 C but

&. ambisporum was slightly more effective at =620,

Sehubert  and Heaymars (1786) fonanidd reduced
mycarrhizal infection at increasing P levels but the rate of
colonization  and infection plateaw varied with different VA
gridophytes. Glomus mosseae wawn effective at low and medium P
wheress G, caledonium &t high, medium and low . They
firmally concluded that analysie of VAM symbiosis with single
endaphite canmot always be wused as a basis for generalization
about VA fungi and that selection of field incculants  should

take epecial  account of endophyte behaviowr in soils  given

.




Proon et &l. (1988) demcnstrated that significance
cof MAM A growth and Pouptake by  sovabean  and provided
evidence of a key role of this symbhiosis in P cycling  in

ratural caloareous solls.

Moordwiik and Hairiah  (1984) surveyed the VA
mycorrhizal  asscociation in rain forest of North Sumatra and
depicted  that VAM infection of most root samples of mixed
vegetation was negatively correlated with both pH  and P

aVailahility.

Smith et al. (1986) indicated that VAM infection

. . \ . ~)
cars o poocur both dmmediately bebtdind the root apest and  upto  a

considerable distance (3% om long) behind the apex in 1é6 days

ol plants.

Alodwell  and  Hall (1984) observed that &Glomus
masseae successfully competed against Acaulaespara laevis and
spread through the soil at approximately 600 mm per  year.
Application of P fertilizers to the soil did ot

impose  any eBffect on the rate of migration.

Gharma et &l. (1986) recorded eight species of

Erndogonaceas belonging to Glomus, Gigaspors antd

Scleracystis., Gigaspora gregaria and S. microcarpus were



bvv them for the first time from the forest of North-

v e e

India.

Schubert et &l. (1987) noted that the total
ertra-radical mycelium  of VAN fungi increased steadily and

reached  maximum  length 8 weeks after inoculation unlike
B o e

irmability rate which decressed from an initial value of 100 %

——

———

ter less than 18 ¥ after & period of & to 8 weeks. Thus, they
suggested that the viability of extraradical mycelium may be
An imper-tant factor influencing nutrient uptake and
tramnslocation by VA mycorrbiza.

Dwad et &1. (1987) found increased acid
phosphatase activilty in smycorrhizal wheat and onion  though
thie increase was different in plants inoculated with
tdifferent VA endophyte. In wheat, this increase in
phosphatase  activity induced by Glomus geasporum and &,

masseae bhecame apparent between 20 and 51 days after sowing.

Wright et &1. (1987) characterized 6. occul_tum by
application  of monoclonal antibodies, which react strongly
with sprores and hyphae., Further, they sbes indicated the
coourrence  of  variouws strains of VAN fungid from various

habitats.



Syvivia (A988) indicated that production of active
yphae in abundance lagged several weeks behind that of oot

colonizatian.

(1988) abserved a pre-infection

Gemma  and Kos
gtimalation of root growth which they attributed as non-

matritional bernefit of the VAM symbiosis.

Divon et al. (1988) reported decrease in exudation
of  reducing  sugars and amine &cids  from citrus  seedlings
roots s soil  and  root PoAncreased. They found less

a

gxudation of reducing sugars and amino acids from mycorrhi

thar non - mycorrhizal roots.

Sainz and  Ames  (1988) reported significant

improvement  in dry matter production of red clover and P

uptake  fy  VAM O fungi i acid soils. The two VAM  fungil

investigated possessed varying degreef of effectiveness.

Frosendahl et al. (1988) guantified VAM fungi by
polyvacrylamide gel electrophoresis technigue and referred to
it as  most  effective compared to oot staining and

glucosamine &

LAY .

Avio and  Giovannettl (1988) demonstratecd that

cellulose

= (LT

reduced rate of infection by all VAM



erdophnyte tested. However, the effectiveness of cellulose

in reducing VYAM colonization was influenced by the addition
of mitrogenous fertilizevs.,

Baas et al. (1989) concluded that biotic factor
in  rhizospheric soill affected uptake of P and under stress

conditions, latter carn be compensated by VYAM fungi.

Davidsorn and Visser (1989) investigated the effect
of forest =il acidification on mycorrbizal development and
revealed  that only & restricted sumber of VAM species  could
cause  infection in  acid soil. However, the mycorrhizas

formed by some  endophytes under such  conditions did not

impart beneficial role to the host.

Amijee et al1. (1989) observed that addition of @ F
te smoil  did not affect the rate of extension of roots  but
increased the initiation of lateral roots. Low content of F
in soll also affected the fungal bebaviouwr and increased the

length of root available for colonization.
Manjunath et a&l. (19699) suggested that higher
level of rock P was required to attain growth ﬁ@mwﬁngagtlaa

that obtained with application of soluble P fertilizers.

Auto-radiographical studies of Tang et al. (1989)

fugr o



showed  that mycorrhizal infection enhanced 48Ca absorption
and transport was remarkably greater in smycorrhizal than non-

mycorrhiizal counterpart.

Fell et al. (198%9) noticed that both P oand ZIn
putritions were affected by VAM activity but most  prominent

role of VAM fungid in oxisclse soil was the uptake of F.

Gianinazzi-Fearson et &l. (1989) reported that
root exwdates of clover increased Iin vitro 5pmfe germination
and  hyphal growth of Gigaspora margarita. In addition,
flavanones and flavone induced rapid growth of spores at
low concentration. They suggested that the presence of  suoch
chemicals in root exudates may promote cell to cell contact

between VA symbionts during early preinfection phases.

Fajapakse et al. (1989 foand that root
mycorvhizal  colonization was negatively correlated with
mechiwvm o and shoot P oconcentration. They also showed  the
interspecific wvariation in plant growth in reéponﬁe to  VAM
incoulation at different P levels.

Faul a ard S@qui@ra‘ (1990) concluded that

o cultured Pueraria cells stimalate hyphal growth of

G e

VEy endophyte by acowmulating and leaking active metabolites



inta the medium.

Antornic (1990) concluded that spore-like structure
iry the  mycelium which wltimately forms appredorium  in the

modified environment at & root epidermal cell durface.

Hidhu et al. (1990) identified Glomus fasciculatum
and Scutellospora calospora which colonized the roots of
fast growing Casusrina equisetifolia in  sand dunes and
suguested the importance of these VAM fungi in the successful

caolonization of hostile sard dunes by Casuarinag species,

Shryreva and  Kualayev  (1990)  demonstrated the
production of xylanase in VO fungal cultures and stressed the
possible participation of xylanase secre’Ztion in the process
af penetration of hoest roots and ite effect in host-endophyte

relationship in VAM symbiosis.

Segquiera et al. (1990) attributed the ameliorative

effects  of  VAM on growth of host plants in highly acid or

overlimed soils was related to improved nutrient uptake.

Sy lvia and  Neal (1990) concluded  that plant N

may affect the resistance of the host plant by VAM

slhress

frargd .



Bmith and Smith (1990) in their review considered
the dmplications of the involvement of mycorrhizal fungi  in

the mitrogen matrition of the plants and also that in nature,

plants may be nutritionally linked by mycorrhizal hyphae.

Sparnu et &1. (1990} Afourd that during early
infectiorn  steages, the specific activities of chitinase were
Figher in mycorrhizal  roots thanﬁ’non ---- mycorirhizal ones.
However, after the establishment of symbiosis reverse was

e .

Eissenstadt and Mewman (1990) found that 9 weeks
wld  Plantago seedlings had more mycorrhizal infection When

growr with larger mycorrhizal plants than whengrown alone.

Mo ton (1990 atudied t e phy loageny of

argd subdivided it into two broad categories  on

el e e

the basis of structures formed in mycorrhiizal roots. He

Foy g b e =00 that they have evolved from & common  arbuscular

ancestor.,

Bayetchko and Tewari (1990) concluded that the
pattern  of  root colonization by Glomus dimerphicum was
influenced by the host genome and that fungal morphology  in

the roots veriedencd not diagrnostic for mycorrhizal species.




Braunberger et &l. (1991) showsd that the  length

Qrium  wWas

of arbuscular colonized root length  per  appre
stirong ly reduced in  response Lo increased shoot =

concentration and concluaded that this was mediated primarily

throuwgh arn inhibition of intra-radical development.

i et al. (1991 &) demonstrated that hyphae of VAM
furngi have the ability to form a P depletion zone and a zone
af  altered pH in the adjijacent seil leading to considerable

difference et soil condition at root-soil  and  hyphae—

irnterface and that in the bulk scil.liet g/ (1991 b) have

60
aleo shows that mycorebizal plants have wniform P odepletion
aonme  extending udtw 11.% cm compared to non-mycorrhizal
couwrterpart which extended to maxdimal of L om into the outer

compar-tmert .

Data by FKothari et 1. (1991) showed that VAM
Fyphal  uptake and translocation to the host is important  in

increased acquisition of F and In by mycorrhizal plants.

Thompson et al. (1991) employed asplit root
technigue to separate plant and soil mediated effects of F in
the formation of mycorrhizae by Scutellospora on its  clover
Fest and cone luded that the effects of luwawry amount of Poon

infection by 5. calaspara could be mediated throwgh the soil.



The findings of Nalr et a&l. (1991) suggest that
formononetin and biochanin may act as & sigrnal  molecule in

vesicuwlar--arbuscular mycorrhizal symbiosis.

Gundersen {1991y in  his review article has
dimcussed the interactions of effects of excess M on nutrient
deficiencies, loss of mycorrbiza and soil acidification  and
suggested  that evcess N may destablize the forest ecosystem

and contribute to foreet decline.

Federsen et a&l. (1991) observed that soil extracts

cof  asparagus etand caused & reduction in root colonization
and  plant  graowth and wltimately affecting the survival  of

G S -

Bancers and  Fitter (1992 &) investigated the

asanal pattern of mycorrhizal occurrence and morphology  in

Va3l b

plants under field conditions. They noted a
inter-specific wvariation in infection amongst most of  the

prlant 8 ol L el N

Besides, temporal wariation in hyphal

dernsity, arbuscule  and vesicle density varied little with

, Sanders and Fitter ,
tame . N (1992 b)) did not observe relationship between VAM

infection and shoot concentration of P, Cu, In  and Mn or
a

and  only drnyfew cas was  nubtrient  inflow

Priart brdoime

relalbed to infection.



et al. (1292) noted that & critics length

cf mycorrhizal root was found to be associsated with onset  of

s bation which varied between different YOM fungd . .Further , the

latter behaved  differently i terms  of intensity o f

spcrulation and length of exterpal myceliumproduction.

Dillaon (1922  demonstrated that the VAM fungi

isolates showed considerable amount of host preference.

Jackobsen et al. (1992) showed that Glomus species

o -

)
PR . .
trransported most Foto shoot over soll-root distance shorter

tharm 1 om, while A. laevis transported longer than 1 om.

Simonn et al. (1972) obtained for the first time
the DMA seqguernces  from VAM fungi by directly sequencing
amplified fragments of nuclear gernes coding for small subunit
arch  r-RING, They suggested that this technigue as  coupled

tilitate rapid detection,

with molecular  technigue will feé

identification and posseibly quantify VYAM fungi .

Garcia-Garrido et al. (1992 a) showed an  increase
in  endo- and exoglucanase activities in VAM plants at the
beginning of entry point formation and arbusclue development.
They attributed =some of cellulase activity to be of VAM

ia_Garrido et al
Garcia (1992 b)) have suggested that endoglucanases may

COTALGATY .



erf colonization of lettuwce roots

e dmvelved dn Uhe process

Irvw Glomus fasciculatum.

Jedbiye et al. (1992) concluded that the isclate

aof Glamus intraradices in symbiosis with cucumber was able to
abtworts M from growbh medium and transport of it to the host

cwer oa distance of & ocm or more.

SOIL ENZYMES
DEHYDROGENASE =

Levels of dehydrogenase activity of soils are
considered to give saome guide to the microbial activity of
the soils and Fray e been increasingly investigated since the
irntroduction  of the method for estimation of this activity

(Lenhtard, 195848).

Stevenson (19046) modified Lenhard’'s technigue  and
presented evidences for the reliability of the dehydrogenase

of estimating total microbial activity in soils,

HMe however, did.not find relationships between dehydrogenase

activity and bacterial numbers unless organic amendments were

made to the soil.,

Casida et &1. (19&4)f detected relatively constant



therbry b activity rege ef small  fluctuations  in

micrehial  numbere.  On addition of nutrients, it paralleled
with  the rapid maltiplication of gram—-positive bacteria and
decreased  subsequently  when  the metabolic activities of

bacteria elowed down.

Slwgins arnd Mol aren (1968) compar et the
detwvdrogenase  activity of geclogically preserved scils  with

freshly  collected desert and cultivated soile and  finally

concluded that the activity did not reflect microbial number

but to represent rate of overall metabolism.,

Fross (1971) reported that formazon production  was

weantly greater in systems incubated anaerobically than
semE without  complete anaerobiosis. Further, the
addition of glucose and NAD together did not prevent decline

i orate of formaron formation on prolonged incubation.

ide  (1977) while tryimg to explain microbial

metabolic activities observed a close relationship between

clerbry g e é activity and respiration.

Bohinmer and Gurschler (1978) reported that higher

VAR ARLE for  ernsymes, soll orgarnic matter and  moisture  were

fowrndgd i the btop layvers of soil and decreased with  increase



i owaill depth. :

S th arved Frogh (1979) indicatec that the

cletvy oo erad assay can provide a valid indication of soil

dvid

microbial  ac

Burns (1982) investigated the soil enzyme activity
and  suggested  that  total activity of  an enzyme in soil
comprised of  activities associated with so0il constituents

i€ wviable microbes, cell debris, clay and bumic colloids.

Trevors (1984) reported that there was a high
poasitive correlation between dehydrogenase actiwvity and
subetrate concentration, incubation, temperature and soil pH.
Further, & highly negative correlation between dehydrogenase

arch oxygen content existed.

Das  and Mishra (19848)  while investigating the

o . N . . o -
brydygenase  activity in pine forest could not establish
correlation betweern  dehydrogernase and total microbial
population and  suggested that these two were governed by

gifferent environmental factors.

Shag i arnd Talkao (1984) watablished positive

correlation among dehydrogenase  activity, =il pH  and



bacterisal population.

Vekemans et al. (1989) investigated twenty
Bled i an agricultural soilse  for  their biochemical and

microbiological properties, Inepite of very different nature

of  the characteristics studied, close relationship between
sell  respilration and glucose mineralization rates, biomass,
Car b ard GBI Y ME s like albaline phosphatase and

ety drogenase was found.

Jha et &1. (1992) showsed  that dehydrogenase
activity showed & marked variation in scdlse  saspled  from

different locations.

PHOSPHATASE :

Frosphatase activity provides an index o f

potentially  available P in so0il. Rogerse et al. (1942)

plained  that acid phospbatase present in plant  roots and

sidh o solls was responsible for the hydrolysis of organic P oin

aoil.

Golebiewska (19598) found that bighest  phosphatase

aevr bty was in suwrface scil oand the activity decreased in

Tow profile soil.




Feilling et a&l. (1240 and Hoffman and Eliar—Azar
LS reported the existarce of close correlation of

phiosphatase  activity with crganic €, meisture  content and

total M.

Khaziev and  Burangulove (1965%)  found positive
carrelation  between phosphatase activity and soil  organic

phosphorus content.

Greaves and  Webley (1965) investigated the
mecharnism of organic phosphores breakdown by microbes. They

that roote and microbes were major sources of

phosphatase in soil.

Dizon and Webb (1966) found positive relation  of

activity with Mg and suggested that it is due to

Mo dons being natural activaetor of the majority of enzyoe

on phosphorylated substrates.

Casgrove (1967) hypothesized that =0il

ydrolyee the phosphate-esters to  inorganic P

frhcrs e te

aviatlable to higher plants and soill microbes

ek ineon et al. (1984) indicated that phosphatase

wed along depth due to  decreasing microabial

activity decre



with dingreasing depth.

Tabatabal ant  Bremner (1969)  emphasized the

influence of pH o on phosphatase activity.

Mezeax (19735) observed the marked influence of

vegetation on soll phospbhatase acitvity .

Ladd  and Butler (197%) suggested that positive
relationships  with orgeanic O content is probably associated
with the fact that phosphatase like other enzymes, become

Bound in humo-protein comples wl T protects the

erizymes from degradation

Bpiere  and MocGill (1979) reported that increasing

Fosupply dincreased microbial synthesis of phosphatase .

Mo r i son and  Fearce (197%) investigated the
seasonal  variation of phosphatase activity in woodland

s ) . They noted  2-3 peaks .. in swmer, awtumn  and

SHILNG SeEas0ns respectively.

Miglsen soed Eilamd (1980) estab) ished &
relationship  between P fertility, phosphatase activity and
ATF  cormtent  dn o osoll.They also suggested that there is &

ratuwral regulation of phosphatase activity in soil and it is



the
enhancead when latter is depleted of avallable F.

Frppeiab ardd Thomas (1982) also assigned  the  low
phosphatasse activity to low crganic content,lower microbial

prpalation and bhiomass.

Kulinska et al. (19a2) could not establish
correlation between wmicrobial population  and phosphatase

activity. They also did not find correlation between soil

water holding capacity and enzyme activities.

Stroo  and Jencks (1982 reparted significant
positive  correlation between phosphatese activity and soil

sppdration.,

Framnbenberger arnd Dick (1983)  found significant
positive correlation of alkaline phosphatase with respiration

e sttch correlation was absent.

Bt An o

of acid phosphatas

Hearr Leon budied the relationships between

activity and physio-chemical

the drnternsity of phosphatase

of scil and their possible interactions  with

characteristics
soil deplh,  soil type, season, vegetation  type or parent
material  in woedland  seils. His result indicated that

irternsity of activity and i) properties differed with soil
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Kolenko (198&4) demonstrated that the

g depends  on soli, gecgraphical

e Fertilizetion of soil  with phosphates

phosphatase zctivity.

{1987) found that ma ¥ i.mum

Stores

ty was at pH range of %-4& and also

activity appeared to be dependent on  the

matter content of wsoil.

et al. (1988) ebudd i ed the acid

in sedls of the Appalachian region. They

ivity was more in moist scil compared to

They aleo observed a positive correlation

C and N contents of soils.

et a&l. (1989) correlated the acid

rimber of fungi. BRoth acid and  alkaline

ignificantly correlated with soil  organic



matber,  svallable  orgerto and Anorgante Foand o micorbial

pognalaticons,

Rojo et a&l. (1990) revealed that phosphatase
activity was concenlrated in the larger soil  fractions  and
was  associated with plant debris and less humified organic
meat ber s,

Hormmatid et al. (1991? observed a strong

correlations  between soidl phosphatase activity with total N

aricd orgarnic C.

Fow and Comerford (1992) noted & significant acid

prlseres prbyi actbivity in the upper horizons of the so0il  of
variows locations., They also found  that F fertilization

decreased former’ s activity to a large extent.

FRANKIA-VAM FUNGI-NON LEGUME INTERACTION :

and  Younghberg (1981) showed for the first
time that dually inoculated (Frapkia and VYAM fungi) Ceancthus
seedlings  exhibited bigher diery weights of shoote and  roots,

rrambe e o nodule, noduale weight, mitrogenase activity as well

as  hdgher level of N, F and Ca in plant tissues composed to

sdrgly dAncculated oo berpart.,



Garcrer et &l. (1984) by L ing VEr L

demonstrated significant

perdmertal Arncculation regime

imprecemernt i noedulated mycorvhizal  Hippophae rhamnoides
comparad tor singly dnocwlated plants with respect  to plant
growbh, uptake of Foand mitrogenasse aoctivity when grown under

nutrient deficient conditions.,

(1999) dinvestigated the interaction between
Frankia and "~ YaM on growth and nitrogen fixation of Alnus
acuminata sesdlings under three different P levels, He2

that at low P olevel alder rilings dinoculated with

arveha et
rath  Franpkia and NVMAM fungus, Glomus intraradices  showed
sigrid ficantly bigher acetylene reduaction activity and overall

plant growth over singly inooulated plants.

Berlinger and Torrey (198%9)  demonstrated  that
Comptonia and Myrica plants inoculated with  actinomycete
Frankis, with VAM fungus Glemus intraradices or with Frankia

aritl 61. intraradices tbg@thmr were infected by Frankia only.

Uninfected Componia developesd well when supplied with mineral
rabrients but degenerated when watered with solution  lacking

combiined N oor with deionired water.

Frage-Reddiar and Tacon (1999) demonstrated that

VMAM fungus marbkedly improved nodules namber, their weight  and



el b ewyers Fixation at ovariouws Polevela.  They noted that  VAM
improved nitrogen fisation by undetermined mechanisms  rather

thar by providing Poto the host. The unknown  mechanism

coarnteibute to an incressed number of Frankia infection and

increased nodulés tissuwe,

Vimeer et a&l. (1991) in their field investigation
revvealed  that shoot height, and weight, root weight, nodule
weight  and  mycorrhizal  root length of  dually inoculated
Elaeagnus and Shepherdia were manyfold greater than  for
thaedr uriinoculated counterparts., The shoot productivity was
Bighly correlalted with nodule status and the scil  amendments
{peat and  mdineral seils)  variously af fectaed symbiont
develapment  and - plant  growth in Elce&grus and Shepherdia

seed] ings.

Raman and Elumalai (1991) surveyed the mycorrhizal and
actinorhizal status of Casuarina equisetifolia in the coastal
region of Madras and found that plants were more mycorrhizal and

produced more nodules at soil pH more than 7.5.

Jha et al. (1993) also noted synergistic effect of VAM
fungi on nodulation and nitrogen fixation by Frankia under P
deficient conditions which decreased with increase in soil P

concentration.



Climate, Soil and Flora of the Study Site.

Fresent field investigation was carried out at  upper
Shillong located at 172 mM&l., latitude 250 =4 N and
longitude 51 B4'Ein East Khasi Hills, Meghalaya (Flates 1 &

.

2., The climate of the site is sub—-tropical monsoonic type.

Rased on meteorological conditions, & yvear may be
bhroadly sub-divided into spring. rainy, avtumn  and  winter
spasons. The spring season extends from March to April  which

is characterised by high velocity of wind, less humidity and

moderate  temperature., In fact, this season represents &
period of transition between winter and rainy season. The
rainy season extends from May to September, Generally

maximum rainfall (approximately 70 - 80%) occurs during June

to August . Further, optimal conditions o f moisture,
temperature, sunlight and other climatic factors mark this

season, leading to maximal growth of plants in this season,
Autumn, a transitory period between rainy and winter, extends
from Detober  to  November. This period is generally

characterized by lese or scanty rainfall, dropping down of



Plate 1. Distant view of the forest stand of Alnus nepalensis D.Don
at Upper Shillong




Plate 2. A closer view of the forest stand of A. nepalensis.



temperature and humidity conditions.  Fimnally, winter onsets
with the approach of December and persists till the end of
February., The climatic variables like temperature, rainfall
and humidity drop down to minimal value in this season.

The average seasonal rainfall ranged from 32 to
2009 mm during study period.  The average minimum and maximum
temperatures varied from 6.3 to 23,3 © Cuw 6.9 to 2.0 ® ¢ and
7 to 22.6 ° € during 1989, 1990 and 1991 respectively. The
relative humidity varied from &1 to 90 %, 99 to 92 % and 56

to 3 % during 1989, 1990 and 1991 respectively (Fig. 1).

Soil:

Greater Shillong plateaw falls under the Gondwana
(Mesozoic) period. The plateauw is constituted by rocks of
Fre-Cambrian age consisting of rocks of hard crystallipe
granites, gneiss and granulites (Singh, 1971). The =so0il of
the study site is red laterite under red or brown loam  btype,
sandy  loam laterite in texture (Sand &S4.1%, silt 25.9% and
clay 20%). The soil exhibits acidic reaction throughout the

YERAar.

Flora:

Fresent study site was a pure stand of Himalayan

alder (Alnus nepalensis D. Don) spread over anm area of about



7 hectares. The age
about 40 years and extends
valley. Thes

hectare. In fact,

of this

estimated density of trees is

the stand comprises mostly of

forest grove is estimated to  bhe

from & hillock to a neighbowring

47352 trees per

established

trees except in some pockets where stem cutting or/and  self-
regeneration has given rise to saplings. Other predominant
uwnderstory plant species of the forest include Rubus
ellipticus, Litsea cubeba, Osbeckia crinata, 0. nepalensis,
Cassia mimoscides, Arundinella khasiana, Houttynia cordata,
Haedychium aurantiacum, Trichosanthes spp. and Eupatorium
adencphorum.



Seasonal changes in  the morphology and
population of microsymbionts {(Frankis and
vesicular—arbuscular mycorrhizal (VAM)
fungi} associated with nitrogen fixation
in Alnus nepalensis D. Don woodland.

Chapter I

Introduction:

Mor-—leguminous alder possessing actinorhizal
nodules  typilcally colonize. nutrient-deficient habitats and
efficiently fin atmaspheric nitrogen (Hecking, 1970,
Jahirsrad, l@%ﬂ; Akkermans and Yarn Dijk, 1981 Sharma and
Ambrasht 1984) . Apart  from  divrnal  changes, seasonal
variation  in nitrogenase activity (mitrogen  fixation) of

e les s

evident (Tripps et al., 197%; Sharma and  Ambasht,
1984y, A array of soil, environmental and host factors such
as  temperatwre  (Benecke, 19703 Akkermans, 1971; Wheeler,
1970y PBecking, 1977), Yight influx  (Wheeler, 1969) and
photosynthate (Wheeler, 19713 Huss-Danell and %Sellstedt,
19@5; Fizrelle et al. 1992) are known to  influence  the
process of nitrogen fixation. In nature, vesicular—-arbuscular
mycorrhizal fungi often form asspciation with many of  these
non-legimes (Daft and Hacskaylo, 1@?5; Williams and  Aldon,

1976y Williams, 1979: Rose, 19803 Gardner, 19846) .Apart from



uptake of F (Mosse, 1972) which is  inevitably

Arere
related  to nitrogen fixation, mycorrhizael fungi also aid  in
the uptake of Cu, 8 and olher trace elements (Starke, 1971

M Giray and Gerdemann, 1973; Mosse et &l., 19743

Fhodes and  Berdemann, 19783 Zaag et al., 197%9; FKothari et
al., 1991}, It iw indicatd that enhancement of nodulation
arnd  nmitrogen fixation is & response to improved nutritional
status  of  the host plant rather than a direct effect on N

uptake (Carling et &l., 1978) &lthough some investigators

have dndicated the potential of mycorrhizal endophytes in N

uptake directly from the soil (Ames et al., 1983: Azcon and

Harea, 19923 Johnsen et al., 1992) .

The tripartite association involving ron-legume-
Frankia-“nM furigi  represents one of  the most comples
oy b Eme i which  each microsymbiont interacts  between

themselves  and &lso  with host plant. Mo information  is

rasonal fixation of atmospheric

Sl ntly  available on the =
nitrogen by Frankia in actinorhizal  system  invelving VA

grndophyte in terms of In vive morphological  cohanges  in

symhbictic crganisms which merits dinvestigation and which  may

add & significeant information to the tripatite symbiosis.

L the role of P (Fusso, 1989:; Jdha et &1.,

19935y, Ca (Tisa et al., 1981) and Co (Dixon and Wheeler,



1965y dn nodulation and nitrogen fixation by non-legume, the
implication “of mineral nutrients critical  for nitrogen

fixation urder natural field conditions is lacking.

Alnus nepaIénEis D. Don , an  actinorhizal plant
G ew A raturally  or irn plantations  in hostile 5011
conditions of Eastern Himalaya possesses nitrogen - fining
atility  (Sharma and Ambasht, 19843 Sharma, 198&6), which ‘in’
addition aleo grows luxwriantly in higher altitudes of North-
Fast  Irndia. It is economically important especially  in

imperoving soll fertility, land reclamation, short term enerqgy

plantations, eoftwood production and scoill stabilization.

Taking above faots into consideration, present

irvestigation  has  beenn Careid

out  to evaluate seasonal
morphological  changes  of  micreosymbionts  in relation to

nitrogen fixvation by Alnus nepalensis under field conditicons.

Materials and methods

I3

The present investigation was carried out at upper
Shillong  ( Stuwdy site ) from July 1989 to April 1991, The

ampd g was conducted on every léath day of  July, Qctober,

January and April thus covering all four sessons aof the yvear.



Collection of plant and soil samples @

The plant  and soll samples were collected from
fiwe ramd&mly chosen spots in A. nepalensis(Himalayan alder)
QU oOUe e . After removing the ground vegetation manually, the
roct  podules and mycorrhizal roots along with the soil  were
collected aseptically with the help of sterile trowel from Q-

H  om (D). hasis

fe 1% oom 7. The composite samples obtaimed by mixing five
samirles were transferred to sterile plastic pouches, brought

o e laboratory and stored at 4°¢ till further

irvestigation.

Soil temperature :

i each sampling, soll temperature was recorded

weing & soil thermometer.

Soil moisture content :

The moisture content of the soil was determined by
drying 10 g of freshly collected so0il samples in a hot  air
crvers &t 105QC till the constant weight was obtained (24 h).
The percentage soil molsture content was caleculated Wwsing

forllowing formalas

HS



Moisture cortent (%) R T e e S VR R 4 18]

where,

Wy = Initial weight of soil before drying

Wo = Final weight of soil after drying

Soil pH

Ten g . fresh so0il was suspended in 530 ml
distilled water in & beaker. The scil-water mixture was
stirred for 20 min on oa magnetic stirrer and pH of the soil

was read with electronic digital pH meter.

Organic matter :

Wallkley and Black's (1934) rapid titration method
was followed for the determination of scoil organic matter.
T 1.9 g sieved, dry soil (<002 mm) kept in a 500 ml
conical  flask, 10 ml of IM Ko Cro (- was pippetted and was
thmruughly'miﬁed,by swirling the flask. Then 20 ml of conc.
Mg was poured, thoroughly  mixed and
allowed to sténd for 30 min at room temperature. Thereafter,
the solution was diluted to 200 ml with distilled water and

treated  with 10wl of 8% % HaP0gh alon@with 3 drops  of




diphwny bamine indicator,  The solution was finally titrated
wiith 1 MFei(y solution. A contraol (blank) was maintained by
adading above reagents only. Three replicates were used for

pach analysis.  The organic matter content of the soil sample

cording to the following formula @

was  determined

B G ox D.003 w 1,724 » 100
Organic mather () 5 s oo s oo o s o o s

where,

B = volume of Fedlly used for blank titration

;Y
(=

= oo lume of Koy ol o for sample titration
W = weight of the soil sample (g)

1.734 = conversion factor from arganic C to organic matter

Total nitrogen:

v

Total swil  nitrogen  was  estimated by semi. -
microkb@ldahl method as suggested by Allen (1974). Half a
0. oaf dry,  sieved soil (<0.2 mm) was  transferred to
Kieldahl flask and 2 g of K»804-HgD catalyst (20:1) mixture
and 5 oml o conc., HaB0y were added and heated mildly on  the
digestion  rack till the frothing subsided. The sample .waﬁ
digested o strong heat till the solution became pale green

te colourle Thereafter 20 ml distilled water was added

while the digest was still warm, mixed thorocughly and was

LAY beeh An the presence of 40 Y% NallH., The released ammonia



was abzorbed i 4% boric acid indicator soluticor and finally
titrated with N/14O HCL, The nitrogen content was estimated

aw followss

Mitroger (%) = (T — B) = N x 140
o

w)

where,

T o Sample titration
B = Flank titeration

M w Mormality

m
(E3]

i Sample weight (g)

Available phosphorus :

NMisen’'s extractant was employved for the extration
af  available (MaHCO:z extractable) phosphorus (Olsen et al.,
1904) , which was prepared by dissolving 210 g NaHCOzx in water
arnd adding 100 ml 1M NaOH., Finally the solution was diluted
e 5L aricl pH'adjmﬁtmd to 8.9 + 0,05 with O.1 N HCI  or

Ma(k .,

Estimation of available P was done following
molybdenum Bluse method (Allen, 1974). Five g sieved soil
(< 0.2 wmm) was transferred to 280 ml capacity polythylene

cerrtainer to which 100 ml Olsen s extratant was added with a



pinch  of  activated charceal and stirvred for 30 min on a
rotary shaker. A contral was maintained which contained only
Dleer s extractant  and was treated in similar manner as
to scil extract. The sail extract was filtered through

Whatmarn  No. 44 filter paper and was neutralized with 10 %

Ha804  containing 0.1 % nitrophenol indicator. Thereafter 2
ml  of the filtrate was pippetted into 50 ml  capacity

volumetric flask to which % ml of distilled water and 1 ml of

(NH4) o MopOng . M0 were poured and thoroughly mixed. Then, 1

iy

ml of SGnllle solution was added, mianed properly, was
diluted two SO owml  and finally left for 320 wmin at  room
temperature.,  The optical density of blue colouwred solution
was  read st 70O nm oand converted to known  units through
standard curve of P, The available phosphorus was calculated
wsing the following formala @

4

Co(mg) » selution volume (ml)

Available B ) S e e e s st s 3 e e b s s e et s s b e o S b e S e e o e i e S S

10 x aliguot (ml) » sample weight (g)
where,
(N =  concentration of P oobtained from

standard curve.

Exchangeable potassium :

Erohangeable soll  potassium (K)  was determined




fod lowing  atomic  absorption spectrophotometric method  as
sugogested by Allen (1974).  Ammonium acetate solution (1 M,

L

200 for the extraction of exchangeable bases

pH 7 L0 WES LS
1€, Ky Ca, Mg and Mn  and was prepared by mixing 375  ml
glacial acetic acid with &00 ml ammonia solution  which  was

illed water. The pH of the

diluted to 10 L with dis

tey 7.0 + 0,05 with s&cetic acid or

selution was  adius

ammonia solution.

Tern g sieved soll was btranmsferred to 1L -
capacity  polythelene container containing 280 ml ammaon ium
acetate  edxbtracteant  and was stirred for one b oon & rotary
shaker . The solution was filtered through whatman no. 44
filbter paper and absorbance of the filterate was recorded &t
P I rm g A 1 amp in Aan atomic absorption
spactrophotometer (FPerkin Elmer 2360, USA ). The potassium in

the sample was determined according to the following formula:

s lution volume (ml)

C {(ppm) ¥

Exchangeable K (% a . :
107 2 sample weight (g)

Where,
C o= ppm of K obtained from the standard curve
Exchangeable magnesium :

Exochangeable s0il magrnesium (Mg) was estimated




o

following the  atomic ahsorption  spectrophotometric  methed
{(Allen, 1974)Y. The soil extract used for the determination

1. The absorbance of the extract was read in an

cof Koo g
atomic absorption spectrophotometer using Mg lamp at 285.7 nm

iy percentage. Exchangeable Mg WRs

arel WEE  @HpPIrE

calculated using following formala
Clppm) » scolution volume (ml)
O A QRED LR PG U00) 5 i i s i s e

- i 4 .
107 » sample weight (g)
Where,

e = goncentration of Mg obtained from

the standard curve.

Exchangeable calcium

Exchangeable  soill calcium (Ca) was  determined wasing
the same extract employed for the estimation of K and Mg and
foldlowing atomic spectrophometric method  (Allen, 1974).

However, absorbance of the extract was read at 422.7 nm

irigg Ca lamp.

Extractable manganese :

Extractable soil manganese (M) was  estimated
employing the same extract wsed for detersination of
ot harigpeak ) e cations aricl following atomic aborption

rectrophotonetric  method (Allen, 1974). The absorbance of




the geatract was resd at 279,59 nm ousing Mo lamp.

Determination of enzyme activities of the soil :

Total phosphatase activity :

Seil phosphatase  activity was assayed following

the method of Tabatabai and Bremner (1969). To 1.0 g sieved

(0.2 mm) il 4 ml oof modified universal buffer (pH &.5),

D.2% ml toluene and L oml O.115% M disodium  p-nitrophenyl
phosphate  hesahydrate were added and shaken vigorously. The
flask was plugged with cotton plug  and finally incubated at

S - S - . o e S
A7 Cofor L b, Thereafter, 1 ml of 0.0 M CalCle and 4 ml  of
9.5 M MatH were added to the flask and mixed thoroughly. The
control  was maintained using foresald reagents only. The

il suspension  was filtered through Whatman no.l  filter

prapen arnd absorbaoce of the filtrate was read at 420 nm in &

ctrophotometer (Hitachi 220, Japan). The amount of o

AW

timated from & standard curve of

mitrophenyl released was @
perritrophenol  and was expressed as umoles of  p-nitrophenol

q 1 ahry sail h Min

e b e

Dehydrogenase activity :

Dehydrogenase activity of so0il sample was assessed
bey wsing  2.5,%  briphenyl  tetrazolium  chloride (T.T.C.)

reduction technigue as sugQuested by Casida (1277)., One g



1y rellected soill was transferred to clean dry  test

tahe ta which 0.1 g CaClx and L ml of 1% w/v T.T.C. were

added and mixed well. The test tube was  plugged with a

rubber  stopper and incubated at 200 for 24 h. The T.T.C.
reduced to triphenyl formazon oas oé reswlt of  dehydrogenase
activity was extracted with methancl. The soil of the tube
was  gquantitatively transferred to & Whatman MNo. 1 filter
paper  with small gquantity of methanol and washed into 50 ml
capacity volumetric flask until 50 ml filtrate wag obtained.
Thiree reﬁliaateg were maintainen in each determination and a
cortral  was maintained which corntained only above reagents.
The abscorbance of the pink-colowred filtrate was read at 4857
o on @ spectrophotometer.  The dehydrogenase activity was
caloculated wsing the standard curve of triphenyl formazon and
was edppressed in terms of ug farmazon formed gml dry soil

24 kT,

Assessment of nitrogenase activity :

Mitrogenasa activity of root nodules of A.
nepalensis was  assesser fol lowing acetylene reduction
technigue  (Btewart, et a&l.,1947; Hardy, et &l., 1968). The

23!

mesrt of mitrogens activity was carried out on  each
wample. ITmmediately after collection, the root-nodules
| ¥ .

e ey

e ated manuwally from o soil, washed in oa  Jjet  of

tapuater, escised,. transferred to 10 ml capacity serum



Ore millilitre

W A and sealod with alr-tight sube ses

of air was withdrawn with the help of syringe, replaced with
Loml  of acetylene (to imper-t 10% wv/v o acetyleneg) . The
samples  were incubated for L h oat room temperatuwre  and  the

aliguots  of the gas pha

{1 ml) were withdrawn and CoMg
was analysed in a gas chromategraph (Tracor S40).

The apparatus  was fitted with flame ionization
detector  and 2.1% m stainless steel 0.32 mm diameter column
packed  with Porapack K. The temperature programme wWas
. ‘ o Q. g O vy o &
isothermaly  dndector 647C, column 3470 and  detector  1007C,
AL gases used were of puwrity grade in which following flow

. . - G ¥ - Rt
rates  were malntained @ Moo - 2% ml min T3 O - 100 ml  min

- o~ 1
and Mo - 2% ml min .

The nitrogenase activity was determined using

foallowing formala 3

Loty area of the sample » vol.of gas phase  vol. of sample injected

Area of CHg c._:}ml cdry mochale = incubastion period

Determination of root nodule biomass :

The root nodules were manually separated  from
soil, thoroughly washed in & Jjet of water, erxcised

fol lawed by subsequent washing with Tween 80 and water. The

r



modl fres nodules was  then placed on filter paper fold to

allow excess moistuwre to be absorbed. Dy weight of nodule
. . . ] .

was estimated after oven drying the root-nodules at &07C tilld

tronic balance (Sartorius &110) and

corstant welght using elec

was expressed in g per 1% ocm 7 soil werlume .

Population of root nodules :

The soil-free root nodules were further separated
into  various age class groups 1.6, young, medium and old  /
sEnescing ones on the basis of their size, shape and colour.

Moadule number  of  each age group was  recorded and  was

& [ e population of nodule of each age group per unit

il volume (1% cm 7). A count of total nodule population was

avded.

aleo e
Morphology of symbiotic Frankia
1. Light microscopy :

The root nodules collected on each occcasion  were
washed  thorouwghly, excised and seil free nodules were fixed
in Fad (fmr&alin, G oparts 3 Q0% @th;l alcohol, 90 parts
acetic acid, 3 parts) for 48 h., Further processing of root

ricchales was dorne Fellowing the method of Johansen (1940). Ten

Fan  fixed nodules were then randomly selected and passed

thronagh ethyl alcobhol gradients i.e. 7O, 80, 0, @4



arred 10O % for RO min each and were embedded dAn paraffin.,

The solidificed rnodule blocks were trimmed, and cut

irvter Sl wm bhick sebions  at  regular intervals along

longitudinal plane using a microtoms (Weswosx, MT 1090 A). The
sactions obrtained were transferred into glass slides,
flattened, depldrafinized with xylene and passed through a
gradient of tertiary butyl alcohol (TBRA)Y vizg 30, 50, 70, 8O,

PO, DU and 100 Y in a descending manner. It was stained with

O.1% toeluwidine blue  in boric acid  solution  and again
delwdirated i above TREO gradient followed by treatment with
Ay e . Then they were mounted on little amount of DX and
covered with clean coverslips. The slides were oven
dried at 455070 for 24 b oand observed on the phase contrast
microscape (Leits DX 20) for the evaluation of symbiotic
Frankia irn the rodale.

”y

2 Scanning electron microscopy (SEM):

Ten randomly selected young root nodules

sampled in

son were  washed, excised, free hand
e b oaned (L mm thick) and were fisxed in FAA for 48 h  at
4t The methods of Lalonde and Devoe (1973) was followed
for the preparation of nodules for SEM imveetigation. The

fixed nodales were then waeshed 5 times in sodium cacodylate

bt Fer (0.2 M, pH 7.0), past fired in 1% 0Osl, in 0.2 M



sacodylate  buffer at 4 C 0 for 2 bk and passed through  a
dehydration series of acetone in water i.e. 30, %0, 70, 80,
0 and PH Y for 20 mins each.  The samples were twice

53

detrydrated in 100 % acetone for 30 mins, critical point dried

weing CO0n and were coated with a thin layer of gold in an ion

eputter  (Jeol JFC 1100, Japan). The prepared samples were
viswalized under the scanning electron microscope  (Jeol

Japan) at an accelerating voltage of 1% KV.

Isolation of soil Frankia :

Srils collected from Dy, Do, and Dz depths on each
sampling  date from Himalayan alder forest were used for the

aricl enumeration af Frankia. They were

L
isclated arct estimated by following BUCFOSE density
fractionation technigque (Baker and O Keefe, 1984) with some
modifications. Five ¢ of fresh soil was transferred to

sterilized capped 250 ml capaocity conical flask  and to it 5O

ml  steam sterilized distilled water was aseptically added,

5

tirred for 10-1% min and  allowed to stand for 30 min  at
raom temperature.  The soil solution was filtered through a
sterile  cotton pad in another eet of sterile conical flask.
Twe  ml of filtered soil solution was layeread
cover eath &0, 4% and E0 Y steam sterilized sucrose solution
in seterile graduated centrifuge tubes and was capped with

flame sterilized aluminium foil. Thereafter, centrifugation



20 min and  the solution in the

was o at ¢ fFor 18
interface of 60-4% % sucrose was collected using Freeman’s
antomated pippette  and inoculated on to Fetridishes using.
post plate method (dilution 1:100), Different media {.e
stardard agar  with  lecithin  and  Tween 80, Actinomycete
isolation. agar; actidione agar base withouwt actidione
Himedia, Irndia) and defined proporticonate minimal (DFM) media
VIR ER tested  to isclate Frankia frém the =0il. The
composition  of DPFM medium (Baker and O leefe, 1984) 15 as

Tl lowes

Macronutrients Concentration (g/1)

K=o 1.0
MySog 0.1
CaCom= 0.01

~y

Sodivm propionate 1.2

Micronutrients Concentration (mg/l1) (Lalonde and

M- B 1500 Cach,iqm)_
MrB0g . TH=0 8OO
Intllg. 7Ho0 &HOO
CLB0g.  THAO 100
(NH 4 Mo w3}y, 4H ;3(,'.') 200

Cosly 10

Aggear 10 g



£H1Y above media were stean sterilized at 15 psi
feoe B0 min suppdlemented with micronutrients and treated

with 400 mgsl cyeloheximide and 195 mgsl of nystatin. The pH

et the media was adivsted to &.84 0 ne  pefore avtoclaving.
Freliminary test revealed that DPFM medium was highly superior
t0 . other media. Therefore, further isolation of Frankiaz
from 5l WIS performed using only DFM medium.
Micromnatrient solution suggested by Lalonde and Calvert
(1979) was more suitable than that of Hoagland (Hoagland and
AT 1950) for Frankiz growth in synthetic media hence
former  was incorporated for further investigation., The slow
growing, maocroscopic  (Clmm diameter) and  microaerophilic
{growing submerged in solid agar) colonies were cournted. The
populaticon of Frankia was determined wusing following

formala

Mo, of colonies » dilution factor
Frankia papu Jation = v vt i e on s <ae e n 5 4 e S0 s S Shen S 48 Sk et B Sn v S S e 88 e St S Hiek b S 41 tr St
Inoculum(ml) » dry wt. of 1g fresh soil

Morphology of soil Frankia :
Afrter 60 days of dincubation, slow growing Frankia
calonies were harvested aseptically with the help of sterile

bewr papette and were transferred to clean glass slide.

i

They were stained with 0.1 ¥ of toluidine blue in boric acid



Foo A% min meanted with the help of 2 - 3 drops of 5% acidic
alyveeral  and observed under the phase contrast  microscope.
Different structures of Frankia i.e. vesicles, sporangia  and

Prypabiae were mnoted.,

Nodule nitrogen content :

Mitrogen (M) content of root-nodale was  estimated

vy semi-microlieldahl method (il lern, 1974). C)ven

0.29

LU ) WA transferred to SO0

cried, sieved (0,2 mm)  nochale tid
ml  capacity digestion flask and was breated with 2 g Wiﬁﬂqj

Hgld  catalyst mixtuwre  and 3 oml of conc. H2504 and  was

tract becomes colourless o

chigested till the colour of the e
pale  yellow. After digestion, the aliguot was diluted to 950
ml with dietilled water and was distilled in the presence of

40 % MalH .

The released ammonia was absorbed in 4 % boric
acid indicator and finally titrated with N/140O HC1. Nitrogen

corntent of nodule was determined as follows

Mo = T By o N 140 /3
T o sample titration

& - hlank titration

M - normal ity

o : sample weight (g)



Assessment of mycaorrhizal infection =

O each sampling, the washed roots were cut
irto apgoroximately 1 oom long segments. Hundred segments were
randomly  chosen and transferred to 100 ml - ] conical
£1ask corntaining 30 ml of 2 % KOH. The samples were cleared

e

aiﬁmd following the method of Koske and Gemma  (1988).

arc &
After  autoclaving at 120 € for % min with KOH, the roots
were  washed  with distilled water, then decolourised with
alkaline H202 and washed with 1 M HCD and water. They were

LY

adned with O.05 W trypan blue and mounted on lactophenol in

groups of 20 segments on microscopic slides for observations

urder phase contrast micros

Cope.

The infection was aszsessed following root-slide
technigque of Read et al. (1976). The mycorrhizal infection
was determined as follows
1
No. of infected root segments
‘,"l ‘ﬁ}' M i I ‘f: e 't’. 1 on ( ;/. ) 55 eeene veees ceete st Sakrn vees cerse acess oo sne e SrERe 3418 94908 Skan miene Shbon T0ESS FR4R Pind RReS S4bns SrARE BEBPS o e Fese FevFR SHOR Sev0 Ste Ve Shete st W J C) C)
Total ne. of root segments examined

Determination of mycorrhizal root biomass :

Fine mycorrhizal roots (22 mm) separated from
the  wsoil by flaatation method (Mckell et ai1., 1961) were

prlaced o a G0 wom sieve followed by thorouwgh washing under



Q jet of tap water. After several washings, the roots were
transferred to filter paper to absorb extra moiszture from the
surfaces of roots. They were placedind hot air oven at bDO e

for 24 h  and dry weight was determined on  an  electronic

halance.

Determination of chitin assay :

The methods of Ride and Drysdale (1972) WES
followed for the assessment of chitin content in  infected
roots.

Hundred mg . of dried and ground roots

was boiled in conc. KOH (120 g diesolved in 100 ml  distilled
water) at 120° € for 30 min. The alkali was removed,
employing 78 and 4% % ethanol. Subsequent removal of alkali
was done  through centrifugstion with distilled water. The
recidue in the form of "chitosan” was deaminated with NaNDZ,
KHED“ and NHL’SC}jNH2 which was finally reacted with 5 methyl-
2 benzothiazoloneg - hydirazone hydrochloride (METH) and FeCl3.
The abzorbance of the solution was resd &t 650 nm and

glucosamine HC1 was also reacted with METH  and FeCla for

comparison. The ohitin content was determined from thier
standard curve of glucosamine HCL and was expressed in (W]a]
chitin mg dry root.



Morphology of symbiotic VAM fungi

1. Light microscopy =

The VA mycorrbizal roote of A. nepalensis sampled

at et seacon was washed several times in water, which was

¢l eared ar wtained R

theern out imto 1 oom we

cpner

¢

¥k earlier {(Foske and Gemma, 1988). The cleared and

etained mycorrbizal roots were mounted on lactophenol in &

barichy of 20 rool :gmertts o clean glasse slides. The oot

contrast

crmery b W T G wiewed  under

HEA G S O . Different structuwres of YAM fungi, i.e. vesicles

arel arbusecules were recorced.

2. Scanning electron microscopy (S5EM) :

e f VEP RO R OO B

Ther LY e mycoarrhizal o

were  barnd sectioned in treansverse plane (¢ 2 mm), fived in

Faiy o o 48 hoat 40 G, washed I times in tium  cacodylate

badffer and prepared similarly as described for root  nodule.

root sections were  mounted  vertically  on

The  gold  coated
copper stubes arnd viewed in oa scanning electron microscope  at
art accelerating voltage of 15 KW,

Assessment of endogonaceous spores @

The:  endogoracecus  spores were  lsolated  and



enumerated from =il samples by wet sieving and decanting
technique of Gerdemann and Nicolson (19463). Ten g. of  air
dried spil was suspended in 2 L of tap water, stirred
with glass rod for & min and was allowed to stand for 25-30
mins. Clear soil suspension was @ passed through a
series of sieves of different pore sizes ranging from 300 to
6O um. The sievings were transferred to glass beakers and
filtered through Whatman no. 1 filter paper. Each sieving
collected on filter paper was scanned under Q. stereo-
microscope for the enumeration of endogonaceocus spores. A
count of total fungal spores and their individual abundance
was noted. They were picked up manually and identical spores
were separated and stored in Ringer’'s solution. They were
mounted on polyvinyl lactophenol (PVL) on glass slides.
Finger's solution and PYL medium were prepared as described

below.

Ringer’'s solution :

Sodium chloride = 7.2 g
Fotassium chloride = 0.075 g
Calcium chloride = 0.1 g
{anhydrous)
Sodium bicarbonate = 0.1 g
{anhydrous)
A1l above constituents were dissolved in 1L

of water and pH of the solution was adjusted to 7.4 with 1IN

1ol




MalHS LN HOL .

PVL Medium :

Faolyvinly lactophenol medium was prepared by
dissolving 1% ml of PVUA granules in 100 ml of distilled water

on a water bath at 80 C for 48 h . The solution was mixed

with 22 parts each of lactic acid and phenocl. The resulting

solution form FYL medium was used for permanent mount of
endogonaceouns SROIRS . The endogonaceous SPOIRS We e

identified udtm gpecies level following the keys pvoposed tyy
Hall and Fish (1982).
Statistical analysis :

Data for plant and soil materials were subjected
to standard error (8.E ) and 1l attic square design (LSD). The
cosfficient of correlation was calculated by using  Kerl

Fearson’ e correlation coefficient (Zary, 1974).

RESULTS

Soil temperature :

i marked seasonal variation in the soil
temperature Was observed. The soil temperature WARE

significantly (P < 0.0%) high during rainy and low duwring



winter season. In a given season, the soil  temperature cof

three soil depths L@.ID1, Dé ared D3 also varied (Fig. 2).

Soil moisture :

Sepasonality in  the éwil moisture content was
evident, which was recorded significantly (FL0.0%)  high
gduring rainy and low during winter season, In rainy season,
s0il  depths D, and D2 contained more moisture content
however, it was recorded more in soil depth D3 during winter

season (Fig. 3).

Soil pH :

The so0i1l at all depths exhibited acidic
reaction throughout the year but more acidic values were
recorded  from upper soll depths during winter. Generally,
significant (F<0.,03%) difference in the soil pH was recorded

among various soll depths in any given season (Fig. 4).
Organic matter :

A distinct seasonal variationm in the soil
organic matter content was evident. Most of the organic
matter was restricted to seil depth D‘, which decreased with

increase  in soil depth. Further significantly (F<O,00)  high



content of organic matter was noted during rainy and  low

during winter season (Fig. 3).

Total nitrogen :

In general, ﬁotal soil nitrogen Was
significantly (F<0.03) high during rainy and  low during
winter. Like organic matter, scil nitrogen content was
highest in scoil depth D‘ and its content declined with

increase in soil depth (Fig. 6).

Available phosphorous :

Available soil phosphorous also exhibited a
distinct flux and was affected by seaﬁonai changes., It was
generally recorded significantly (P<0,03) high during rainy
and low during winter season. The soil phosphorous level was
significantly (P<0O.03) high in so0il depths D1 and low in D3

(Fig. 7).

Exchangeable potassium, calcium and magnesium :

Exchangeable Patagaium (), calcium (Ca) and
magnesium  (Mg) exhibited the similar trend throughout the
year. Their concentration was significantly (P < 0.03) high
charing rainy’and low during winter season. However, unlike N

and F, exchangeable cations were more in 02 and 03 s0il depth



than D‘ during rainy and following seasons. Generally in most
of the seasons significant (P<0.08%) variation in the
exchangeable cations content was observed amongst the

different soil depths (Fig. 8}9,10).

Extractable manganese :

Flant available Mrn content of the soil also
followed the same pattern as that of cations. However, more
MR was recorded in Df and decreased with increase in  so0il

depth (Fig. 11).

Total soil phosphatase activity :

A distinct wvariation in the phosphatase
activity of soil as modulated by seasonal  changes of
environmental conditions was observed. The soil exhibited
significantly (P<0.03%) high phosphatase activity during
winter antd low during rainy season. In majority of
instances, soil d@pth Dl showed higher phosphatase activity

than corresponding lower spil depths (Fig. 12),

Dehydrogenase activity :

The soil exhibited a marked change in  the
dehydrogenase activity as influenced by seasonal changes.

Generally dehydrogenase activity of soil was significantly



(F<  0.05) high during winter and low during rainy season.

The activity was recorded higher in the =zoil depth D which

!

decreased exponentially in  the subsequent seil depths

{(Fig. 13).

Nitrogen fixation rate of root nodule :

The nitrogen fixing (nitrogenase) activity of
A. nepalensis root nodules varied markedly  in Varimues
seasons. In the present investigation rate of nitrogen

fixation by root nodules was recorded high  during rainy

season  which ranged from 18.2 -~ 20.3% umoles C?Hﬁ u] dry
nodule h and dropped to & minimum value of Z.0 during mid-
winter. A rise in the nitrogenase activity was evident on

the arrival of spring and persisted till the send of autumn

(Fig. 14),

Nodule biomass :

Rate of production of nodule by actinorhizal
Himalayan alder varied markedly amongst various seasons of
the year. Nodule production per unit area reached a peak
stage during rainy season and was least dwring winter season
(Fig. 1%)., However, nodules were encountered only from the
=01l depth D1 and especially abundant in upper O - 10 om

s0il. The root-nodules were completely absent in s0il depths

1 PR T



D2 and Dé.

Population dynamics of root nodules :

Total number of root-nodules was significantly
(P<0.03) high during rainy and low during winter season thus
marking ia clear seasonality in terms of total nadule
population (Fig. 15). Qualitatively too, population pf young
and medium nodulés was markedly domiqfnt over old nodules
during mid-rainy than that in other cofresponding seasons of
the vyear (Fig. 16). During winter, ratio of young + medium
{active nodules) to old nodules decreased considerably and
the reversed was true during rainy seasaon. Pale~white and
spongy nodules were formed abundantly on  the advent of

spring.

Morphology of Frankia in vivo 3

The morphology of symbiotfh Frankia in the young
root-nodule was generally characteristic for each seasons of
the year. Symbiotic Frankia usually colonized cortical cells
of the nodule and extended till the endodermis or pericycle.
Colonization by Frankia was maximum during winter and minimum
during spring season. The percentage of cells containing
Frankia vesicles in the apical zone of the nodule was

markedly low and high during winter and rainy season
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respectively (Fig. 17:Plate 3 & 4). In middle and basal zone
of nodule, the percentage of colonized cells with vesicles
was high during rainy season compared to following seasons
(Fig. 17;Plate 5,4,7 & 8). However, the vesicle size
increased in time where older part of nodule 4.é. basal zone
contained lesser and bigger sized vesicles.Production of
sporangia in the middle and basal zone of nodule exhibited a
cleaﬁ&ut seasonal variation. Maximum percentage of host
cells with sporangia was ohserved during winter, followed by
antumn season and total absence during spring season (Fig.
18; Plates 95,6,7 & 8). Further, basal part of nodule
harboured more Frankia sporangia than middle whereas apical
zone lacked sporangia at all seasons (Fig. 18; Plates 3, 4,

9, 6, 7 & 8).

Similarly, number of host cells with Frankia
hyphae/microcolonies in various zones of nodule showed marked
difference among various seasons (Fig. 193 Plates 3,4,8,6,7 &

8).

Morphology of Frankia in Vitro @

Frankia colony appearedafter 7 weeks of
incubation and exhibited slow growth on DFM  medium. Their
colony size was <1 mm in diameter and grew submerged in agar.

The identifying morphological features which characterized
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Frankia were the presence of thin < / > 1 um diameter,
cushion-like hyphae, electron dense vesicles borne on a short
stalk on parental hyphae and presence of typical sporangia

(Flate 9).

Frankia population :

The population of soil Frankia exhibited a
distinct seasonal variation. Total platable Frankia
propagules ranged from S562 to 10,982 g dry spil.
Significantly (F < 0.08) high number of Frankia was recorded
during rainy and low duwring winter season. Besides, majority
of soil Frankia were confined to soil depth D1 and decreased

exponentially with increasing soil depth (Fig. 20).

Nitrogen content of root nodule :

A marked variation in the seasonal nitrogen
content of nodule was noted. Nodule nitrogen content was
statistically (P<0.0%) high during rainy and low during

winter season (Fig. 21).

Mycorrhizal infection :

Mycorrhizal dinfection by VA endophyte was
recarded high (»90 %) in all the seasons of the vyear.

Besides, the seasonal variation in the intensity of the VAM
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infection was not clearcut which, however, showed higher
infection during winter and low during rainy season (Fig.
22). Further, like root nodules, mycorrhizal roots were
confined only to soil depth Dy and absolutely absent beyond

15 cm depth.

Mycorrhizal root biomass :

The dry weight of fine mycorrhizal roots was
markedly affected by seasons. Maximum biomass of mycorrhizal
roots was recorded during winter (0.402 - 0.42 g per 15 cm
s0il volume) and was lowest (0.27 - 0.29 g per 1% cm ) during

rainy season (Fig. 23).

Chitin content :

The chitin content of VAM fungi in mycorrhizal

roots of Himalayan alder showed a cleaq&ut seasonal pattern.

1t was - ' high, 63 ug méi dry root during
winter and declined - _ to a minimal value of 32 ug during
rainy seasons (Fig. 22). Chitin assay uwunlike mycorrhizal

infection provided more cleaq&ut picture. However, both the
techniques led to a similar pattern of fungal colonization of

host root.
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Morphology of VAM fungi in vivo :

The morphology of VA endophyte colonizing
mycorrhizal root vwas found to be distinctive in different
seasons. The seasonal variation in colonization of outer and
inner cortex was however, not distinct. Endophytic fungi
produced more arbuscules in the rainy season than following
=Y=T-1-TalsT-0 RBesides, vesicle population increased with the
increase in time. Ratio bhetween arbuscule and veaicles
decreased and reached a minimal value during winter season
(Fig. 24;3;Plates 10 & 11). In fact, arbuscules degenerated
after growing seasons (April - October) and was almost absent
in mid-winter. VAM fungal endophyte in some cases varied in

the morphology especially the diameter of hyphae (Plate 1i1).

Endogonaceous spore dynamics @

Majority of the endogonaceous spores were confined
to DL and Dz soil depths which decreased exponentially with
further increase in soil depth. Its number increased
exponentially during winter and decreased during rainy season
(Table 1). Various types of spores were encountered which
showéd varied abundance in various seasons and soil depth.
Glomus mosseae was found to be dominant in almost all seasons

(Table 2).
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Fig.l. MeteOrological data including rainfall, maximum and mini-
mum temperature and relative humidity of the study site.

RELATIVE HUMIDITY (%)



H02 P: 0.05
e—=o o,
21[
19
SRV
3]
=
=
i
g 151
7]
=
=]
=
[ |
-
o —
v 13
11 :
011 1 1 1 1 1 1 [ ]
RAI AUT WIN SPR RAI AUT WIN SPR
1989 1990 1991

SAMPLING PERIOD

Fig.2. Variation in the soil temperature in various soil depths and seasons (D1 =

0-15 cm; D2 = 15-30 cm; D3 = 30-45 cm).
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Fig. 3. Seasonal and depthwise changes in the soil moisture content (%) of

Himalayan alder forest stand (D1 - 0-15 cmy D2 ~ 15-30 cm; D3 - 30-45

cm).
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Fig. 4, Seasonal and depthwise changes in the soil pH in A. nepalensis forest

stand .,
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Fig.5. Seasonal changes in organic matter content (%) of soil at various soil profile (Dl’ 0-15

cm; D2, 15-30 cm; D3, 30-45 cm).
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Fig.6. Seasonal variation in total nitrogen content (%) at various soil depths under A. nepal-

ensis stand (Dl, 0-15 cm; D2, 15-30 cm; D3, 30-45 cm).
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Fig.7. Seasonal variation in available phosphorus (%) content of soils of various

depths (Dl, 0~15 cm; D2’ 15-30 cm; D3, 30-45 cm),
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Fig. 8. Seasonal variation in the exchangeable potassium (%) contents at various soil depth

at alder forest stand (Dl’ 0-15 cm; D2, 15-30 cm; D3, 30-45 cm),
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Fig. 9. Seasonal variation in exchangeable calcium content (%) of soil of different

depths (Dl, 0-15 em; D

2’

15-30 cm; D

3’

30-45 cm),
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Fig.10.Seasonal variation of exchangeable Magnesium content of soil of different

depths (Dl’ 0-15 cm; D2, 15~30 cm; D3, 30-45 cm)e
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Seasonal variation in the extractable manganese (%) content of alder

3’ 30-45 cm),
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Fig.15.Seasonal variation in nodule dry weight and total nodule number

per unit soil volume (Dl) under A. nepalensis stand.
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Nitrogenase activity (acetylene reduction assay)
was significantly and pasitively correlated with soil
temperature, soil moisture, soil pH, scil organic matter,
total N, available P and exchangeable Mg and Mn (Table 3).
Similarly significant correlations were established between
nodule weight and soil pH, moisture and organic matter (Table
3). Nodule number was positively correlated with most soil
characteristics such as temperature, organic matter, total N,

available P, Ca, Mg and Mn (Table 3J).

Correlation between VAM infection and soil
characteristics like ®oil temperature, pH, MOisture, total N,
available P, K, Ca, Mg and dehydrogenase activity was
significantly and negatively established (Table 4). Chitin
content also was significantly and negatively correlated with
above soil characteristics except for soil pH, moisture, Mg

and Mn (Table 4).

Statistically significant and positive
correlation was established between nitrogenase activity and
number of cortical cells with vesicles and nodule N, and was
'correlated negatively with sporangia containing cells (Table

9).

Nitrogenase activity was significantly and



negatively correlated with VAM infection and chitin content
(Table é). Similarly, nodule N was correlated negatively with

VAM infection (Table 6).

Discussion :

Seasonal variation in spil temperature and
moisture content may be due to changes in the environmental
condition . BRegides, soil pH eshibited seasonal
fluctuations which may be attributed to variation in organic
acid content of litter deposited in the preceeding season.
Suitable level of soil factors like temperature, moisture and
pH during rainy reason may be related to higher activity of
nitrogenase enzyme in Himalayan alder nodules (Akkermans,

1971 Wheeler, 19713 Sharma and Ambasht, 1984).

High level of =il organic matter and total N
during rainy SEASON might have resul ted from the
decomposition of litter shed during January-February months.
This finding is supported by the result of Sharma et al.
19846). The available P was found to be high and low during
spring and winter respectively. This may be explained by the
fact that the nutrients released from that locked up in
litters due to microbial decomposition and its absorption by

plant roots throughout the growing seasons (April to October)
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Table

1. Depthwise and seasonal variation in the endogonaceous

spore population in Alnus nepalensis forest soil.

Soil depths RAINY

AUTUMN WINTER SPRING
1989 1990 1989 1990 1950 1991 1990 1991

Dy 1 8 54 57 102 96 27 20

(0-15 cm)

Dy 6 6 56 50 105 97 22 19

(15-30 cm)

D3 2 3 21 19 32 20 8 g

(30-45 cm)




Table 2. Seasonal & depthwise variation in relative abundance (4) of VAM fungal

spores of A. népa]ensis forest spil.

RAINY ALITLMIN WINTER SFRING

VA species Dy

N
T

Dy Do D Dy Do Do Dy Do D

e t

Glomus tortuosun - 9 14 w10 iR o - - -
G. mecrocarpus 18 20 20 20 18 24 18 I 18 27 02w 42
G. mosseae 250020 03 20 3?34 RO 26 25029 FE
G. intraradices 17 16 23 17 200 30 21 16 AL G027 20
Gigaspora gregaria 19 11 o115 S | - e 4 -
5i. gigantes 0 16 2 09 2 & 7 b 14 e

Acaulospors 1517 11 10 - H b6 4 16 09 G
scrobiculata

Each value is the mean of 8 replicates of 2 years data.



Table 3. Correlation coefficients () for =oil pH, moistwre, temperatuwre,
organic matter, total nitrogen, available phosphorus, exchangeable
FPotassium, Calcium, Magnesium, Manganese, total phosphatase, dehydrogenase,

nodule nitrogenase activity, nodule dry weight and total nodule number.,

Sowrces of variation Nitrogenase activity Nodule dry Nodule rumber
(Acetylene Reduction) weight
Soil pH 0.82% X CLSKE!* X 0.210
Soil moisture o.967 ¥ ¥ o.908 ¥ ¥ 0. 590
. - L | . . X
Soil temperature 0.879 | 0.615 0.824
Spil organic matter 0.929 X ¥ ' 0,846 X ¥ ©.838 X
Soil total N o.pan * ¥ 0. 565 o.908 ¥ ¥
Available F 0.784 * 0,310 0.906 * %
Exchangeable K 0.407 0,060 0.692
Ca QL 600 0,269 Q.857

" Mg 0.727 ¥ 0,450 0.932 X
Extractable Mn o.914 ¥ ¥ - 0,068 ooz ¥ ¥
Total phosphatase - 0.632 - 0,549 — 0.655
activity
Dehydrogenase - 0,123 - 0,197 - 0,622
activity

¥, X ¥ Significant at F<0.03 and 0.01 levels respectively.

Without asterisk statistically insignificant at above levels.



Table 4. COrrelatién coefficients (r) for soil tenperature, pH,
moisture, organic matter, total nitrogen, available
phosphorus,  eschangeable  potassium, calcium, magnesium,
manganese, total phosphatase, dehydrogenase, mycorrhizal

infection and chitin content.

Sources of variation Mycorrhizal Chitin content
infection

Soil temperature - Q.793 ¥ - 0,758 X
Soil pH - 0,760 ¥ ~ 0.018
Soil moisture - o.857 * ¥ ~ 0.579
Orpanic matter . 0.035 R
Total N - 0,842 ¥ % . - Q.766 X
Available P - 0.784 x - 0.883 * X
Exchangeable K - 0.798 ¥ - 0.912 X
" Ca - 0.761 ¥ - o3 ¥ ¥
T = - 0.688
Extractable M - Q6354 —~ 0,474
Frosphatase Q.6869 o 0,715 X
activity
Detydygenase 0.774 ¥ 0.750 X

¥, ¥ ¥ Gignificant at P<0.05 and 0.01 respectively.

Without asterisk statistically insignificant at these levels.



Table 3. Correlation coefficients (r) for nitrogenase activity, nodule nitrogen,

cortical vesicular cells, cortical hyphal cells, cortical sporangial cells

and total colonization.

Sources of Nitrogenase Nodule Cortical Cortical Total

variation activity nitrogen  vesicular hyphal sporangial coloni-
cells cells zation

Nitrogenase - o986 ¥ X ooz ¥* - oovms ¥ ~ 0,200

activity

Cortical 0.913 ¥ % oo ¥ ¥ - - 0.579 - 0.393

vesicular

cells

¥, ¥ ¥ Significant at P<0.05 and 0.01 respectively.

Without asterisk statistically insignificant at these levels.



Table 6. Correlation coefficients (r) between mycorrhizal infection, chitin

%
content, root dry weight, arbuscules and vesicle numbers and nitrogenase

£

activity, total nodule number, nodule dry weight and nodule nitrogen.

Sources of Nitrogenase Total nodule Nodule dry Nodule nitrogen
variation activity number- weight

Mycorrhizal - o.840 ¥ ¥ - 0.3 ~ 0,713 ¥ - 0.5 * ¥
infection

Chitin ~ 0.7 ¥ - 0,753 - 0.261 ~ 0.499
content

Mycorrhizal - 0.4879 - Q.703 - 0.163 - Q.092
root biomass

Arbuscule 0.601 0.314 0.564 0.621
number

Vesicle - 0,338 - 0.794 - Q.318 - Q.833
number

¥, ¥ ¥ Significant at P<0.03 and 0.01 levels respectively.

Without asterisk statistically insignificant at above levels.
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Scanning electron micrographs

showing Frankia morphology

in the basal part of root nodule of A. nepalensis. A =
Ralny, bar = 10 um;
bar = 10 um; D = Spring, bar = 10 um;

vesicle cluster,
wall).

sp

B

Autumn, bar

sporangium,

S

10 um; C = Winter,
(v = vesicle, vec =
= gpore, cw = cell



: *® |

Plate 9. Light micrograph showing morphological features of Frankia
isolated from soil supporting A. nepalensis (x 500); (hm =
hyphal mat, sp = sporangium).



Plate 10.

e
-

Light micrographs showing in vivo structures of vesicular-

arbuscular mycorrhizal fungi of A.

(x 200); B = Autumn (x 312.5); C =

Spring (x 312.5); (ar = arbuscule,

nepalensis.
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Winter (x 78.7);
v = vesicle).
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Plate 11.

| ’f’ 14

Transverse section through the mycorrhizal root of A.
nepalensis showing structures of vesicular-arbuscular
mycorrhizal fungi. A = Rainy, bar = 10 um; B = Autumn,
bar

h

bar = 10 um; C = Winter, bar = 10 um; D =

< e

«r. &\,

""“ AQ

Spring,
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leaving aside least in soil. Exchangeable cations which
showed same seasonal trend as that of available P may be
explained similarly. The leaching of exchangeable cations by
heavy torrential rain during rainy season may be responsible
for displacement of more cations in lower horizons. Further,
decomposition of litter and the release of nutrients also may
have had some influence on the seasonal fluctuations of soil
micronutrient Mn. The role of scil nutrients such as P, Ca,
Mg, Mn and othere may be important for symbiotic nitrogen
fixation by Himalayan alder as its concentration was
positively relatedl to nitrogenase activity. This is
supported by the findings of Tisa et al. (1981), Dixon and

Wheeler . (1983}, Russo (1989) and Jha et al. (1993

More phosphatase activity during winter, a
non—growing season indicatesthe deficiency of available soil
P following its active absorption by plants during growing
seasons. Mycorrhizal fungus and other soil microbes may be
responsible for the release of extracellular enzyme.
\Intensity of phosphatase activity in soil may be related to
so0il pH, N content, organic matter, moisture, esxchangeable
cations and plant available P (Burangulova and Khaziev, 196353
Hoffman and Elias-Azar,196%; Ross et al., 1973) and P
nutritional status of the roots (Bileski, 1973). It has been
shown to vary with spil depth (Harrison, 1979) ;season

(Harrison, 19793 Harrison and Pearce, 1979).
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Resides, & spurt in the dehydrogenase activity of
the so0il dwring winter may be related to the hostile
environmental conditions which may have imposed certain
effect on the soil microbes consequently leading to rise in
their metabolic activity. Above finding is supported by the
work of Lenhard (1956), Casida et al. (1964) and Jha et al.
{1989). A seperation of pegkx activity in time between soil
phosphatase, dehydrogenase and nitrogenase may be related to
environmental factors which selectively affects and root

microendophytes.

A marked seasonal fluctuation in nodule
nitrogenase activity was observed., This aligns with the
findings of 8Sharma and Ambasht (1984). The seasonality in
enzyme activity may be attributed to factors like soil
temperature, number of hour of illumination and
photosynthesis by host (Wheeler, 19713 Wheeler and Lawrie,
197614 Huss-Danell, 1978) and metabolic state of

microsymbiont.
The restriction of root nodule to upper soil
depth may signify the role of oxygen in nodulation of

Himalayan alder as observed by Dalton and Zobel (1977).

Higher nodule bilomass recorded during rainy



season may be attributed to the favourable climatic and
edaphic factors. Rate of nodule production in rainy season
was higher than in winter. Sharma and Ambasht (1984) also
noted a high nodule production during rainy season. A fall
in nodule production may be explained by the arrival of
unfavourable climatic and so0il condition like low P (Kant and
Narayana, 1978), soil temperature (Redell et al., 198%5;
Sharma, 1986), pH (Bond, 1937) moisture (Kant and Narayang,
1978) deficiency of nutrients (Robson and Loneragan, 1978)

and low inoculum potential of infective Frankia.

Tatal number of nodules produced by Himalayan
alder during rainy season exceeded than in any other season,
The proportion of young and mature {(active) nodules was
highest during rainy season which indicates that production
of young nodules and their transition into mature and later
into old ones may be equivalent. This may be considered as a
ecological strategy to maintain nodules of various age

classes by host plant.

The characteristic morphology of symbiotic
Frankia in various seasons may have some ecological
implications. The dominance of vesicles in nodule cortical
cells during ?ainy season which coincided with the rate of

nitrogenase activity indicates that vesicles are the site of
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enzyme activity. The findings of Mian and Bond (1978),
Schwintzer et al. (1982) cod&borated above. Besides, the
cells in basal and middle zone of nodular tissue harboured
abundant Frankia sporangia during mid winter. This indicatesa
termination of active growth and nitrogen fisxation by nodule
endophyte which coincided with the onset of unfavourable and
hostile conditions. Data of Torrey (1978), Akkermans and Van
Dijk (1981) and VandenBosch and Torrey (198%) substantiate
above findings. The ecological implication in the formation
of sporangia by endophyte also may be related to the
maintainance of soil Frankia by ite dispersal after nodule
decay (Van Dijk, 1979) and to tide over the hostile
environmental condition so as to allow endophyte to infect
new root sites in the following growing season (Akkermans

and Van Dijk, 1981),

A variation in nitrogen content of nodule was a
chatracteristic feature of the season. N content of nodule
tissue was correlated positively with nitrogenase activity

which ‘~agrees. with the findings of Domenach et al. (1989).

Frankia strains isolated from soils supporting A.
nepalensis exhibited a branched, septate, 1 um diameter and
cushion-shaped hyphae, electron dense vesicles borne on short

stalk and multi —-locular sporangia which resembled those
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obtained from root nodules. Baker and 0 Keefe (1984) also

igolated Frankia directly from the soil.

The population of soil Frankia was markedly
influenced by different seasons of the year. Reduction in
population during winter may be attributedu to unfavourable
physico-chemical propetrties of soil. Soii pH, moisture,
aeration, and nutrients may thus probably :affect Frankia
abundance. Rodrigues-Barrueco (1968)and Akkermans and Houwers
{1979) found that soils devoid of detectable Frankia were
acidic. In addition Smolander and Sundman (1987) and
Smolander et al. (1988) revealed positive correlation between
the number of nodulation units of Frankia and so0il pH.
Further, the Frankia population was maximum during rainy
season which may be due to suitable environmental and soil
conditions for their rapid growth and development. Smolander
et al. (1988) and Smolander (1990) revealed that available
cations have significant effect on nodulation capacity.
Frankia have been shown to proliferate in the rhizospheric
region of host (Lalonde et al., 1981; Diem et &al1., 1982
Vergnaud eF al., 19883). The role of host root exudates
certainly ﬁ;a important in its proliferation (Dewadar and
Mansour, 1992)when a part of photosynthetically fixed carbon

may be secreted by host plant in the form of root exudates.
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In addition, restriction of Frankia propagules to
so0il depth Dy may be related to absorption of cells to clay
as noted for Rhizobium (Marshall, 19469). Presence of nodule
endophyte in the lower horizons may be related to its
dispersal by mass water movements (Hamdi, 1974; Worrall and
Roughley, 1991) and earthworms (Reddell and Spain, 1991).
Moreover, aeration, light, nutrients and other unidentified
factors may restrict extranodular growth of Frankia in deeper

501l horizons.

Mycorrhizal infection was high throughout the
seasons of the year although highest infection was recorded
during winter season. This indicated that the host Alnus
nepalensis 1is highly mycotrophic which may be attributed to
low soil P level and its high P regquirement for nodulation
and nitrogen fixation which may eventually be fulfilled by
mycorrhizal endophyte under P deficient field conditions.
This is in line with the findings of Asai (1944). However, in
rainy season mycorrhizal infection was lower than other
corresponding gseasons which may be attributed to the
regulatory influence of soil moisture conditions on VA
mycorrhizal development. Khan (1978) also found that high
s0il moisture content resulted in reduction of root infection
by symbiotic fungus. In addition, higher concentrration of

available P and N in the soil and plant are often related to
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reduction of mycorrhizal development (Hayman, 19703 Chambers

et al., 1980; Subba Raoc and Krishna, 1988).

The nitrogenase activity of nodules was negatively
correlated with VAM infection, which suggests that under
field conditions the microsymbionts have tendency to behave
differently in response to prevailing environmental

ctonditions and may have implication in their varying

tolerance to environmental factors. Further, mutual
understanding between microendophytes itself may be
involved in order to avoid competition for the host
photosynthate.

The biomass of mycorrhizal roots was recorded
low during rainy as compared to winter season. This may also
be related to the decreased production of fine mycorrhizal

root by host in response to high moisture level.

Chitin assay showed a seasonal variation in its
content which was generally correlated with mycorrhizal
infection and this gupports wi the findings of Bhattarai

(1983) and Peterson et al, (1991).

A seasonal variation in the morphology of VAM

fungi in vivo was correlated to the environmental changes in
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different seasons. High number of arbuscule/ during rainy
season may indicate that nutrient transfer between host-
fungus is‘.nu-actiQE. A relationship between population of
arbuscules and nitrogenase activity signifies the role of
former in the exchange of nutrients especially P between host
and fungus (Cox et al., 197%) which is essential for
nodulation and nitrogen fixation. Decrease in ratio between
arbuscules and vesicles during winter was also observed by
Doud and Chaney (1986). This increase in vesicle population
during non - growing (dormant season) may be explained as it
acte as a storage organ and fungal inoculum as vwell
(Gerdemann and Trappe, 19743 Biermann and Linderman, 1983)
which are related to host root infection and supply of

nutrients for nodulation and nitrogen fixation when limiting.

Further, the mixed infection of host root by two
or more endophytes as evidenced by the presence of
morphologically distinct fungi agfées with the findings of
McGonigle and Fitter (1990) and Rosendahl et al. (1989) who
noted infection oof host rootS by several species of

mycorrhizal fungi under field condition .

Population of endogone spores in soil also showed

a distinct seasonal fluctuation. Fungal spore count was

: . season
high during winter and low during rainy,. Advent of



unfavourable climatic condition may have induced spore
formation by VAM fungi, which may be better adapted to
tolerate harsh soi; and climatic conditions. Further, it may
also be related to the fact that production of more and more
VA spore may énsure more infection of host root theé%y
ensuring its survival. A decreased spore abundance with
increasing soil depth in alder stand agrees. with the
findings of Schwab and Reeves (1981) and Allen et al.,
(1984). Guantity of endogonaceous spores . affected by
the soil (Hayman, 19703 Khan, 1971) and host factors like
root exudates. Their density may be correlated with

infection level (Daft and Nicolson, 1972).

The present finding of occurrence of more than one
endogonaceous spore types from field conditions agrees with
the findings of Crush (1973),Hayman et ail. (1973),

and Ragupathy et al. (1933)
Abbott and Robson (1977)  who also observed spores of more
than one species of mycorrhizal fungi in the rhizosphere:
s0ils The dominance of Glomus mosseae in most seasons
indicated its competitive nature and may in - fact be

selectivefy preferred by host. This agrees with the findings

of Mosse (1973) and Schenck and Kinlock (1980),

The significance of negative correlation

between nitrogenase activity and VAM characteristics such



as mycorrhizal infection, chitin assay and endogone spore
abundance may be ecolagically important and indicates that
despite mutual synergistic effects (Vigser et al., 1991) they
behave differently in their growth and development in
response to climatic factors. In addition,it may also
signify that this could be their mutual ecological strategy
to avoid inter-symbiont competition under field conditions

where several limiting factors are operative.



Isolation, cultivation and characterization of

[}
Chapter ;
. { Frankia from root nodules of Alnus nepalensis
I !
{ D. Don growing in field condition .
INTRODUCTION

The group of microorganisms that are able to
induce nitrogen~fixing root nodules in non—-leguminous
(actinorhizal) plants has been broadly clasmified under the
genus "Frankia”. Till date, more than 200 species of non-
leguminous piant species belonging to 24 genera bhave bean
recorded to form actinorrhizal associations (Dixon and Wheeler,
1986). After the initial hurdle before 1978, the first
successful isolation of nodule endophyte in axenic culture
followed by demostration of nodulation of its original host was
made by Callaham et al. (1978). Since then hundreds of
Frankia isolates have been obtained from root nodules of
different Alnus spp. (Baker and Torrey, 1979) Wheeler et al.,
19863 Baker , 198%9) and other actinorhizal plants (Diem
and Domergues, 1982; Diem et al., 1983; Zhang et al., 1984,
Luis and Lalonde, 1984) Hiyoshi et al., 19883 Racette and

Torrey 19883 Favre—Raynaud et al., 1990).

Apart from the obvious interest in mechanism of

symbiotic association with plant roots and ability to fix
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atmospheric nitrogen, members of Frankia initiate curiosity
mainly by virtue of their characteriastic morphologically
diverse structures, infectivity and effectivity with original
host and other hosts and compatibility in terms of biomass

production by its hosts.

A significant variation in efficiency of nitrogen
fixation by Frankia both between strains from the same plant
species (Wheeler et al., 19863 Hooker and Wheeler, 1987;
Normande and Lalonde, 1987) and between strains from different
plant species (Dawson and Sun 19813 Dillon and Baker 1982
Weber et al. 1987) has been documented. In addition, the
nodulation capacity of Frankia isolates is known to differ
remarkably with varioue host species which in turn may be
controlled by both endophyte and host plant  (Nesme et al.,
1983). Besides, instances that Frankia strains are unable to
nodulate original host but other host species have also been

demostrated (Zhang et al., 1964).

S8tudies pertaining to growth of microendophyte on
various C sources have demonstrated thaf & wide variety of
sugars, sugar alcohols and organic acids serve as C sources.
Marked differences in the pattern of C and N utilization are
shown to occur from strain to strain (Akkermans et al., 1983,
S8hipton and Burggraaf 1983 aj SBhipton and Burggraaf 1983 by

Tisa et al., 1983).

Attempts in the recent years to classify existing

12%



Frankia isolates by micromorphology (Baker et al., 1981),
Physiology (Lechevalier and Ruan, 1984) Lechevalier et al.,
19833 Horriere, 1984), cellular proteins (Benson and Hanna,
198%), cell compoiition (Mort et al., 1983) infectivity and
effectivity (Normande and Lalonde, 19823 Buraggraaf and Valstar,
19843 Zhang et al., 1984), cCchemotaxonomy (Lechevalier and
l.echevalier, 19803 tLechevalier et &al., 19823 Chaboud and
Lalonde, 1983), cytogenetical (Normand et al., 1983; Simonet et
al., 1984; Parson et al., 1983) and genetical (An et al. 1980y
Simonet et al., 1989; 8ylvie et al., 1989; BRloom «t al., 1989
Dobritsa and Stupar 19893 Simonet et al., 19903 Nazerat et al.,
1991) aspects have led to the cleavage of nodule endophytes
into several large groups (Raker et al., 19813 Baker, 1982;
lLechevalier et al., 1982). However, lack of phenotypic
characteristics correlating with DNA-DNA hybridization data
still preventS them giving species status (Lechevalier and

Lechevalier 19893 Lechevalier and Lechevelier, 1990).

The ability to fix atmospheric nitrogen
symbiotically depends on both host plant genotype (Bordon and
Wheeler 19783 Huss-Danell 19803 Palmgren et al., 1983; and Hahn
et al., 1988) and the Frankia strain. Efficiency of the
nitrogenase activity also has been shown to vary between
different host-endophyte combinations (Dawson and Sun, 1981
Dillon and Baker, 1982; Normand and lLalonde, 1982; Sellstedt

et al., 19863 Hooker and Wheeler, 19873, Weber et al., 1987).



Ecological importance of actinorhizal plant
species is tremendous especially in afforestation, land
reclamation, ®oil melioration and short term forestry . Alnus
nepalensis D. Don , a fast-growing tree species is considered
to be a useful nitrogen fixing plant which colonizes the
nutrient—- deficient and hostile habitats of Eastern Himalayas
(Sharma and Ambasht, 1984) and alsoc grow naturally or in

plantations in higher altitudes of Khasi Hills (India).

Keeping in view the crisis of present time,
especially to reduce the investment in nitrogenous fertilizers,
in increasing plant productivity and reclamation of denuded
lands as created by human interference, the imolation,
characterization and screening of efficient Frankia strains in
terms of its compatibility and effectivity with host is most
demanding. Unfortunaiely little is known about the occurrence
of Frankia in the Indian subcontinent (Hafeez et al., 1984,
Choudhary and Mirza, 1987) and North eastern part of India,
harbouring different actinorhizal plants . Therefore, the
present study was conducted to isolate and characterize
endophytic Frankia from the root nodules of A. rmnepalensis

growing at Upper Shillong area (Study site).
MATERIALS AND METHODS :
1. lmolation of Frankia from root nodules of A.nepalensis 1

The root nodules of A. nepalensis collected from
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Upper 8hillong were washad thoroughly under a jet of tap water.
The healthy nodules (pale-white in colour) were then sorted out
and washed several times in tap water followed by breaking up
nodules manually 'into individual nodule lobes. The cleaned
nodules after Tween 20 treatments,were then transferred
seperately to conical flask containing 2 % v/v glutaraldehyde,
2 7% v/v sodium hypochlorite (NaOCl»o), 8% w/v bleaching powder
(Ca0Clo)y 1 % w/v osmium tetroxide (0504) and 30 % v/v hydrogen
peroxide (Hz05) and the inteswkof contact were 15, 20, 20, 2 and

10 min respectively.
Solid media
technique A 1

After thorough washing with sterile distilled
water, nodules were homogenized in a sterile mortar and pestle
using little amounf of sterile water. Then 2 ml of filtered
nodule extract was layered upon 60, 43 and 30 7 steam
sterilized sucrose solution in sterile graduated centrifuge
tubes and was capped with heat sterilized aluminium foil. The
tubes were . centrifuged at 2,500 g for 20 min and the
solution lying in the interface of &0 and 437 sucrose solution
was used to inoculate media using pour plate technique (13100)
coupled with double agar layer. The media tested were defined
proportionate minimal (DPM) media, @ mod, BAP MbB and DPM/N
(DFM  plus 8mM NH4Cl). A thin layer of medium was poured over

the msolidified inoculum. All the media were supplemented with



micronutrients solution (Lalonde and Calvert, 1979), 400 mg/l
cycloheximide and 13 mg/l of nystatin. The.pH of media was
adjusted to 6.7 - 6.8 T 0.05 before autoclaving. The
compositon of various isolating media used in this study was as
follows:

a., Defined propionate minimal (DPM) media (Baker and 0O'Keefe,
1984)

As described in chapter 1

b. Gmod (Lalonde and Calvert, 1979) 1

Component Concentration (mg/1)
KoHPQO,4 300

NaH P04 200

Mg804. 7HZ0 200

KC1 : 200

Yeast extract 300
Eactopeptone 39

BGlucose 10 g

Ferric citrate (1% solution) i ml

1-a Lecithin 30

Minor Salts
According to Lalonde and Calvert (1979).

AgaT 10 7

c. BAP medium (Murray et al., 1984) 1
Component Concentration (g/1)

KoHPO, 0.591



KHoPO,4
NH4C1
MgS04.7H0
CaClo.2Hz0

FeNa-EDTA

Sodium propionate

Qigronutricnts

Vitamins

According to Lalonde and Calvert,

(mg/1)

0.982
0.267
0.098
0.010
0.010

0.480

Thiamine Htl 1 10

Nicotinic acid » 80

Pyridoxine H41 ¢ 30

Folic acid : 10

Calcium pnntothenate 1 10

(o]

and Riboflavin 110

Agar

Component
Yeast extract
Dextrose
Casamino acids
KHoPO,4

MgS04.7HZ0

10 g

d. M°8 (modified from Baker and Torrey, 1979) 1

Cancentration (g/1)

3

10

o

(1979).

ml



CaClo .2H-0
CoCl»

FeNa-EDTA

Trace nlcmnngg'l

0.01
0.001

0.01

According to Lalonde and Calvert (1979) .

Vitamin solution !

As described in BAP

Agar

10g

®. DPM/N (Noridge and Benson, 1986)

Component

KHoPO 4

Mg804.7H20

CaClo

Sodium propionate
Ammonium chloride

Micronutrients 1

According to

Agar

Technique B 1

Concentration (g/1)
1.0
0.1
0.01
1.2

8 mM

Lalonde and Calvert (1979).

After surface sterilization, the nodule

31

lobes



were wnlﬁnd thoroughly in sterilized distilled water and the
nodule epidermal layer was peeled off using sterile razor under
the laminar flow chamber. The nodule cubes were washed 86
- 10 timese in stefile distilled water and were aseptically
placed on the solidified medium followed by pouring a layer of

medium so as to cover the nodule lobe in the Petri dishes.
Technique C 1

The surface sterilized nodule lobes were washed
thoroughly to remove the surface sterilant and were crushed in
sterile mortar and pestle. The homogenate was filteraed
aseptically through sterile cheese cloth (pore size 20 um and
90 um) using & vacTuum pump. The filtrate was collected in the
éterile Erhlenmayer flasks and was inoculated onto various
media employing pour plate method (dilution 1:100) coupled with

double agar layer technique.
Technique D 13

The nodule lobes after surface sterilization were
microdissected and two nodule slices were placed on the
solidified nutrient enriched Gmod medium in the Petr%ﬁishes at
ZBtinc for 14 days in dark. The microbe-free nodule lobés were

homogenized using a tissue homogenizer with little amount
of sterile water. The filtered nodule homogenate was

inoculated in Petriplates containing solidified media.

All above procedures starting from surface



sterilization of nodule lobes to inoculation were carried out
in a sterile laminar flow chamber. The inoculated Petr#dishes
were incubated at 28 + 1°c for &0 days in dark.

Liquid media
Technique E 1

The surface sterilized nodule lobes were washed 8-
10 times with sterile distilled water, aseptically
transferred to Erhlenmayer flasks containing 20 - 30 ml liquid
media (minus agar) crushed with sterile glass rod and

cotton plugged.
Technique F @

A variant of technique D in which the culturally
sterilized vone nadule lobe was placed aseptically in the
Erhlenmayer flask containing liquid media and crushed into
finer pieces with sterile glass rod and capped with sterilized

cotton plugs.
Technique 8 1

The micro-dissected nodule lobes as described in
technique B were placed in liquid media and crushed into finer
fragments using a sterile glass rod and plugged with sterilized

catton plugs.

Technique H 1



One mi _ . of nodule homogenate obtained as in
technique A was diluted to 100 ml with different media and 1 ml
inoculum was used to inoculate Erhlenmayer flasks containing 20

ml media.

After inoculation all above Erhlenmayer flasks
were then transferred ta BOD incubator maintained at ZBtloc and

kept for 60 days in dark.
Morphology of Nodule endophyte 1@

The slow—-growing actinomycete colonies appearing
after 60 days of inoculation with less than 1mm diameter were
harvested aseptically with the help of micropipette and placed
on clean glass slides, atained with 0.1% toluidine blue in 1%
boric acid and mounted on 5% acidic glycerol. The slides were

visualized under the ghase contrast microscope (Leitz DX
20). The dimensions of the Frankia hyphae, vesicles and

sporangia were recorded,
Cultivation (subculture) 13

Isolated Frankia strains were subcultured at 4 to
8 week intervals. The inoculum harvested, either by pasteur
pip_ette (molid medium) or centrifugating at 2,000 g (liquid
medium), washed thrice with sterile distilled water diluted and
homogenized by repeated passage through a sterile 0.8 mm
needle. They were inoculated into S0 ml pecitey

Erhlenmayer flask containing 20 ml sterile DPM medium under
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ameptic laminar flow chamber and inoculated at 28 t1§C.
Utilization of carbon and nitrogen sources @

Franklab isolates from A.nepalensis varying in
colony morphology, pigmentation and micromorphology were
harvested separately with Pasteur piplette or centrifugation at
2,000 g, washed 3-4 times in sterile distilled water andjlittle
amount of sterile water was added. Frankia inoculum was then
homogenized using 0.2 mm diameter syringe by passing through it
13-20 times. .. TFhe protein content of inoculum was
estimated following the method of Bradford (1974). Each
inoculum was treated with 1 ml NaOH (1N) and was heated at 90°C
for 30 min, followed by addition of 5 ml of 0.85% alkaline CuSO4
reagent. The soclution was mixed thoroughly and 1 ml of Folin
Ciocateau reagent (13113 Folin : water) was added and stirred
to allow simultaneous mixing of reagents. After 30 min,
absorbance of the solution was read at 600 nm in a
spectrophotometer. The protein content of the Frankia isolates
was determined using the standard curve of bovine serum albumin
(Fraction 1IV), Thereafter 0.3 ml of the standardized Frankia
inoculum was added separately to 830 ml
Erhlenmayer flasks containing 185 ml steam sterilized basal
medium (DPM) with various C sources. Standardized Frankia
isolates were inoculated similarly in the basal maedium

containing various N sources.

The composition of basal medium and concentration
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of various C and N sources used werecas follows ¢

Basal medium
Components
KHoPO4 . 7HR0
M@S04.7H0

CaCOx

Micronutrient solution

According

Concentration (g/1)
1.0
0.1

0.01

to Lalonde and Calvert (1979)

pH was adjusted to 6.8 + 0.08

Carbon (C) sources
Blucose

Fructose

Starch

Sodium propionate
Sodium pyruvéte
Tween 80

Sodium acetate

Succinic acid

Nitrogen (N) sources
Ammonium chloride
Potassium nitrate
Blutamic acid

Thymine

Concentration used (Q/L )

0.5

Concentration used ( 9/L )

o2
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Five flasks were used for each Frankia strain in
each C and N source. The Frankia inoculum thus added ¢to
medium containing single C or N source was cotton plugged and

incubated at 28°

+ 100 in dark. After the expiry of each
experimental period i{.e 7, 14, 21 and 28 days, three flasks
were withdrawn from each treatment and Frankia was harvested
aseptically by centrifugation. After washing with distilled
water for 3I-4 timee the protein content of it was estimated
following the method suggested by Bradford (1976) and

expressed in ug protein 13 ml-l.

Browth on various Temperature rcgim1f|

Growth of Frankia isolates under virious
temperature conditions was performed using same basal medium as
above for growth with C or N sources with sodium propionate as
gole C source. The temperature regimes tested were 1%, 20, 23,
28, 30, 335 and 40°c. The growth response of Frankia isolates
on different temperature was estihated by determining protein

content (Bradford, 19764).
Browth of Frankia on different pH regimes @

In experiment specifically designed to assess
influence of pH on Frankia isolates, the growth medium umed
composed of basal medium as dEQQ(ibed earlier with the
inclusion of a C source i.e. sodium propionate and was buffered.

with either PIPES or phosphate buffer (Burggraaf and 8hipton,
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1982). one mi - standardised Frankia inocula were
aseptically added and the growth of Frankia under various pH
regime after 21 days of incubation at 28°C was determined as

described earlier (Bradford, 1976).
Aasessment of nitrogenase activity of Frankia in vitro

Nitrogenase activity of different Frankia strains
was assessed by a gas chromatograph . The apparatus was fitted
with a hydrogen flame ionization detector and 2.13 m stainless
steel with 0.32 mm diameter column packed with 80-100 Poropack
R. The temperature programme was isothermal} injector 64°C,
column 54°C and detector 100°C. All gases used were purity
grade in which the following rates were maintained, Hp - 28 ml

min "1, 05 - 100 m min "! and No - 23 m1 min"t.

Culture tubes filled with 3 ml sterilized 1liquid
DPM medium (plus propionate or plus ammonium chloride) was
inoculated with 1 ml standardized Frankia strains and
maintained at 28t5?C- On each occasion after the termination of
experimental period, i.e, 7, 14, 21 and 28 days, three tubes
were randomly withdrawn from each treatment and fitted with air
tight suba seals. Further experimental process and assessment
of nitrogenase activity were performed in the same manner as
stated in Chapter I. The activity, however, was expressed in

nmole CyHy 5 mi~1 wl,

Nodulation test and Frankia strain reisolation i

.



Five 1 month old seedlings of Alnus nepalensis
obtained by growing NaOCls (8 % w/v) sterilized seeds on 2%
agar, were washed several times in sterile distilled water and
transferred asepticélly to the 300 ml capacity Erhlenmayer
flasks containing solidified agar and moistened with 1/4
strength of N-free Hoagland solution (Hoagland and Arnon,
19468). After one week of transfer, seedlings were inoculated
with 1 ml homogenized 12-13 weeks old Frankia isolate.
Inoculations of seedlings with Frankia isolates were also
carried out in sterilized sand . kept : in polyethylene jars.
The inoculated seedlings in the Erhlenmayer flasks and Jjars
were kept in growth chamber maintained at 25/18°%C day/night
temperature and 14/10 h day/night photopefiod. Inoculation of
Frankia was performed again after 2 weeks ams described above.
Each inoculation experiment was repeated at least twice and the
nodulation was assessed after 2, 4, 6, 8, 10 and 12 weeks.
Nodule was considered to be formed only if root swelling wes

conspicuous under stereomicroscope.

Nodules induced by Frankia strains on axenically
grown seedlings were recovered, washed thoroughly and
disinfected with 304 Ho0p for 10 min in dark. After thorough
rinsing, the nodule lobes were singly transferred to
Erhlenmayer flasks containing 18 ml sterilized DPM medium,
crushed to finer fragments and incubated for 60 days at 28##3

in dark.



Assessment of nitrogenase activity of root nodule 13

{

After each harvest,the root system of nodulafed
plants was washed thoroughly in running tap water, excised
with sterile razor and was treated with 0.1% (v/v) Tween 20 for
3 min. They were washed thoroughly with distilled water. The
root asystems were - @ transferred to 10 ml capacity serum
tubes and fitted with suba seals. Further determination of
nitrogenase activity was carried out in the same manner as
described in Chapter 1. The nitrogenase activity was expressed

as nmole CoHg h-1 seedlings "1.

RESULTS
Techniques of isolation of Frankia

Among various techniques applied for the isolation
of Frankia, microdissection coupled with double agar layer
{Technique B) and sucrose density fractionation with pour plate
coupled with double agar layer (technique A) in solid media and
modified crushed nodule method (technique E) in liquid media,

proved to be most successful,.
Surface sterilizing agent

Surface starilant/ like HZ0- and 0804 were
evaluated to be more effective ones in eliminating surface

contaminants amongst various chemical agents tested.
Isolation media 1
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For the isplation of iymbinti: Frankia from the
root nodules of A. nepafensis into axe&ic culture, an array of
media ranging from simple N-free DFM medium to very complex
media including Gmod Mba, BAP, whose constituents included a-

' ,
lecithin and various vitamins were used. Only DPM and Q mod media
X _

supported the growth of different isolates of Frankia (Table 7).

Morpholagy of Frankia @

All the Frankia strains showed a characteristic
cushion-like, branched, septate hyphae ranging from 0,% - 1.2
um (Table 8). 8pherical to ovoid vesicles were producnq,
terminally borne on short parental hyphae ranging from 2-6 um
in diameter. Sporangia were either intercalary or terminal,
whose fTrequency increased with the increasing age of Frinkia in
culture, Variation in the dimension of sporangia was most

pronounced amongst Frankia isolates (Plates 9a, 9b & 9c).

Three strains of Frankia i.e. AnF3, AnFp and AnFx
isolated from the root nodules of A. nepalensis occurred in the
same locality (Upper 8hillong). 8StrainsAnFy and AnFy were
isolated solely on DPM (solid) while AnFz was obtained with DPM
(liquid) and Qmod (liquid) media. Colonies of all the Frankia
isolates did not exceed 3 mm in diameter on DFM agar medium
after two monthe of growth (Table 7). Production of pigments
wae characteristic for the Frankia isolate AnFy and AnFo which

produced dark-brown and vyellow-brown pigment respectively.
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Morphology of 1in vitro cultured Frankia strains isolated
from root nodules of A. nepalensis. A = Fraunkla AnF1 ( x
312.5); B = F. AnF2 {x 312.5); €= ¥. AnF3 (x 200); (hm =

hyphal mat; sp = sporangium).




Frankia strain AnFx however, produced no pigment (Table 7).
The colonies were transparent on periphery and dense in the
centre and grew submerged in the agar layer or at the bottom of

liquid medium.

Praoduction of vesicles and sporangia in all the
Frankia isclates testéd depended on the composition of growing
medium (Table 1] ). DFM  medium was moust effective 4in the
induction of vesiclem or spérangia for all the isolates
whereas, they produced less vesicles and sporangia on Qmod
medium. Vesicles were generally repressed on BAP medium but it
was effective for AnFo and efficiently induced sporangia
production. On DPM/N medium, vesicle formation was repressed
in AnFy and AnFp but not in AnFx. However, it did not

increase sasporangia development in the . -° .~ .two strains.
Browth of Frankia on various carbon sources:

The growth of Frankia isolates on various C
sources after 7, 14, 21 and 268 days is summerized in Table 9.
Some interesting comparisons in terms of the ability to use C
sources by Frankia isolates emerged. Isolate AnF; exhibited
strong growth on propionate and pyruvate but showed poor
utilization of gQlucose, fructose, starch, Tween 80, yeast
extract and succinic acid. Its growth on sodium acetate was
better than the above C sources. Frankia isolate AnFz showed

greater versality on glucose, fructose, starch, propionate,

pyruvate, godium acetate and succinic acid. However, it did
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not perform well on Tween 80,

C sources like sodium propionate, pyruvate, glucose
fructaséfrguccinic acid were utilized by AnFx but lesser
versality on starch and sodium acetate sources was noted.
However, the strain grew poorly on Tween 80 and ybast extract

amended media.
Utilization of nitrogen sources :

The growth performance of three Frankia isolates
differsvariously on various N sources (Table 10). Isolate AnFy
exhibited better growth on NHgCl than other N sources.
However, ammonium chloride and aspartate wete somewhat better
utilized than other N sources by AnFs strain. Growth response
of AnFx was generally similar to AnFi except that former showed

better growth on casamino acid amended medium.
Effect of temperature on Frankia growth @

Effect of temperature on the growth of three
Frankia isolates was markedly distinct. The optimum
temperature requirement for the growth was 28 - 30°C  for all
the three isolates. Further increase or decrease in
temperature proved detrimental for their growth.b'No net gain
in total protein yield was observed at 40°c. GBrowth at 38°C
however, was marginally better for most Frankia isolates than
at 40°C. Frankia AnFy was most sensitive to decrease in

temperature followed by AnFp except for AnFx which showed
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higher growth at mame temparature range (ng,* 25).
Effect of pH on Frankia growth 3

The growth response of Frankia strains AnFy, AnFo
and AnFxz to various pH regimes differed wvertotsdsr. No isolate
grew at pH 4.0. The optimal pH requirement favouring growth of
Frankia isolatesAnFy and AnFp was between & and 7 and for AnFx
around B (Fig. 26). With increase in pH over 7.0 - 8.0, the
growth of Frankia isoclates was affected to some extent.

MoYe-
SBenerally the growth of Frankia isolates was supecter in medium

buffered with phosphate than buffered with PIPE8S8 (Fig. 26).
Nitrogen fixation by Frankia strains in vitro

The rate of nitrogen fixation by various Frankia
igsplates on propio,nate and ammonium chloride amended media
showed interesting features with the lapse of time. FPropionate
generally induced higher activity of nitrogenase than ammonium
chloride. However, with increase in time, the difference in
nitrogenase activity of Frankia grown on two energy sources
narrowed (Fig. 27). However, unlike propionate, generally the
activity of ammonium chloride grown Frankia increased linearly

with time.
Nodulation and reisolation :

The nodulation time for each Frankia isolate

varied significantly (Fig. 28). StrainsAnFy and AnFp were more
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effective in nodulating original host i.e. A. nepalensis within
30 days of inoculation., However, the isolate AnFx could induce
nodules only after 30 days of inoculation. BGenerally the
morphology of reisdlated strains of Frankia from root-nodules
of its host resembled original oﬁes (Table 11).

Nitrogen fixation by Frankia in vivo »

The efficiency to fix atmospheric nitrogen by root
nodules induced by various Frankia strains on its host varied
markedly (Fig.29 - ). The nodules produced by AnF; showed
higher nitrogenase activity than those induced by Aan and

AnFx.
Dominance of Frankia 1

It is evident from T'able 12 that strain AnF; was
most dominant Frankia in root nodules of A. nepalensis over

various seasons and strain AnFx, the least one.
Discussions

The success in the isolation of endophytic Frankia
in axenic culture using microdissection in combination with
double agar layer may be related to efficient elimination of
contaminating organisms assoclated with nodule epidermal laver.
The advantage in the use of double agar layer in solid medium
is two-fold i.e. in the maintenance of microaerophilic
conditions as required for the growth of Frankia estrains as

well as in spatially separating the contaminants as also noted
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Table 7. Colony characteristic} of three Frankia isolates obtained

nodules of Alnus nepllensis ,

from root

7

Frarmfia Colony Colony Pigmentation Mode of growth Obtained
Strains size shape on
(mn)
AnF -3 diffuse diffusible brown growing submerged in DPFM
irreqular to dark brown agar or bottom of (Solid and
liguid media liguid)
AnF - 1-3 diffuse diffusible light growing submerged in  Gmod/DFM
irregular  brown agar or bottom of (Solid and
liguid media ligquid)
PrF = <1 minute - growing at the bottom DFM

irregular

of liguid media

(liguid)




Table 8. Measurements of hyphae, vesicles, sporangia and spores

of Franhia strains isolated from Alnus nepalensis.

Frankia Hyphae Vesicles 8S8parangia Spoares
Strains (um) {um) {um) (um)

AnF 4 0.9 - 1.0 2~ 9 20 —- &0 1.% - 2.0
AnF o 0.% - 1.2 I -6 20 — 40 1.0 - 2.0

AnF 3 0.8 - 1.0 I -6 10 - 29 < 1.0




Table 9. Growth performance (ug protein /18 ml medium) of three Franki’ strains

on different Carbon sowrces after various experimental period.

Growth of Frankia (Ug protein /13 ml) mean + S.E

Harvesting period (days)

Carbon 7 14
SOLCes

A 4 ANFo ANF= AnFy AnFo A=
Glucose 8+2.1 . 16+ 7.1 72 + 5.8 ? + 3.0 12 + 2.8 49 + 10.8

Fructose 7 + 1.7 2+ 8.1 51 + 6.5 9+ 1.1 10 + 2.5 35 + 13.8
Starch 10 + 2.8 15+ 6.2 16 + 2.2 8+ 3.1 185 + 7.2 19 + 5
Sodium 2046 + 40.1 8 + 8.9 154 + 61 271 + 22 61 + 15.2 113 + 42.2
Frop—

ionate

Sodium 171 + 29.5 40 + 6,2 129 + 17 156 + 16.2 25 + 10.4 121 + 31.2
Fyruvate

Tween-80 4 + 1.1 12 +1.81 11 + 1.0 2+0.8 8+ 1.6 15 + 2.8
Soclium 16 + 5.2 25+ 3.2 34+ 15.4 14 + 3.6 21 + 5.8 29 + 6.8
acetate

Succinic &+ 1.0 17 + 5.5 23 + 5.8 3+ 2.9 15 + 6.2 11 + 6.3

acid




Table 9. (Contcl}
Browth of Franiis (g protein /15 ml) mean + S.E
Harvesting period (days)

Carbon 21 28
SOAWTES

Ay AnFn AnF= AnFy ArFo AnF
Blucose 4+ 1.5 S+ 2.2 3L+ 21.2 1+0,6 2+ 1 16 + 5.9
Fructose T4 2.1 6+ 2.9 17 + 6.4 1+ 0,3 1+ 0.2 5+ 1.9
Starch 4 4+ 1.5 9 + 3.5 10 + X1 I+ 1.1 I+ 2.1 2+ 1
Sodiwn 131 + 28.6 31 + 12,1 45 + 20,1 104 4+ 15.8 19 + 5.8 8+ 7.1
Frop-
ionate
Soclium 102 + 41.9% 16 + 8.9 Jb 4+ 12,1 96 + 25,8 8+ 2.7 11+3
Fyruvate
Tweer—80 OO o0 & + 3.0 o0 0 0
Sodium 9+ 2.2 13+ 6.8 15+ &1 4 + 1 5+ 1,2 7+ 2
acetate
Succinic I+ 0.7 6+ 1.2 S+ 1.4 2+ 0.8 2+ Q.6 (L)

acid




Table 10, Growth response of three Frankia isolates on different nitrogen sources {pg protein 15 a1 -1} after

various experimental period.

browth of Frankia (pg protein 15 Il‘l) t S.E

Harvesting period {days)

I 14 2 8
Nitrogen AnFy  AnFa  Anfg AnFy  AnFg  AnFy AnFy  AnFy  AnfF3 AnFy  AnFp  Anfg
sources
Inorganic sources
Ammoniua 3 16 14 18 15 10 7 b 3 3 2 3
chloride t 5.0 +55 + 2.8 10,5 ¢+ 1.3 4.3 +2.8 +£2.1 1.5 t1.2 £1.0 ¢1.2
Potassium b 8 19 8 i1 i4 ] 5 ] 1 1 2
nitrate t L1 t31 o+ 3.9 t 4.2 ¢+ 3.2 t 44 t1.l £0.6 £0.3 t0.6 £04 0.8
Organic sources @
Blutamic 8 5 5 2 7 6 8 3 4 ] 00 i
acid LA ST B O 38 | t 5.8 ¢+ 2.8 +1.3 t 4.7 0.6 1.5 t 1.4 t 0.2
Lasanino 7 8 10 4 li ) 3 3 2. 2 1
acid t 0.9 +0.9 ¢ 3.4 + 1.8 ¢+ 1,3 +£2.0 10,7 +1.0 ¢£3.1 0.6 £0.7 +0.1
Rspartic 8 20 8 17 3 § 10 i 00 2 00
acid t 2.1 £57 ¢ 1% t 11 b7 0.9 2.4 2.9 0.2 0,5




Table 11. Production of vesicles and sporangia by three Frankia

isolates on different growth media.

Growth AnFy AnFo AnFx
media

Vesicles Sporangia Vesicles de?angia Vesicles Sporangia

DPM + + + + + 4
Gmod - + * % - *
BAP L 4 + - - +
n°p - s + + - +
DPM/N - X - + 4 %

+ = present, - = abhsent and X = seldom present.



Table 12, Isolation of Frentis strains from Himalayan alder nodules collected in

different seasons.

Girewath Rainy Pritiunes Winter Spring
merctia POFy AnFa AnFs AnFy AnFa AnFy AnFy AnFs AnFg ARy AnFp AnFx
D‘L'M N e o, S f 4 +- - 3 d -+ —
Gt + + - + + - + + + + - -~

Data given above are condensed from two years study.
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by Diem and Dommergues (1982). In wmolid culture, the
efficiency of sucrose density gradient technique coupled with
double agar layer mainly be attributed to higher precision in
isoalating Frankia to a particular sucrose band and
microaerophilic nature of Frankia. In liquid culture, modified
nodule crushing method proved beneficial in tha isolation of
Frankia, which renderseffective disintegration of endophyte
containing nodule cells ultimately leading to dispersal of
infective/viable Frankia propagules directly in contact with

nutrient medium.

The role of hydrogen peroxide and osmium tetroxide
as potential surface sterilizing agents which are basically
strong oxidants has - also been noted by BRerry and Torrey (1979)
and Lalonde et al. (1981) remspectively., These sterilants are
efficient in eliminating surface contaminants from nodule lobes
without causing a harmful effect on corticals cells containing

symbiotic Frankia.

Various media employed for the isolation of
Frankia are complex and are supplemented with yeast extract and
various nutrients which are believed to promote Frankia growth
in culture media i.6. lecithin (Lalonde and Calvert, 1979),
root lipid extract (GQuispel et al., 1983) and various vitamins
(Baker and Torrey, 1979). However, in the present study,
succassful isolation of Frankia from Himalayan alder nodules

was . achieved using simple DPM medium (Baker and 0O’ kKeefe,
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1984), its wvariations and slightly complex Qmod (-lecthin)
(Lalonde and Calvert, 1979). Baker and 0O Keefe (1984)
formulated and successfully used DPFM medium to selectively
isolate Frankia from Alnus, Casuarina, Myrica, Purshia and
‘other actinorhizal plants and rhizospheric soil. However,
advantages in using nodule lobes or nodule homogenate may also
be attributed to the fact that active compounds (Qispel and
Tak, 1978) necessary for the growth of symbiont in axenic

culture may be provided by nodule itself.

In vitro morphology of Frankia isplates
resembled other Frankia strains isolated from various species
of alder (Berry and Torrey, 1979t Benson, 19823 Normande and
l.alonde, 1982; Baker , 1989). Vesicles and sporangia were
produced by all three Frankia strains, though at different
degrees. The isolates producing abundant sporangia formed
compact flocks and gqrew at slower rate. Formation of sporangia
was dependent on constituents of media (Berry and Torrey, 1979)
and may also be determined by genetice of organisms involved
{Hafeez et al., 1984). The variability in the size of sporangia
of different strains align with the findings of Rerry and
Torrey (1979). The decrease in frequency of vesicles when
supplemented with ammonium N sources may be related to
suppression of vesicle formation in responsé to exogenous N

supply.

The observations on temperature requirement
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for the in vitro growth of Frankia isolates showed that all the
three isolates grew optimally in the range of 28-3000, beyond
which growth was hampered. Shipton and Burggraaf (1983) also
found that optimal temperature for the growth of most Frankia
isolates was around 30°C. In addition, better growth response
of AnFy over AnFp and AnFz at 28 - X0 °c temperature range may
afford additional advantages for ite symbiotic growth with A.
nepalensis in the growing season (March - October) when the
s0il temperature increases from 15°¢ in March to 21°¢c through
July to October. However, better growth performance of Frankia
AnFx  at 15% may provide advantagee over coisolates AnF; and
AnFo during relatively shorter colder part of the year ie

Nov - Jan for growth and symbiosis with its host.

The higher growth response of Frankia
isolates, in the present study when buffered with phosphate
buffer was supported by the data of of Burggraaf and Shipton
(1982). Hampered growth of all Frankia isolates at pH 4.0 may
be esxplained by detrimental effect of acidity on it which was
supported by findings of Bond (1951), Bond et al., (19%7) and
Frej and Huss-Danell,(1987). An optimal pH range for AnFy; and
AnFp WAS- between 6 and 7, however, in natural conditions, the
so0il pH of Himalayan alder stand ranged from 5.5 to 5.65 during
rainy season and thus may not be favourable for infection and
growth by them. However, their higher dominance over most
seasons of the year may indicate that pH optima for in vitro (

a0il ) growth may be different than that during symbiosis with
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host. Eesides, the compmtition between the imolates AnF; and
AnFx may be less expected especially during winter season with
low s0il pH as the aptimal pH of two iscolates lie between 6-7
" and around 3 respectiQely. Result of Kurdali et al. (1990)

substantiates above findinges.

The different utilization capabilities shown by
three Frankia isolates in terms of C and N substrates for
energy sources is particularly interesting and indicated that a
considerable diverasity related to ecolagical relationships of
these coisolates may occur. However, possibilitieé of other
factors like inoculum density, age and pregrowth conditions may
also influence the adaptations of Frankia strains to various
aubstrates so that in short term they do not appear to be

utilized.

The limited growth response of AnFy on glucose
and starch may not represent an ability to cleave glucosidic
bonds. However, the possibility may be that heat degradation
took place or that growth was supported by traces of fatty
materials and proteins which may be found in atarch. Lack of
growth of AnFy on tricarboxylic acid possibly indicates the
absence of suitable uptake system rather than a deficiency of
tricarbonylic acid cycle enzymes. Total absence of growth of
Frankia isolétes in most C sources after 21 days of growth may
be thus attributed to autolysis of Frankia cells, which is

supported by the findings of Berry and Torrey (1979) and Murry
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et &al. (1984). Autolysis may be an important feature in
symbiosia since hyphal and vesicles disintegration is observed
in ageing nodules (Newcomb et al., 1978)as well as carbon-rich
synthetic media (Murry et al., 1984). Further lack of growth of
Frankia strains AnFy and AnFp on medium supplemented with Tween
80 could be related to lack/repression of uptake system or

glyoxylate cycle enzymes (Blom, 1982; Blom and Harkink, 1983).,

There appears to be no evidence to speculate
that these Frankia can act as primary colonizer of organic
debris. It is however, feasible that they could act as
secondary colonizer utilizing simple breakdown products
released through the activities of other microbes. many organic
acids are commonly found in the aerobic and anaerobic soils.
Root exudates may contain a range.of organic acids or amino
acids which include those most comm&ﬁly found to be utilizable
by them (Rovira, 196%) suggesting ihat substrates for the
growth of Frankia are commonly present in soils. All of these
traits are characteristicse of organisms equipped for &

symbiotic and /or rhizospheric existence.

Frankia isolates AnFy and AnFo preferred
ammonium chloride than potassium nitrate which may be bwbediac
explained by better assimilation of NHa+ and utiliz‘#%rit for
growth. Preference of Frankia isclates to ammonium chloride as
the sole N source has previously been documented (Shipton and

Burggraaf, 1982 Lechevalier et al., 19833 Shipton and
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Burggraaf, 1983). Besides, better growth yield of AnF31 and AnF2
on asparate and glutamate may be due to suitable assimilation
activities of the organisms. Out of all combined N sources,
yeast extract seemed to be least effective 1in stimulating
growth of most of Frankia isolates, which may be due to the

absence of uptake systems.

Nitrogenase inductioh was influenced by the
nature of nutritional factors. Depression in nitrogenase
activity in the NH4+C1 grown Frankia may be related to the
suppression in the induction of vesicles and nitrogenase enzyme
in response to exogenous N supply. The support comes from the
study of Murry et al., (1984). In contrast stimulation of
nitrogenase in propionate may have resulted from availability
of suitable C source for the rapid growth of Frankia thus
leading to enhanced activit;ﬁo fulfil nitrogen requirement in

After 21 days of growth of Frankia
its absence in environment.

on NH,Cl, the nitrogenase activity increased. It indicated that

Frankia strains have used up nitrogen supplied externally and fixed
nitrogen under stressed condition. The acetylene
reduction by all the isolates confirmed that that these strains

are true nitrogen fixers like other Frankia strains (Gauthier

et al., 1981; Diem et al., 1982).

The difference in the rate of nodulation of
Frankia isolates may be due to variation in compatabilities

between host and Frankia strains. Most of them could nodulate



their host after 4 weeks. Baker et al. (1979) and Rosbrook
(1990) also noted that Frankia inoculated plants developed
nodules after 4 weeks of inoculation. However, Nesme et al.
(1985) showed that nodulation by Frankia isolates varied from 7
to 16 days. A variation in the nitrogen fixing activity of
nodules formed by different Frankia isolates signify the
existence of host-endophyte compatibility (Dillon and Baker,

1982).

Based on the above criteria, Frankia isolates
obtained from root nodules of A. nepalensis growing in the same
locality, may be grouped into three different "ecological
niche" groups. PBesides, it also signifies +the diversity of
Frankia strains in the same alder stand as evidenced by BRenson
and Hanna (1983), Hafeez et al. (1984) and Burggraaf and

Valstar (1984).

Dominance of AnF; sastrain in most part of the
vyear indicated it broad ecoiogical amplitude adopted to
different climatic and edaphic conditions over other
coendophytes. Burggraaf and Valstar (1984} and Fauré ~Raynaud et
aI.,(l??Z)Tﬂaoncluded that host genotype exerts preference to
endophyte strain from the populations of Frankia in soill which

host occupies.



Isolation and characterization of vesicular-
Chapter
arbuscular mycorrhizal (VAM) endophytes from Alnus
111

Yy, " ea an

nepalensis D. Don forest stand.

Introduction 1

In nature more than 200 species belonging to 24
genera of nonleguminous plants bearing Frankia nodules (Dixon
and Wheeler, 1986) are economically important for symbiotic
nitrogen fixation in the tropical and temperate regions of the
world. In addition to Frankia symbiosis, many of them harbour
VA mycorrhizal symbionts in their rooct system thus forming a
formidable tripartite symbioses which consequently aid in the
plant nutrition and growth. 8everal reports may be cited
demonstrating the occurrence of VAM symbiosis in majority of
actinorhizal plantas (Williama and Aldon, 19763 Daft and
Hacskaylo, 19763 Williams, 1979 Rose, 1980; Rose and Trappe,
19803 Clelland et al., 19833 Gardner, 19863 and Sidhu et al.,
1990). In fact, such dually infected plant species are the true
colonizers of bare and infertile habitats unsuitable for other
plants lacking symbionts (Daft and Hacskaylo, 1976). Besides,
such plants may be regarded to be of utmost importance in the

improvement of infertile lands.



Majority of fungi involved in VA mycorrhizal
associations generally produce spores which mainly is evaluated
on the basis of morphological characteristics (Mosse and Bowen,
1968 Hall and Fish, 19793 Jibaji-Hare et al., 1984). However,
characterizations of VAM fungi based on biochemical (8en and
Hepper, 1986), immunological (Wilson et al., 19833 Wright et
al,, 19873 Williams et al., 1987) and genetical aspects (8imon
et al., 1992) have alsp proved useful, The microscopic
characters which include the finer details complicate:. the
identification of different fungal species. As a result, the
taxonomical studies on endogonaceous members have been
fragmentary, though, they play an important role in plant

nutrition.

In North-East India & vast array of wild plants
flourish- . many of which are actinorhizal. Later groups of
plants form symbictic association with VAM fungi. Little is
known about VA symbiont of forest soils of the region (Sharma
et al., 1986). Considering their universal occurrence and
their role in plant nutrition, an investigation on VAM fungi of
actinorhizal hosts could add to the present knowledge of
range of mycorrhizal associations and their implications on

afforestation programmes in the near future.

The present investigation was undertaken to access
mycorrhizal association of actinorhizal Alnus nepalensis D. Don

growing in monocultural condition (Study site). Endogonaceous



spores have been indentified and described in this chapter.
Isolation of Endogonacecus fungi

The spores of endogonaceous fungi were isolated
from the eocils of Himalayan alder (A. nepalansis) forest
following wet sieving and decanting method of Berdemann and
Nicolson (1963) as described previously (Chapter 1). The
spores were separated from soil debris and were transferred to
watch glasses containing water. The identical spores were
separated and stored in glass vials containing Ringer's
solution. The different types of spores were mounted in
golyvinyl lactophenol (PVL) on glass slides for microscopic
observations. Ringer’'s solution and PVL medium were prepared

as described in Chapter 1.
Eastablishment of culture of VA mycorrhizal fungi

Isclated spores of VAM fungi were surface
sterilized following the method of MacDonald (1981). The
spores were transferred by micropipTette to 43 mm diameter
filter paper disc, which was covered by identical disc thus
forming filter paper sandwich and was place& in. a plastic
filter holder. They were sterilised at %2100 fof 13 min before
addition of spores. Then the surface skerilant solution, 2 %
w/v chloramine~T with 0.02 % w/v streééqmycin sulphate plus a
trace of Teepol (Mosse, 1959) was 1njeéted from sterile syringe

through 0.22 um porosity membrane filter until excesms liquid



emerged. A total of 20 ml sterilant was used for sterilizing
200 gpores and the contact time being 20 min. The saterilant
was removed from spores by passing 200 ml sterile distilled
water. The aterilized spores were gtored between damp filter
paper in Petr#ﬁishes at 4°C. The sterilized . suspension of
isolated spores of VA endophytes was in"oculated on sterilized
potted garden soil 2 cm below the soil surface. The germinated
seeds of maize, obtained from surface-sterilized seeds, were
placed on the VAM treated soil and covered with soil. The host
plant wai grown for a period of 2 months and was allowed to

dry.
Description of endogonaceous fungi 3

Seven species of VA fungl were identified from the
goils of Himalavan alder forest. The description of each of

them is as follows:
Elomus

Four species of Glomus were identified .i.&8. Glomus

mosseae, 6. macrocarpus, 6. intraradices and 6. tortuosum.
1. Glomus mosseae (Nicol. and Gerd.) Gerdemann and Trappe
Sporocarp unknown, chlamydospores yellow to brown,

globose to ovoid ranging from 20-110 um in diameter and the

thickness of spore wall 7 um (Plate 13 A).



2. 8. geosporsry _ (Nicol. and Gerd.)Walker.

Chlamydospores formed singly in soil, sporocarp
unknown, globose or sub-globose, 110 - 1850 x 110 -~ 143 um
smooth, dark brown to black, spore wall 10-15 ym thick,

perforated and hyphal attachment 12 - 15  um ’;3{ diameter

(Flate 13 R).

This species was also described in agricultural

fields by Bhattacharjee et al. (1980).
3. 6. intraradices Schenck and Smith

Sporocarp unknown, chlamydospores forms singly or
in clusters in the root, chlamydospores predominantly globose
to subglobose 93-120 x 112-130 um diameter. spore wall 3-18 um
thick, yellow to grey brown. Bpore content globular, yellow to
light brown, wall of spore extending into the hyphal attachment
forming an tubaeform flare at the junction of hyphal

attachment, 9-33 um wide (Plate 13X ¢).

The occurrence of this species from the soils of
Florida, USA was first noted by S8chenck and 8mith (1982).
4, G. tortuosum Bchenck & Bmith

Sporocarp unknown, chlamydospores formed singly in
soil but occationally adhering in pairs. Spores yellow to dull

grey—~brown with a mantle of sinuous hyphae closely appressed.



¢

Plate 13. Spores of Glomus specles isolated from soils of Himalayan

alder forest. A = G. mosseae (x 200); B = G. macrocarpus

(x 200); C = G. intraradices (x 200); D = G. tortuosum

(x 78.7); (sh = subtending hypha; sw = spore wall; s =
spore).




Chlamydospores largely globose to subglobose 94-180 x 112-230
um diameter. Spore content globular but occasionally obscured
by the mantle. Width of hyphal attachment at the spore base 9-

20 um (Plate 13 D).

Thie species was first described by S8Bchenck &
Smith (1982) from Florida, UBA.

Gigaspora 1

Two species of Gigaspora were identified i.e.

Gigaspora gigantea and Gi. gregaria.
1. Gi. gigantea (Nicol. and Gerd.) Serdemann and Trappe

Azygospores formed singly in soil, 260 - 370 x 260
- 380 um globose, greenish yellow, spore wall 5 - 16 um,
auspensor—like cell bulbous, 42 -48 um in diameter, giving
rise to a suspensor hyphae which projects to the apore,

vagsicles not observed.

s,

This form was also reported from the mixed

woodland of Dehradun by Bakshi (1974) (Plate 14 A).
1. Gigaspora gregaria Nicol. and 8ch,

Azygospores formed singly in soil, 200 - 300 um
in diameter, globose, dark brown, spore wall 12 - 23 um thick
suspensor—-like cell %0 um in diameter concolrous with spores
and giving rise to é slender hyphae projecting into the spore

surface.



Plate 14. Spores of Gigaspora species isolated from Himalayan alder
forest soil. A = Gi. gigantea (x 200); B = Gi. gregarla
(x 200); (sh = subtending hypha, sw = spore wall,
s = spore).



This species was earlier described by Sharma et

al. (1986) from rhizosphere of Alnus nepalensis (Flate 14 B).

Acaulaespara

One species of Acaulaospora is reported in the

., &

present investigation namely A. scrobiculata.
1. Acaulospara scrobiculata Trappe.

Sporocarp unknown, spores formed singly in soil,
sesslle, borne laterally on thin-walled hyaline hyphae that
terminate 4in a thin walled vesicle, spore shape varing from
globose to ellipsoid, 100 - 200 um, olive to light brown,

spore surface evenly pitted (Plate 19).



Plate 15. Spore of Acaulospora scrobiculata (x 150); (sw = spore
wall; p = pit; s = spore).




Interaction between Frankiz and &Slomus mosseae on
Chapter

P uptake, nitrogen fixation and seedling growth of
v

Alnus nepalensis under various spil pH regimes.

Introduction:

Soil reaction affects plant growth and survival by
mediating the availability of mnutrients. Differential tolerance
by various plant species may be an important ecological
strategy to occcupy and establish in varying scil conditions.
Alnus nepalensis D. Don (Himalayan alder), é pioneer
actinorhizal plant species colonizes the hostile nutrient-
deficient scil conditions in Eastern Himalaya Gharma  and
Ambhast, 1986) and flourishes well under moderately acidic.
conditions as other alder species (Fergusson amd  Bond, 195353
Wheeler et a&l., 1986). This preference of host plant  in
particular =oil pH may also determine the growth of endophyte

(Braw, 19793 l.-amber‘t:et al., 1980).

Survival and effectivity of symbiotic Frankia and
VaM fungi which form tripartite symbiotic association with non-

legumes may be influenced by soil reaction. 8Susceptibility and

L&



[N RS

cpaer bl death of  Frankia in highly acidic AR
(Burgaovast  and Shiplton, 1993 Faure-Raynsn et al., 1986y
Bmalander  and  Sundman, 19873 Soolander et al., 1988) and

amelicrative proliferation and growth at bdgher pHo (Buerggraaf

arnd  Shipton, 1982) than ite host may affect symbiosie, ite
effectivity and fate of both host and endophyte.  S0i) reaction
fiag . beern showr  to have  profousg effect o ricclut atdon
(Fergusson armtd  Bond, 198353 Seilor  and  MoCormick, 1962y
Smolander et &l., 1988) and nitrogen fixation by symbiotic

Frankia (Reddell, 1984).

Im  additicon, inflouence of scil resction on VAM

fungal abundance (Kweekelman, 19735), «p

e germination (Green et
al., 19848), infection (Bkipper and Smith, 1979 Vouwrdwiik  and
HMairiam, 1986) armgd symbiotic efficiency (Braw, 1979 i
evident., Further, the optimal pH  reguirement  meay differ
hetwesn endophyte to endophyte and between host and endophytes.,
Studies on legumes have indicated that =il acidity severely
affecte efficiency of tripertite symbiosie (Skipper and  Smith,

1979, Mewbould and Rangeley, 19843 Mays  de Marmazi and

Cartwright, 1984), Like in leguminous system, evidenco ey f

stimalation of  growth  of noneleguminougs hosts by clual

incoulation  under nutrient  -deficient  conditions are well
documented  (Rose and Younghberg, 19815 Gardner et al., 1964

Frassn, 19893 Jha et al., 1993, Howsver, information  on the




effect of soil pH in  the survival, infection and  thedir
effectivity in tripartite assoriation invalving alder
(nonlegume) - Frahkia - YAM microsymbionts iz lacking  and
has practical importance as the soil system supporting

alder forestes is continuously becoming acidic due to release of

'
1ittequund acidic substances and rapid replenishment o f
exchangeable with increase in s0il N (Trocker and Major, 1959%;
Debell and Redwan, 1983; Van Miegroet and Cole, 1984).
Keeping above facts under consideration, the

present work was conducted to assess the interaction between
Franktia and VYAM fungi and their effect on seedling growth of A.
nepalensis at wvarious soil pH regime under corntrol led

enviromnmental conditions.

Materials and Methods :

Collection and sterilization of soil

Sandy loam 5011 collected from the Alnus
nepalensis forest stand possessing following physico-chemical
properties i.€. CEC -~ 22 Meqg/1l00 g soil, sand G4.1%, silt 25.9%
and clay 20%, pH ~ 5.21, organic matter - 4.11%, Total N -
0.229%4, available F -~ 0,021 %, exchangeable K - 0. 090

haexechangeable Ca~ 0.061% and extractable Mn - 0.,0011%4 was

~

mixed with sand in the ratico of 2:1 (moils sand) . after

R



moistening to field capacity, the soil was auvtoclaved at 15
2 . s ,
Ibh/inch™ for 1 h. The sterilization was repeated again after a

gap of 24 h and was allowed to stand for 1% days.

Adjustment of soil pH :

The soil used for the experiment was acidic  (pH
9.21).  Fowr pH levels wete maintained with above soil i.e. pH
4, 5, 6 and 7. The pH of the solil was raised with application
of fine CaClOz powder following pH-base saturation method as
suggested by Thompson and Troeh (1985). For the determination
of cation exchange capacity (CEC), 10 g dry s0il  sample was
leached with 250 ml ammonium acetate (L M) to occupy all  the
exchangeable cation sites. Excess ammonia was removed by
leaching with ethyl alcohol (90 %). The amcunt of ammonia held
in the sample was replaced with 1 M MaCl and distilled into
another container and was titrated with N/7140  HCL. The
CEC was expressed in terms of milliequivalent per 100 g soil
(Meq/ /100 g). Further =il pH was determined as described in
chapter [  and pH-base saturation curve prepared using which
CaCl=z requirement of the soil was evaluated. Conversion of
soil into‘aaidic condition was achieved by application of 3%
Hn804 (Ryan et &l1., 1973) and the amount of HQSO4 (% %)

required to lower pH was calculated {(Thompson and Troeh, 1985).



The pH of the soil was adijusted after the steam—sterilization

of the soil.
Collection of seeds and raising of seedlings @

The mature  seeds of A, nepalensis were collected
in the month of March 1992 from Himalayan alder stand at  Upper
Shillong. The husked, healthy seeds were surface sterilized
with 3% w/v  bleaching powder (CallCls;) and were thoroughly
washed with sterile water. After 24 b of scaking, the imbibed
seeds were then aseptically transferred to sterile solid water
agar  (1¥%)  in Petr%diﬁh@ﬁ ant grown  under  controlled growth
conditions maintained at 10 Klx light intensity with 14 h light
and 10 h dark cycle at Qﬁ°ﬂ thay and 18°0 night temperatures.
FRelative humidity of 60-8B0 Y% was maintained throughout the

experimental period.

Preparation of Frankia inoculum @
Frankia strain ﬁnF"'1 {abbreviated A6
Frankia)isolated from root nodules of A. nepalensis WEE
selected for this experiment. Ten week old culture growing in
DFM ligquid medium was harvested aseptically by centrifuging at
2000 g for 1520 min and washed 3 to 4 times with sterile

distilled water. The inoculum was homogenized by passing 1520
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times  through 0.1 mm diameter syringe and diluted to  known

AQ

concentration ie. 107 cells per ml with sterile distilled
water by following the method of Burggraaf and S8hipton, (1983%).
After mild sonication, inoculum density of Frankia WAS

estimated with the help of Fetroff Houser chamber (height .01

mm) wsing phase contrast microscopes.
Preparation of VA Mycorrhizal inocculum :

Glamus mosseae (Nicol., &  Gerd.) Gerdemann &
Trappe, a dominant VAM  fungus in Himalayan alder stand
(chapter 1) was maintained on maize and onion host plants in
the glass house. Eighty five endomycarrhizal spares were
suspended in 50 ml of sterile distilled water along with 200 mg

of infected maize/onion roots (infection level > &0%).
Inoculation of root microsymbionts and plant growth conditions :

One month old, uniform sized and healthy Himalayan
alder seedlings growing in water agar were harvested, washed 4-
3 times with sterile distilled water and transplanted at the
rate of % plants in 1L conical flasks containing soils of
various pH . Each seedling was inoculated with 1ml  Frankia
incculum  in the rhizosphere with the help of sterile syringe.

vaM  fungal inoculum was placed 2 om below soil surface before



transplanting of alder seedlings in mycorrhizal and Frankia +
mycorrhizal treatments, They were watered with sterile

avtomated pipZlettes at the rate not exceeding 207 soil moisture

leewel . The conical flasks were capped and transferred to
controlled growth conditions and maintained as described

earlier in this chapter.
Harvests

Harvests of seedlings were made. after 30, 60,
0 and 120 days after inoculation. (200 seedlings  from each
treatment were harvested along with intact root system from
randomly sampled conical flaske. The soil adhering to the
root system was collected and stored at 4°C and the roots of

the seedlings were washed thoroughly under & jet of tap water.
Evaluation of seedling growth :

On each occcasion, plant growth  performance was
evaluated by recording root, shoot and plant height with the
help of simple scale and was expressed in mm seedling . Lezaf
area was measwred using planimeter and expressed in mm
seedling . Stem diameter was measured with slide caliper and
expressed in mm seedling . The plants were mvenpried at

o .
60 ¢ till constant with weight and shoot welight and R/S ratio
= "'"“”V




was calculated.
Nodulation, nodule biomass and nitrogen fixation :

After each harvest, the number of nodules  formed
per plant was recorded. After thorough washing, the clean
root system of the seedlings was excisﬁa, transferred to lﬂ%ﬂ
capacity serum bottle and capped with suba seal and sealed with
a layer or two of parafilm to avoid loss of gases from tube.
Thereafter 1 ml of air was withdrawn and 1 ml of C2H2 Wwas
injected into and let at room temperature for 1 h., The details
of the estimation of nitrogenase activity qre described in
Chapter 1. However, the activity was expressed as n mole of
CoHy b seedlings . Thereafter the nodules were oven dried
at 60’ @ till constant weight wes—aciiwEve\ and dry weight was

recorded with the help of glectronic balance.
Assessment of rhizospheric Frankia population :
. . . & .
Frankia population of rhizospherg so0ilS was
estimated following sucrose gradient density technigue of RBaker

and O keefe (1984) with some modification as described in

Chapter 1.
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Determination of VAM infection, arbuscules and vesicles :

On each sampling, the root system of seedlings
was washed thoroughly under tap water and cut into 1 cm
segments. Hundred randomly sampled root segments were cleareg)
asd " stained following the method of kKoske and Gemma (1988) and
VAM infection was determined following the root slide technique
of Read et al. (1976) as described in Chapter 1. The
population of fungal arbuscules and vesicles was determined

using above stained root segments.
Estimation of endogonaceous spore population :

Wet sieving and decanting technique of Gerdemann
and Nicolson (1963) was used to isoclate and enumerate
endogonaceous spores from rhizosphere solls as described in

Chapter 1 and was expressed in g dry soil.
Determination of phosphatase activity :

The rhizosphere activity of soil phosphatase was
determined following the method of Tabatabai and Bremner
(1969). To 1 g sieved soil, 4 ml of modified universal buffer
(pH 6.9), 0.2% ml of toluene and 1 ml of 0.11% mM p-nitrophenyl

phosphate solution were added . The conical flasks were
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swirled, plugged and incubated at 37°C for 1 h. The details of

the technique followed gre described earlier in Chapter I.
Analysis of nutrients in seedlings

Oven-dried root and shoot plant materials were
seperately ground and sieved through 0.2mm sieve and finer
material (< 0.2mm) was employed for the analysis of NF, K and

Mn.

Flant N WAas determined foollowing semi-—-
microkjeldahl method (Allen, 1974). @round plant
material?&%s digested in microkieldahl flasks alon#with 2 g of
KZSDq“HgO mixture and I ml of conc.H250“. After digestion, the

volume of aliquot was made uplto 20 ml with distilled water. The

technique used is described earlier in Chapter 1.

For the estimation of P, molybdemun blue method
(Allen, 1974) was adopted. Twm. hundred mg 1 ground
material was digested in triacid mixture (Conc.HN03, HQSou and
&H0Y HCIGA in 4 ratio of 10:1:4). The digested material was
made uéto 30 ml with distilled water and filtered through
Whatman filter paper (no. 1). Two mi of filtrate was
taken in a test tube to which 8 ml distilled water and 1 ml of

ammonium molybdate were added and shaken vigorously. Thereafter,
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1 ml of stannous chloride was added and stirred thoroughly.
After making up the volume to 30 ml, the absorbance was read
aftter 30 min at 660 nm and converted into known units through
standard curve. The following formula was used to calculate P
in plant tissues,.

P(mg) » extraction solution used (ml)
FO%) = .

10 % aliguot (ml) % weight of sample (qg)

C = Concentration of P aobtained from standard curve.

Plant K and Mn were determined by atomic
spectrophotometric .methoé (Allen, 1974) Qy usinQEQZme aliquot
employed for estimating P. However; the absorbance was recordea
at 766.5 a&and 279.35 nm for K and Mn respectively and their
contents were determined using formula as stated for K (Chapter

).
Statistical énalysis :

The effect of Qrmwth regimes, treatments
(symbionts) and harvests on various characteristics of
microendophytes and plant growth performance was evaluated
using I way analysis of variance (ANOVA). The coefficient of
correlation was calculated using kKarl Pearson’'s correlation

coeficient (Zar, 1974).
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RESULTS

Plant growth :

The growth

response of A.

nepalensis seedlings

inoculated singly or dually with Frankia or / and VAM fungi and

noninocculated ones was markedly

seedling growth was achieved by

influenced by soil pH. Retter

seedlings of all treatments at

pH 6.0 below which growth was'reduced.

Shoot height,

collar diameter increased as the soil

response  was recorded

increase was achieved by dually

in above

harvests amongst

evident (Fig. 30, 32 &

31,
inoculated plants showed better

and uninoculated ones at low pH

Riomass of shoot,

in time and with increase in

performed better than

plants especially at low pH but

biomass accumulation than

corresponding pH (Tables 135,
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root length,

at soil

plant growth characteristics in most pH

éingly, dually or noninoculated

Frankia

plant height and stem

pH increased and highest

pH 6.0, The most effective

inoculated plants. A variliation

levels and

plants was

However, mycorrhizal and dually

growth than Frankia inoculated

s0ils.

root and whole plant increased

sail pH. Mycorrhizal plants

nodulated and noninoculated

was less efficient in terms of

dually inoculated ones at

14 and 154 ) Maximum biomass



production by seedlings in all the treatments was, however,

achieved at pH 6.0. Besides, clearcut differences in above
\

3

plant characteristics of singly;i'dually inoculated or
noninoculated plants at any pH level was evident. The R/S8S
ratio increased with the decrease in:aail pH. However, dually
inoculated plants had low ratio than other singly inoculated
and noninoculated counterparts at all soil pH and harvests
(Table 13by. Besides, mycorvrhizal seedlings exhibited lower
ratio as compared to Frankia inoculated or noninoculated

seedlings.

Variations in leaf number and leaf area between
singly, dually or noninoculated plants emerged after 30 days of
growth. High values of leaf number and leaf area were obtained
on pH 6.0 and declined with decrease in soil pH. However, both
plant characteristics increased with increase in time and this
increase varied with the pH of the soil and the type/(s) of

endophytes involved. (Fig. 34 & 35).,
I way ANOVA showed that most of above plant growth
characteristics were significantly (ANOVA F < 0.01) affected by

s0il pH, harvest: and endophyte/(s) (Table 16&).

Nodulation, nodule biomass and nitrogen fixation :
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The formation of root nodules increased in time
and with increase in soil pH and decreased with decrease in  pH
value above or below pH 6.0. Dually inoculated seedlings
developed more nodules by these only with Frankia inoculated

at mast pH levels (Fig. 36 ).

The biomass of root nodule was markedly affected
by s0il pH and the endophyte/(s) (Fig.37 ). Better growth of
root nodules was noted at higher soil pH. At low pH level, the
growth of rooct nodules in Frgnkigq inocculated seedlings was poor

as compared to that in dually inoculated plants.

The rate of nitrogenase activity of root nodule
was most favoured at soil pH 6.0, However, considerable
difference was recorded in nitrogenase activity between Frankia
inoculated and Frankia + 6. mosseae inoculated seedlings at

most pH levels (Fig. 386 ).

Frankia population :

Frankia population of rhizosphere soil generally
increased in rhizosphere of Frankia and Frankia + G.mosseae
inoculated plants and was maximum pH & and decreased with
increasing soil acidity. Besides spil Frankia abundance varied

markedly in singly (Frankia) and dually (Frankig + G.mosseae)
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inoculated plants at all =spil pH levels except at pH 4.0 (Fig.

39)-

Roth nodule characteristics and Frankia population
were significantly (ANOVA & < 0,01) affected by s=soil pH,

harvest and symbionts (Table 17).

Mycorrhizal infection and dynamics of arbuscules and vesicles:

The intensity of VA mycorrhizal infection varied
greatly between Frankia + 6. mosseae and only 6. mosseae
inoculated plants at all pH levels. However, infection level
of dually inpculated seedlings was significantly higher than

those of mycorrhizal inoculated ones at pH range S-6 (Fig. 40 ).

The arbuscules were more abundant than the
vesicles at higher soil pH. However, with the increase in time
their ratio declined. More arbuscules were produced at pH
range from S.0 - 6.0 than at any other pH level. Generally,
dually inoculated plants produced more arbuscules than singly

inoculated ones at more pH and harvests (Fig. 41 ).

In vivo production of vesicles by 6. mosseae was
highest at pH range of S-46 for both singly and dually

inoculated plants but latter maintained their lead throughout
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the experimental period (Fig.Lk2 ).

Endogonaceous spore population @

The abundance of endogonaceous spores increased
with time and increase in scil pH. The highest number of
endogone spores wds encountered at soil pH 6.0 which decreased
with increase or decrease in soil pH. A marked variation in
the production of endogonaceous spores was evident between 6.
mosseae and Frankia + 6. mosseae inoculated seedlings

especially at higher pH levels (Fig. L3).

Soil phosphatase activity :

Total phosphatase activity in  the rhizosphere

s0il decreased with the increase in soil  pH. However, the

activity was detected only from the rhizosphere soils of
Frankia + 6. mosseae and 6. mosseae inoculated plants.
Generally higher phosphatase activity was recorded from

rhizosphere soill of dually inoculated plants as compared to G.

mosseae inoculated ones at pH range 57 (Fig. 44).

Generally VA mycorrhizal infection, arbuscule and

vesicle populations and spore counts were significantly (ANOVA
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P < 0,01) controlled by soil pH levels, harvest periods and
symbionts (Table 18 ). 8Similarly, rhizosphere.  phosphatase
activity was affected by scoil pH, harvests and symbionts (Table

18) .

N, P, K and Mn contents of seedlings :

Generally; M, P, K and Mn content in the shoot
were more in plants growing in slightly acidic soil pH than at
low pH levels. However, differences in the nutrients content
of singly, dually and noninoculated plants at most pH levels

and harvests was recorded (Fig. u,5a, 46 @, 47.2 & 48 a).

In root too, nutrient. content varied among the
plants of various groups. However, nodulated + mycorrhizal
plants contained increasingly more element than
singly or noninoculated counterparts (Fig. 45b, 46b, 47 .h &

48 b).

The nutrient (N,P & K) contents of both shoot and
ronot tissues were significantly (ANOVA P < 0.01) affected by
soil pH, harvests and endophytes (Table 19). Mn was affected

by above factors only in shoots (Table 19).
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Significant positive correlation was established
between mycorrhizal infection and nitrogenase activity, number
of nodules, nodule dry weight and Frankia population at all
s0il pH levels except at pH 4.0 where insignificant
relationships. between mycorrhizal infection and nitrogenase
activity was observed (Table 20). Similarly, correlation
between mycorrhizal infection and Frankia population Wwas

negatively established at pH 4 (Table 20).

Correlation between nodule nitrogenase activity
and mycotrirhizal characteristics showed that former was
positively but insignificantly related to mycorrhizal infection
except at pH 5§ whereas relationship between former and endogone
spore  number was positi;ely established only at pH 5 and 6

(Table 21). Correlation between nitrogenase activity and

arbuscule and vesicle populations was insignificant (Table 21).

Discussion ]

The variation in the growth performance of A.
nepalensis seedlings in various soil pH may be attributed
mainly to the availability of nutrients for their growth and

development.

VA mycorrhizal fungi exert profound influence on
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Table 13. Effect of Frankia, 8losus sossese and Frankia ¢ G. mosseae on shoot dry weight (g seedling-1) of A,

nepalensis seedlings grown at various soil pH,

Harvesting period (days)

Soil 30 80 Y0 120

4 2.4 28 37 MY 2.7 L2 A2 Wb 2.9 3.7 3.4 .3 30 A0 63 10,0

9 31 42 30 T4 %M 1.2 83 136 69 114 134 213 8.8 16,2 184 0.1

6 36 36 63 9.2 6.1 9.2 110 113 8.8 139 181 28,3 1.0 279 0.1 M9

7 34 32 %7 Af 61 0.4 10.3 13,6 7.9 154 169 278 9.2 .1 2.4 MA

f=Control 2=Frankia 3 =85, sosseae & 4 = Frankia + 6. ausseae



Table 14, Effect of Frankia, 8. sosseae and Frankia + 8. sosseae on dry weight of root (ay seedling-l} of 4.

nepalensis seedlings gromn at various pH levels,

Harvesting pericd {days)

Soil 30 & 9 120

pH

§ 08 09 11 12 069 Lt LI L7 L1 14 LT 2.6 L1 L. 2.0 3.t
309 Lt 62 LY 46 2.2 2.2 LI 34 L3 A% LA 4.4 4.2
6 1.0 14 15 24 18 2.3 2.4 3B 23 4D 39 61 KT8 6.2 9.8

7 4.0 1.3 14 20 19 2.2 23 LY 24 A% LT 60 2.8 7.3 60 9.3

i = Control 2=Frankia 3 =6, sosseae & 4 = Frankia + 6, mosseae



Table {53, Effect of Frankie, Glomus sosseae and Frankia ¢ 6, spsseae on plant dry weight(mjseedling-1) of 4,

nepalensis qrown at various soil pH levels,

Harvesting period {(days)

Soil 30 80 %0 120

pH

432 37 4% 52 37 A3 56 73 A0 520 68 111 A2 5. 8.3 18,5
5 41 54 63 B4 7.0 95 10,6 167 9.0 146 167 25,8 12,0 2.3 225 36.3
6 47 7.1 7.8 L4 7.9 107 134 2.0 1LY 20,5 221 346 14,2 354 353 95,7

7 44 68 7.0 104 8.0 0.6 12,7 19,0 10.4 19.5 20,7 3.8 120 325 324 90.9

1 = Control 2 = Frankia =6 mosseze k& 4 = Frankia ¢ 6., mosseae



Table 15b. Effect of Frankia, 6. mosseae and Frankia ¢ b, mosseap on R/S ratio of A, nepalensis seedlings grown at

various soil pH levels,

Harvesting period (days)
Soil 30 60 90 120

pH

4 0,33 032 031 o0.32 035 0.3 o032 03 0}y 03 0633 63 038 03 03 0.2
5 03t 027 0,25 0,22 030 0.3 0,25 0.2 0,30 0,30 025 021 0.3 031 024 0.2
6 0,297 0.258 0.244 0,23 0,29 0.27 0.22 0,22 0,28 0,28 0,20 0,21 0.28 0.26 0.21 0.2

7 0,308 0,283 0,245 0.24 0,31 0,27 022 0,22 030 0,29 0,22 020 030 029 023 0.2

1 = Control 2 =Frankia 3 =6, nosseap & 4 = Frankia + b. mosseap



Table 16, F values of three way ANOVA for shoot height, root length, plant height, shoot weight, root weight,

plant dry weight, R/8 ratio, stea collar diaseter, leaf number and leaf area as affected by soil pH, syabionts

and harvests,

Sources of Shoot Root Plant Shoot  Root Total R/8  Stes rollar Leaf Leaf
variation height  length height  weight weight plant wt, ratip  diameter number area

' L | ' ' 't

o 7't st Puanest st b ezt Yaooastt zesast ! st b ogset ! asim

Harvests  158.70° ¥ 1130.77° V.00t 700" Puonatet Puseusstt o st szeet ! st

syavionts 160,00 ¥ 1380.16" P 009,75 nont b remt Pronsstt et t medtt sest ! et
o onatt et st oLe st ettt o2t e 2ttt sttt
mas st et sttt et o't ot ettt Lm0t
wes ottt sttt 't e et ettt oamtt e 't mast!

t 4 SBignificant at P < 0,01 Jevel.

¥ithout asterisk statistically insignificant at above level.



Takle 17. F values of three way ANOVA for nodule number., nodule
weight, nitrogenase activity and rhizospheric Frankia
abundance as affected by soil pH, symbionts and harvests.

Sources of Nodule Nodule Nitrogenase Frankia

variation numbet weight activity population

oH 251.45% z.13% ¥ 10z.62* ¥ 2023.19% ¥

Harvests 63.42* 56.16* X 2.58* X 9.97* X

Symbionts  365.49% 66.10% ¥ 136.99*% ¥ 395.54% ¥

pH » H 5ﬂ36* 5.53* 9.83* X 49.54* X

pH % 8 39.05* 6.40* 17.28* X 76.49* X

H xS 8.59* 9.39* X 9.13* x 0.81

X, ¥ X Significant at P<{0.053 and 0.01 level respectively.

Without asterisk statistically insignificant at

above levels.



Table 18. F values of three way ANOVA for VAM infection,
arbuscule and vesicle populationsin vive and rhizospheric
spore number and phosphatase activity as affected by soil

pH, symbionts and harvests.

Sources of VAM Arbuscule Vesicle Endogonaceocus Total
variation inf=ction number numhet spore phosphatase
population activity

pH 226.54% ¥ 251.43% ¥ szias* * og09.13* ¥ sslext X
Harvests 104.58% * 5.99% 17.56° ¥ 1az.86* ¥ z0.80* ¥
symbionts 94.02% ¥ 19,51 ¥ 29.57% ¥ eg.99% ¥ z6.95% *
BH x H 5. a4% ¥ 6.51* ¥ 2 01 s5.54% ¥ 2.34
PH % S 1.51 1.04 3.55 4.95¥ 1.3
H xS 0.36 0.34 0.02 1.15 0.50

X, ¥ ¥ Significant at P<0.0% and 0.01 respectively.

Without asterisk statistically insignificant at above levels.



Table 19. F values of three way ANDVA for nutrient contents of A, nepalensis in shoot and root tissues as affected

by soil pH, root symbionts and harvests,

Sources of Shoot N Root N Shoot P Root P Shoot K Root K Shoot Mn Root Mn
variation

o 0t omatt ettt et sestt mentt santt ezttt
harvests 7.9 't sttt et omett' sestt ettt L
gpabionts .58 * et ' 2ttt pesaet ' st owsestt o't o

oH x H 1,39 wtt o m ittt e sttt o

oH x 8 1,98 gt et wmet't oantt ettt net' ow
Hys 0.97 so't bt sttt sttt st o 0w

¢t Significant at P ¢ 0,01 level,

Without asterisk statistically insignificant at above level,



Table 20. Correlaticon coefficients () between  mycorrhizal
infection and nodule number, nitrogenase  activity, nodule

dry  weight and Frankis population at different levels of

=il pH.
Scnrces of  Soil pH Module Nitrogenase Nodule diry Frankia
variation rvumteer activity weight poptlation
4 0.985* -~ (.181 0.998* x - 0.996* X
Mycorrhizal il ’ 0.992* X 0.954* W.Qkﬁ* 0. 732
infecticn (4) " .
& 0.986 0,918 0.847 0,554
7 : Ch987* 0,850 0,866 0. 550

¥, ¥ X Significant at F70.05 and .01 levels respectively.

Without asterisk statistically insignificent at above levels.



Table 21.
activity

rhizospheric

Correlation

and mycorrhizal infection,

coefficients (r}

between

arbuscule,

vesicle

nitrogenase

and

spore numbers at various levelsof soil pH.

Sources of  Soil pH Mycorrhizal Arbuscule Vesicle Spore
variation infection number number number
4 ¢.128 - 0.375 0.110 0.293
Nitrogenase S 0.?54* - 0,937 0.393 0.981*
activity %
6 0.918 0.833 0.897 0.970
7 0.847 Q.506 0.908 0.943

¥ Significant at P

0.05 level.

Without asterisk statistically insignificant at

above level.



growth  of seedlings, which was attributed to better uptake of

natrients by  them in soils of low fertility (Gerdemann,
1975y . Increased growth of mycorrhizal plants has often  been
attributed to improved uptake of phosphorus. Harley (1969)
demonstrated that mycorrhizal roots take up several time more P

than non  -mycorrhizal ones. Improved growth of nodulated +
mycorrhizal plants at slightly acidic pH may be associated with
higher availability of nputrients which are explored and
translocated to bost root by extra-radical mycorrhizal  hyphae.
The efficiency of mycorrhizal plants may also depend on pH  of
the medium.  Kruckelmann (19785), Seikh et a&l. (1975%) and Hayman
and  Tavares (198%) also revealed that s0il pH considerably
influenced VAM fungal activity. This may be due to effect of
aril  pH conditions  on the extent of formation of external
hyphae by VAM  fungi  (Zhao, 19688). Decreased growth of
mycorrhizal plant at  low pH may be related to decrease in
efficiency of VA mycorrhizal endophyte (Mosse, 19723 0Graw,
197%: Skipper and Gwwg,, 1979) . Adaptation of mycorrhizal fungi
toy & particular seoil conditions (Lambert et al., 1980) may
also be responsible for decreased activity of 6. mosseae at  pH
4-% range as latter was isolated from A. nepalensis forest soil
with average pH of 3.3-3.8. It has alseo been demonstrated that
Glomus spp. perform better mostly at slightly acidic to neuwtral
pH conditions (Green et &1., 1976). Further, depression in

root and overall growth of seedlings at highly acidic =zoil  may



he attributed to aluminium and manganese toxicity as noted  in
other plant species (Hugwira, 1980
Sheppard  and Floate, 1984). Danieleon and Vesszer (1989) and
Arrines  and Vilarinog (1990) revealed thalt the cmlmnixatibn af
host  root by YAM fungus under hostile acidic soil  condition
failed ﬁm improve establishment of host plant. Besides,
detrimental effect on the survival of microendophytes caused by
toricity of metals in acidic pH may have considerably affected
plant growth. Toxicity of metals on the survival of other
micro-organiems has . previously been demonstrated (Harding and
Whitton, 19773 Rai et al., 1981). A decrease in plant  growth
at pH 7 may be explained by lowered availlability orf

micronttrients essential for growth.

Higher nodulation, nodule biomass and nitrogen
fixation in nodulated + mycorrhizal seedlings at pH range &7
iz  in accordance with the findings of Wheeler et &l1. (1981).
This improvement in dually incculated plants may bave been
accomplished by P mediated effects of VAM fungi (Gardner et
al., 1984; Russo, 19893 Jha et al., 1993) as observed in
legumes  (Asai, 19443 Cariing et al., 1978). Besides, these
improvements in leguminous system have been demonstrated to  bhe
mediated by gualitative and guantitative changes in  the free

aminog acide (Young et al., 1972; krishna and Bagyarai, 1983) or



hormones  (Murme and Mosse, 19803 Manjunath and Ragyarai. 1984).
A similar situation may be conceived in non-leguminouws (Alnus)
- Frankia-6. masseae symhioses. However, Fraga-Baddier and
Tacon (1990) revealed that stimdation of Frankia by VYOM fungus
may he mediated by other unknown mechanism. AN ameliorated
nitritional status duse to  dimproved uptake of N {8Smith,
19823Ames et al., 19833 Smith et al., 198%; Johnsen et a&l.,
1992), K (Smith, 1982: Nieléen and Jensen, 128%),  Ca (Ross,
1984y Tang et &l., 1989) and Mn (Kothari et al., 1989) by VA
mycarrhizal endophyte may have additive effect on  above. A
decrease in nodulation and nitrogenase activity at low pH  may
have resulted due to toxicity of aluminium  on nodulation
(Fauwlino et al., 1987; Mays de Manzi and Curtwright, 1984)which
directly interferes with uptake and translocation of F and
other vital nutrients essential for nodulation (Hutchinson et

al., 19713 Mugwira, 1980).

A marked stimutlation of soil Frankia by VAM  fungi
may be brought about by selective proliferation of Frankia by
oot exudates of mycorrhizal plants. flualitative ancd
guantitative changes in  the root exudates of mycorrhizal
legumes have been previously shown to selectively attract and
proliferate rhizobia thereby increasing nodulation (Gitte et

al., 1979),



Mycorvhizal infection was markedly influenced by
Frankia in dually inoculated plants. Our  observation i
supported by the findings of Berlinger and Torrey (1989), The
stimulation of mycorrhizal infection may have brought about by
changes in hormonal quality and levels (Wheeler et al., 1979;
Berry et al., 1989). The possihility of Frankia affecting
directly on fungal metabolism by secretion of fungal specific
palysaccharide  or  other mechanism cannot be excluded A
ohserved in legume-rhizobium-YAM fungus association (Azcon et
al., 19803 Paccini et a1., 1988). However, the root infection
at  low lmvél nf s0il)l pH was not improved even in Frankia + G.
masseae combination which may be related to hampered suwwvival
and affectivity of Frankia (Rodrigues-Burruaeco, 19683 Smolander
et al., 1788) and VA endophyte (Green et &l., 197643 Graw, 1979

Zhao, 1998).

Increase in arbuscules and vesicle population  in
the presence of Frankia may he a synergistic effect related to
exchange of more nutrients and its storage which is  directly
related to symbiotic nitrogen fixation and improved plant

growth.,

An ameliorative effect of Frankia on endogonaceous
spore  in  dually incculated plants may be  ilmportant which

firally lead to more root infection and  improved uptake of

e



nutrients from the soil. This synergistic influence of nodule
endophyte on 6. mosseae may be mediated by qualitative and

quantitative changes in hormones (Wheeler et al., 1979).

The confinement of phosphatase activity in
nodulated  +  mycorrhizal and  mycorrhbizal  seedlings  possibly
indicates the origin of enzyme system from VYO mycorrhizal (5.
maosseae) fungus (Glaninaz:zi-Fearson and Gianinazzi, 1978). The
increased activity of phosphatase enzyme in soils of low pH may
signify F stress. A decrease in its activity at pH range &7
may thus be attributed to availability of F in above pH  range.
A similar observation was made by Harvison  (19263)., An
increased activity of the enzyme in  Frankia + §G6. maosseae
infected plants may be synergistic effect of former on  latter
which may lead to increased acqguisition of P, & critical factor

invalved in nodulation and nitrogen fixation.

Improved N, F, K and Mo content  of dually
inoculated plants may be associated with greater uptake of

the

£ nutrients by mycorrbizal fungi. This is in agreement with
the findings of Rose and Youngberg (1981). Ameliorated N
status  in dually inoculated plants may be attributed to two-

fold influence of VAM fungus 1.6, the stimulation of nitrogen

18z



fixation of Frankia (Rose and Youngberg, 1981 Gardner et al.,
1984 Russo, 19893 Jha et a1., 1993) and absorption of N
directly from soil (Smith , 1982: Ames, 1983:; Smith et al.,
198%; Rarea et a1l., 1908; Azcmnwﬁguilar and Barea, 1992 3
Johnsen et al., 1992). These complimentary effects of
microendophytes on each other and overall plant growth under
nutrient depleted (acidic conditions) habitats may be promising
for the establishment and productivity of actinorhizal tree
species, which may be exploited for the reclamation of degraded

wastelands.
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Interaction between Frankia and Glomus mosseae on
Chapter P uptake, nitrogen fixation and growth performance
of Alnus nepalensis seedlings under various soil

organic matter levels.

Introduction :

A wide variety of actinorhizal trees and shrubs
harbour nitrogen—fixing endophyte -i.€. Frankia in their root
nodules (Bond, 1976). They fix atmospheric nitrogen at rates
comparable to legumes and consequently play an important role
in replenishing N in forest soils (Tarrant and Miller, 1963;
Berg and Doerksen, 1975:; Miller and Murray., 1978). Lonstant
fixation and accretion of nitrogen and deposition of otrganic
matter through annual litterfall (Tarrant and Miller, 196353
Bormann and Debell, 1981) may predispose soils harmful for the
growth, survival, infectivity and effectivity of VA mycorrhizal
{Davidson and.Visser, 1989} and Frankia endophytes. Besides,
inhibitory role of peat (Sheppard et al., 1989) substrate N
(Bond and Mackintosh, 197%; Ingestad, 1980; Huss-Danell et al.,
1982; Mackay et al., 1987) and nitrate (kKohls and Baker, 1989)

in nodulation and nitrogen fixation by Frankia is evident. in
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addition plant phenolic compounds released from organic matter
may affect growth and survival of Frankia (Perradin et al.,
1983: Vogel and Dawson, 1985%). VAM fungi which form symbiotic
association with legumes and nonlegumes and  induce etticient
uptake of soil P unavailable to nonmycorrhizal ones. This
leads to ameliorative nodulation and nitrogen fixation by these
hosts under P deficient conditions (Rose and Youngberg, 1981

Gardner et al., 19843 Russo, 19893 Jha et al., 19Yv4).

Changes in soil fertility due to amendments with
mineral fertilizers or organic matter may affect efficiency and
survival of mycorrhizal fungus. Organic matter/manures may
aften favour mycorrhizal development compared to mineral
fertilizers (Sharma et al., 19863 Jha, 1990),. Despite the
ecological significance of tripartite association involving
nanlequme-Frankia—-VAM fungi in improving seoil fertility, short
term enerqy plantations, reclamation of denuded &nd hostile
habitates and other economical importance, the information on
the influence of organic matter amendment on  the infectivity
and effectivity of microendophytes i€ Frankia and VAM  fungi,
their interactions during the growth of host are not available,
which could add to the present limited knowledge on  tripartite
association. This is practically important from the view point

of reclamation of mnutrient-deficient wastelands,.



The praesent investigation aims to evaluate the
interaction between Frankia and VAM microendophytes, in vitro
survival, - infectivity and effectivity on P uptake,
nitrogen fixation and seedling growth of A. nepalensis under

various soil organic matter levels.

Materials and methods

Collection and sterilization of soil

Sandy~loam laterite soil with CEC - 25.2 Meq/100

g, sand ~ &6 4, silt - 24 %, clay - 10 %, pH - 9.7%4, organic
matter - 3.40 %, total N ~ 0,343 %, available P - 0,022 %,
exchangeable K - 0,121 %, Ca ~0.0%4 7, Mg - 0.072 % and Mn

0.0013 % was collected from Botanical garden of North-Eastern
Hill University, Shillong (Meghalaya). It was mixed thoroughly
with builder's sand in a ratio of 2:1 (Soil: Sand), moistened
to field capacity and was steam sterilized at 18 lb/inch2 faor 1
h. The sterilization was repeated twice at a gap of 24 h  and

was allowed to stand for 13 days.

Amendment of soil with organic matter :

Litter was collected after 1 month of litterfall

(February, 1992) from Himalayan alder stand, wupper Shillong.



It was oven-dried at 60"C till constant weight was achieved and
was milled in a mechanical grinder. On the basis of rate of
annual litterfall in Alnus nepalensis stand and organic matter
contents  in  soil supporting various forests (Ugolini, 1979
Thompson and Troeh, 1985), four levels of saoil organic matter
L€ 0 N (unamended soil), 1 N (1 lac kg organic matter/ ha
50il), 2 N (2 lacs kg organic matter / ha) and 4 N (4 lacs kg
organic matter / ha) were maintained by adding and mixing
thoroughly the milled litter to the sterilized soil and filled
in sterile 1 L . - conical flasks and capped with

sterile cotton plugs.

Organic bound phenolic compound i the litter was
determined following the method of Chattopadhyay and Samaddar
(19846). One g of ground fine litter in a centrifuged tube
was treated with 8 ml of sodium lauwryl sulphate (3% w/v) and
centrifuged at 2000 g for 5 min. After discarding supernatent,
the residue was washed successively, once with 5 ml sodium
lauryl sulphate, twice with & ml of water, twice with 9 ml of
ethancl and twlce with 10 ml of diethyl ether. After each
washing they were centrifuged and supernatent discarded. The
residue was allowed to dry and was resuspended in 3 ml of 0.5 M
NaOH in centrifuge tube. After standing overnight it Was

centrifuged and supernatent was saved. Then 1 ml of the
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pybract  wam  diluted to 8 ml omisxed with L om)l O.% M NaDH  and

Folin—-Ciocalteu reagent and absorbance read at 290 nmm  in  a

spectrophotometer. The 0.D. was converted into known units
using standard curve of phenol and was expressa& in ug/g
litter. The organic-bound phenol estimated was 84 ug/qg  dry
litter.

Collection of seeds and raising of seedlings :

Seeds of A. nepalensis were collected in the month
of March, 1992 from Himalayan alder stand located at Upper
Shillong. They were bhusked from female catkins and were
transferred to conical flask containing 5% (w/v) CalCls  and
allowed to stand for 20 min at room temperature. Further
process of seedling germination and growth was carrvied out as

described in Chapter IV.

Preparation of Frankia inoculum :

Inoculum of Frankia isolate AnFj; (abbreviated as

Frankia) was prepared and diluted to known concentration

as described earlier in chapter IV.

Preparation of VA Mycorrhizal inoculum :

VA mycorrhizal fungus Glomus mosseae was selected,



cultured and maintained as described in chapter IV. Eighty
five endomycorrhizal spores suspended in %0 ml sterile water
and 200 mg infected root (infection level »>60%) were prepared

as mentioned in chapter V.

Inoculation of root microsymbionts and plant growth conditions:

One month old healthy seedlings of A. nepalensis
growing on water agar were harvested and washed several times
in sterile distilled water. Five seedlings were transplanted
in each conical flask containing different level of organic
matter. Transplanted sesdlings in each conical flask were
inoculated either with Frankia, . mosseae or hoth (Frankia +
6. mosseae). The controls were maintained by addition of
steamed sterilized inoculum of Frankis and 6. mosseae. The
seedlings were watered to about 20 %4 w/v =il moisture content
and plugged with sterile cotton. They were transferred to
growth chamber and maintained under similar conditions as
mentioned in chapter 1IV. They were watered whenever

necessary in order to maintain 20 % w/v moisture content.

Harvests :

Harvesting of seedlings was conducted after 30,

60, 90 and 120 days of inoculation as mentioned in Chapter IV.

g



Evaluation of seedling growths

At each harvest, growth characteristics like root
length, shoot height, total plant height, root, shoot and plant
dry weight, R/8 ratio, stem collar diameter, leaf number and

leaf area were determined similarly as described in chapter IV.

Nodulation, nodule biomass and nitrogen fixation

At each harvest, the root esystem of the seedlings

was thoroughly washed, excised and transferred to 10 m}
serum bottle. After stoppering with suba seal, 1 ml

af air was withdrawn and replaéed with 1 ml CoHs with the help
af a ayringe. Further process of estimation of nitrogenase
activity was done similarly as described in  Chapter I.
However, the activity was eupressed as nmole Catg hml seedling
Ml. Thereafter number of nodules formed per seedling was
counted with the help of stereomicroscope. The dry weight of
the nodules was determined after drying them in & hot air oven

-

at 60°C till constant weight and was expressed in mg seedling
1

Assessment of rhizosphere Frankia population :

Fopulation of Frankia in the rhizosphere . soil was

estimated following the method of Raker and O Keefe (1984) as
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described in Chapter 1.

Assessment of VAM infection, arbuscules and vesicles :

On each sampling, the roots of seedlings were
washed and cut into 1 cm segments. One hundred segments were
randomly selected,. cleared and stained employing the method
of kKoske and Gemma (1988). The assessment of VAM infection was
carried out following the method of Read et al. (1976). The
detail of the above techniques is mentioned in Chapter 1.
Number of arbuscules and vesicles were determined using stained

-1
root segments and expressed as om root length.

Determination of endogonaceous spore population

Air dried rhizosphere soil was used to determine
endogonaceous  spore  number after its  isolation using wet
sieving and decanting technigue (Gerdemann and Nicolson, 1963)

and expressed as gwl dry soil.

Determination of total soil phosphatase activity :

Fhosphatase activity of the rhizosphere soil was

assayed following the method of Tabatabai and Bremner (1969)
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as described in Chapter 1.

Analysis of nutrient contents in seedlings :

Oven dried root and shoot samples were ground
seperately, sieved (0.2 mm) and used for elemental (N, P, kK and
M) analysis. The N content of the plant tissues was estimated
following semi-microkjeldahl method (Allen, 1974) as elaborated
in Chapter 1. Phosphorus content in plant tissues was estimated
following the molybdenum blue method (Allen, 1974)? potassium
and Manganese were determined employing atomic absorption
spectrophotometric method (Allen, 1974) as outlined in  chapter

Iv.

Statistical Analysis :

The effect of organic matter, root symbionts and
harvests on  various characteristics af microendophytes,
nutrients content. nitrogen fixation and growth performance of
seedlings were evaluated using 3-way Analysis of Variance
(ANOVAY . Interactions between endophytes were evaluated using

coefficient of correlation (Zar, 1974).
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REBULTS

Plant growth performance :

Seedlings of A. nepalensis inoculated with Frankia
+ &. mosseae responded best up to 1 N level of organic matter
amendments, whereas, those seedlings either inoculated with
single inoculum or without any, performed better at higher
organic  matter levels (1 N~2 N). The growth of seedlings with
or without symbiosis was however, adversely affected at 4 N
organic matter dose. A marked difference was observed in
overall growth pattern between dually, singly and noninoculated

seedlings especially at low organic matter level.

Root length , shoot and seedling height and stem
coller diameter increased with organic matter amendment uétm 1
N level for all groups of plants. However, this increase was
more pronounced  in dually (Frankia + 6. maosseae) inaculated
seedlings. With further increase in organic matter content of
80il, seedling growth was depressed expoﬂéntially irrespective
of inoculations with single or both micrméymbiants. Difference
in above growth characteristics of seedlfngs with organism/s or
without it was clearcut at low orgaﬁ;d matter levef but

narrowed with increasing level of latter (Fig.49, 50, 51 & 52).
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Tt accumulation  of shoot, root,  and total
seedling biomass increased in time for all treatments ua%o 1 N
organic matter level beyond which it declined sharply. Higher
hiomass was achieved by Frankia + G. mosseae incculated
seedlings over singly or uninoculated counterparts (Table 22,
25 & 25). However, the difference narrowed markedly at higher
level of so0il organic matter. In terms of R/S ratio,
mycorrhizal plants exhibited lower values than Frankia

inoculated or uninoculated contral ones but  lacked behind

dually inoculated ones at most levels of organic matter (Fig.53),

In terms of leaf number and leaf area too, dually
inoculated plants generally maintained fair lead throughout the
growth period over 6. masseae, Frankia inoculated and
noninoculated ones at most levels of soil organic matter.
However, this difference was more evident at low organic matter
levels (Fig. &4 & 8%8). Seedlings inoculated with 6. mosseae
performed better than Frankia inoculated and uninoculated
controls especially at lower organic matter level. Both leaf

number and leaf area increased with time.

All abave plant growth characteristics were

significantly (QNGVA oo 0,08 & 0,01) influenced by soil

L

organic matter levels, harvests and symbionts (Table 208).
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Nodulation, nodule biomass and nitrogen tiwxation 1

Number of nodules per seedling increased
exponentially in time and with increasing soil organic matter
dose upto 1 N level beyond which they showed an  exponential
decrease and was totally absent at 4 N level both for Frankia
and Frankia + 6. mosseae colonized seedlings. Difference in
the number of nodules between Frankia inoculated and Frankia +
6. mosseae inoculated seedlings was clear cut at lower level of

soil organic matter (Fig. %5é).

As for nodule number, nodule biomass per seedling
alao  increased in time and udtm I M level and then markedly
decreased at 2 N level., It was totally depressed at 4 M level
of organic matter (Fig. 7). S8Seedlings inoculated with Frankia
+ 6. mosseae accumulated higher nodule biomass than  Frankias
inoculated counterpart especially at low organic matter doses

(Fig. 58).

Nitrogenase activity e f nodules, generally

followed the similar trend as for nodule biomass (Fig. 98).

Frankia population :
The population of rhizosphere soil Frankia was
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markedly affected by level of soil organic matter and harvests.
The number of Frankia increased with increase in soil  organic
content  but was severely affected at higher doses. Frofound
difference in its abundance was noted in rhizosphere of Frankia
and Frankia + §. mosseae inoculated 'ﬁeedlings (Fig. 59).
Control and VA mycorrhizal fungus inocuwlated plants did not

harbour Frankia in their rhizosphere.

Nodule number , nodule biomass, nitrogenase
activity and Frankia population were significantly (ANOVA F
0,05 & 0.01) influenced by levels of organic matter, harvests

and root symbionts (Table 26).

Mycorrhizal infection, arbuscules and vesicles :

Rpot  infection of Himalayan alder by 6. mosseae
increased in  time and up%o I N level of organic matter.
Uninoculated and Frankia inoculated seedlings did not show root
infection at any stage of growth. However, G. mosseae
inoculated seedlings exhibited less mycorrhizal dependency than
those of Frankia + 6. masseae inoculated ones between O N-1 N

dose of organic matter (Fig. 60).

Number of arbuscules was higher than vesicles in

the beginning but the ratio decreased as the time increased.
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This decline was however, more pronounced at lower level of
arganic matter. The number of arbuscules and vesicles was
generally more in  dually inoculated plants as compared to
mycorrhizal alone at a given level of organic matter and

harvest (Fig. 61 & 62).

Endogonaceaous spore population @

The numpber of rhizosphere endogonacenus  spores
increased with time &t a&ll soil organic matter levels.
However, spore production by 6. mosseae was more at  lower
levels than at higher doses of organic matter. Generally, marked
difference in the spore population in singly and dually
inoculated plants was observed at low organic matter levels

(Fig. 63).

Total phosphatase activity

Spil  phosphatase activity increased with the
increasing level of soil organic amendments at  the beginning
but declined substantially with increase in time. However, at
low organic matter level the activity increased with increase
in time. Generally at any given time and organic matter level,
total phosphatase activity of rhizosphere serd l differed

hetween 6. mosseae and Frankia + 6. mosseae inoculated plants



bt the difference narrowed with incresse  in soll  organdco
matter level (Fig. 64). Uninoculated and Frankia inoculated
plants did not exhibit phosphatase activity in its rhizospheric

aoil.,

All above mycorrhizal characteristics were
significantly (ANMOVA P < 0.03% & 0.01) influenced by organic
matter levels, harvests and symbionts (Table 27). Similarly,
total phosphatase activity of the scoil was influenced by

organic matter levels, harvests and symbionts (Tahle 27).

N, P, K, and Mn contents in plant tissues :

Shoots of nodulated + mycorrhizal (Frankia + G.

maosseae) seedlings contained more N, F, K and Mn than roots.
Moreover, concentration of these nutrients was higher in dually
inoculated seedlings compared to either Frapnkia nodulated,
mycorrhizal and uninoculated controls. However, a marked
variation in the nutrient contents in shoot of singly, dually
and non-inoculated seedlings was observed at most harvests
especially  at low organic matter level (Fig. &65a, bba, 67a &
&HBal) .

Generally., the concentration of nutrients in  root

also followed the similar trend as above (Fig. 6%b, &éb, 67bh &
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Fig.49. Effect of Frankia, G. mosseae and Frankia + G. mosseae on shoot height of

A. nepalensis grown on soil amended with various levels of organic matter.
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Fig.50. Effect of Frankia, G. mosseae and Frankia + G. mosseae on root length of A.

nepalensis seedlings at different levels of organic matter.
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Alnus nepalensis seedlings at various levels of soil organic matter.
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stem collar diameter of A.nepalensig seedlings grown at
various levels of organic matter..
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Fig.54. Effect of Frankia, G. mosseae and Frankia + G. mosseae on leaf number of A..

nepalensis seedlings at various levels of soill organic matter.
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Fig.57. Nodule dry weight of Frankia and Frankia + G. mosseae inoculated seedlings of

A. nepalensis at various soil organic matter levels.
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Fig.60. Effect of G. mosseae and Frankia + G. mosseae on the mycorrhizal association

(%) of A. nepalensis seedlings grown at different levels of soil organic matter
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of soll organic matter.



SHOOT NITROGEN (% dry weight)

2.7

2.1

1.5

0.3

r

0.6

0.5

0.4

0.3

O.ﬂ

\

o C

O—0O CONTROL r o——@ GLOMUS MOSSEAE

o—O FRANKIA A—a FRANKTA + G. MOS
0N B
.
é P
L ) 1 J L. L X 1 i
0.28
2N 4 N
0.26
/ 0.241
O.ZOJL__
1 ] 1 ) o L 1 ] 3
30 60 90 120 30 60 20 120

HARVESTING TIME (DAYS)

Fig.65aEffect of Frankia, G. mosseae and Frankia + G. mosseae on shoot nitrogen

content of A. nepalensis seedlings at different levels of so0il organic

matter.



ROOT NITROGEN (% dry weight)

2.2

1.6( O———O CONTROL T ®———® GLOMUS MOSSEAE
——/\ FRANKIA A—A&A FRANKIA + G. MOSSEAE
1.3F ON
1.6
1.1}
1.2}
0.8
0.8
0.5} e
0.4}
0.2‘- O—/O%’_’_O O'ZL
Py g
0'[ [ 1 1 J 0 L 1 1 ]
0.35. 0.19 -~
2 N 4 N
0.30L 0.18F
0.25F 0.17}
0.20L 0.16
0.13- 0.15}k
o{ L i i J 0 — 1 1 —J
30 60 . 90 120 30 60 90 120

HARVESTING ‘TIME (DAYS)
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Nutrient contentse of both shoot and root tissues
were markedly influenced by organic matter levels, harvests and

microsymbionts (Table 28).

A significant correlation was established between
mycorrhizal infection and nodule number, nodule dry weight,
nitrogenase activity and Frankia population at low soil organic
matter levels (01 N) except at 2 N and 4 N doses where
mycorrhizal infection was negatively correlated with Frankia

population (Table 29).

Fositive relationships was established between
nitrogenase activity and mycorrhizal infection and
endogoanaceous spore number at all organic matter levels (Table
Z0). However, rnitrogenase activity Was correlated
insignificantly with arbuscule and vesicle populations (Table

T

Discussions

The dimproved growth of mycorrhizal + npodulated

plants  in soils amended with organic matter may be attributed
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Table 22, Effect of grankia, 5. aosseae and Frankia + G, mosseze on dry weight of shoot (mg seedling-i) of A,

nepalensis seedling grown at various levels of organic satter.

Harvesting period (days)

Soil
organic 30 60 90 120
matter

0 23 L1 4 5.9 40 7.0 9.5 142 63 10,8 145 22,8 8.8 145 22,0 29.8
{ .8 47 6.2 10,37 6.4 12,3 143 28,0 14,5 19,6 240 41,0 17.27 28,7 360 60.1

2 .6 4.2 5.1 6.8 44 7.3 9.4 1.6 6.2 10,6 12,2 20,5 8.5 13.8 20,6 29.5

t = Control 2 = Frankia 3 = B, nosseae &k 4 = Frankis + 6. mosseae



Table 23. Effect of Frankia, 5. mosseae and Frankia + §, mosseae on root dry weight (ag seedling-i) of 4.

nepaiensis seedlings grown at various levels of organic matter.

Harvesting periods (days)

Soil
organic 30 60 . 90 120
matter

1 = Control 2 = Frankia I =&, apssear & 4 = Frankiz + G. mosseae



Table 24, Effect of Frankia, Gloaus sosseae and Frankia + 6. mosseae on plant dry weight (mg seadling -1) of A,

nepalensis grown at various levels of organic matter.

Harvesting period (days)

Boil 30 40 9 120
organic

matter
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4

0 34 40 33 73 N6 946 12,3 8.1 90 146 186 29,0 12,9 9.9 28.4 349
f 48 60 7.6 128 8.7 138 184 3.0 15,0 23.0 29.0 4901 22.2 3.7 436 703
2 33 %3 66 B8 A 97 12,8 167 8.6 144 R6.1 267 118 894 273 3BA

4 29 346 5.0 3T 34 42 69 74 I8 A6 77T 92 AS N6 9T 109

i1 = Control 2=Frankia =6, sosseae  and 4 = Frankia + 6. sosseae



Table 25 F values of three way ANOVA test for plant gronth characteristics (shoot length, root langth, plent
height, shoot weight, root weight, plant weight, R/S, stea diameter, leaf nuaber, leaf area) as affected by

organic matter level, treatsents and harvest,

Sources of Shoot Root Plant Shoot Root Plant R/8  Stea Leat Leaf
variation length length height weight  weight weight diaseter nuaber area

$ it it

framie 137.47° ¥ 250,58 ¥ 225,990 ¥ 102730 ® 20206t !
[ 1]

129.00° 95,06 ¥ samae® ' ouse.estt ronies

Harvests 92.84‘ 71.26‘ ' 107.66‘ 108.33, . 363.3% 141.75.

' ' | ) t

Syabionts 98.66‘ N 131.67. ' 140.66‘ ' 84.51‘ ' 147.39‘ ' 97.31

oM xH 12.67. 12.17 15.34‘

' 3.74‘ 236.75‘ ¢

' 53.92‘ ' 324.92‘ ' 166.86

165.42‘ ‘ 86.20. '

163.36

L 4 L)

14.60' ¢ 28.57‘ 16.83. ¢ 1.08 13,93 13.10. 8.43

: ' ' ] 't J '
xS 9.5!. ' 13.50' ‘ 14.15‘ ' 9.47' ' 8.20‘ ' 9.61. ' 1.16‘ ¢ 34.66‘ ¢ 8.6 ‘s 11.42. ‘
K8 8.11‘ t 2.09' 6.62‘ ¢ 7.35‘ ‘ 9.66‘ ¢ 8.06‘ ‘ 0.92 10.18‘ ‘ 3.!0‘ . 6.34‘ '

$, $ ¢ Significant at P€0.03 and 0.01 lavels respectively,

Without asterisk statistically insignificant at these levels.



Table 24.

nodule

affected by organic matter levels,

weight,

values of three way ANOVA test for

nitrogenase activity,

nodule number,
Frankia population as

symbionts and harvests.

Sources of Nodule Nodule Nitrogenase Frankia
variation number weight activity population
Organic

matter 45.13" 33.97" s78.08% *
Harvests 18,57 14.32% 12.60% ¥
Symbionts 3.20 18.30* 138.66* *
oM » H 15.61* 4.32* 17.03* *
oM » S 2.71 6.57* 8.85* *
H xS 1.81 2.60 1.51
. ¥ % Significant at P<0.05 and 0.01 levels respectively.

Without asterisk

statistically insignificant at

above levels.



Table 27. F. values of three way ANVA test for VAM infection,
arbuscules and vesicles and endogonaceous spore  popalation

and total soil phosphatase activity as influenced by soil

organic matter levels, symbionts and harvests.

Sources of vAM Arbuscule Vesicle Endogonaceous FPhosphatase
variation infection number numbetr spores number  activity
mottor a6t ¥ sen.e ¥ 1a1.30F B 101,280 * 20,48 *
Harvests a5.57* ¥ 1.54 6.85°  1m.95F ¥ a0.30% ¥
Symbionts 44.18* ¥ 81.81* * 9.34* ¥ 46.49* * 78.71* ¥

oM 3 H g.oo* ¥ 17098 ¥ Lz os 24.60% ¥

oM xS 2.80 9.70* X 0.91 7.39* X 9.36* ¥

Hx8 S 2,20 1.40 0.91 3.45 0.29

¥, X ¥ Significant at P < 0,003 and 0.01 levels respectively.

Without asterisk statistically insignificant at above levels.



Table 28, F values of three way ANOVA for nutrient contents of root and shoot (nitrogen, phosphorus, potassius and

manganese) as influenced by organic matter levels, symbionts and harvests,

Sources Shoot Root Shoot Root Shoot Root Shoot Root
of variation nitrogen nitrogen phosphorus phosphorus  potassium  potassium manganese  Ranganese

Organic 5350 U snaot b oses2't oweeet ' omeas' ' osmsst ' menst ' 2
matter

harvests  14.09' b usett asertt ettt o2ttt ae't o mett nsst
symbionts  36.88° ' 28,330 ' meaet ' ottt matt amatt wesedt 't onad
O x H 't sttt outt o oaett L 281" vttt L
O x § nesttoraett sttt 2edtt watt sttt w0ttt L
Hox g gttt o2ttt sttt 208 147 141 1,36 1.02*

N

t, vt Significant at P<0.03 and 0.01 levels respectively.

Without asterisk statistically insignificant at above levels,



Table 29 : Correlation Coefficients {r) between mycorrhizal infection and nodule
number, nitrogenase activity, nodule biomass and Frarkia population at
varipus levels of organic matter.

Sources of Organic Nodule Ni trogenase Npodule dry Frankia
Variation matter number activity weight Fopulation
level
o N 0.999"%  o.9s8” 0.930 0.910
1N 0.975"% 0.995 %% 0.976% 0.730
Mycorrhizal o . -
infection{X%) 2 M Q. 204 Q.922 Q.94 —3.,941%
4 N - - - -0.780

*¥,%% Significant at P<{0.05 and 0.01 levels respectively.
Without asterisk statistically insignificant at above levels.



Table 20. Correlation coefficients (r) between nitrogenase activity

mycorrhizal infection, arbuscule, vesicle and spore  popalations

different levels of soil organic matter.

and

at

Sovrces of Soil organic Mycorrhizal Arbuscule Vesicle  Spore

variation matter levels infection rumber © number mumber
1N 0.958* ~ Q.05 0. 460 0.997* X

Mitrogenase )

activity Y O.?94* ¥ O.??E* * 0.894 O.??O* *
2N : 0.992* X 0,086 0,347 0.965*

¥, ¥ X Significant at P<0.05 and 0,01 levels respectively.

Without asterisk statistically insignificant at these levels.



to the role of mycorrbizal fungi in nutrient cyecling and  their
uptake thereby reducing the loss of nutrients by leaching
(ngel and Hunt, 1979:; Fogel, 1980). Foor performance of
nonmycorrhizal seedlings may be assigned to  the absence of
fungal symbiont which might have resulted in inability of these

plants to mobilize and transfer nutrients from the soil.

In the present investigation, improved growth of
seedlings in dually inoculated sets was achieved due to
improved acquisition of N, F, K and Mn which are directly ov
indirectly associated with host growfh. Similarly, Hayman
(1978) Abbott and Robson (1982) also attributed vigorous growth
of mycoarrhizal plants to efficient uptake of nuatrients
especially P by smycorvhizal fungi. The role of wmycorrhizal
fungi in  conserving nutrients in their tissues and their
release to the host in times of deficiency has also  been
correlated to  the imhroved plant growth (Trappe and Fogel,
1977y, In the absence of mycorrhizal fungi, the immobilization
and  transfer of nutrients from decomposing soil organic
substantes to plant roots could consideralbly be reduced. In
fact, mycorrhiza has also been assigned to have role in
mineralization of N (Jayachandran et al., 1992) thus may short
circuit elemental cycle. These features may have added to

optimal growth of plants with dual  symbionts  under patural

.........



condlbtions,

The suppressed growth of seedlings at higher level

of s0il organic matter may be related to release of
metabolically active phenolic and acidic compounds from organic

matter as well as supra-optimal levels of nutrients which

additively may have rendered root symbionts as  well as
symbiosis ineffective. In fact, the very survival of root

endophytes in acidic conditions may have been severely affected
at  high organic matter level. The poor growth of other Alnus
species with or without simbionts under acidic peat bhas also

been demonstrated (Hooker, 1987).

Decreased nodulation, nodule biomass and
nitrogenase activity at higher level of mrganic matter may be
attributed to higher concentration of nitrogenouws compounds in
s0i1l  which may have rendered Frankia symbiosis ineffective .
FKohle and Raker (1782) also indicated that exogenous nitrate
supply reduced nodulation and nitrogen fisation. In fact at 4
M level the total absence of nodules indicates that Frankia
propagules might have been rendered dead in soil by phenolic
action (FPedersen et al., 1992) or highly acidic pH  (Smolander
et &l., 1988) which is eleviated by the presence of higher
concentration of combined N released from organic matter thus

preventing the formation of root nodules (Rond, 19363 Gardner

20l



and Bond, 19237). Further, deleterious effect of phenolics and
soil pH on survival, colonization and efficiency of VA
endophyte, which is associated with synergistic bebaviour on
former may have added to depressed nodule characteristics.
Decreasing trend in the nitrogen fixing activity of nodule with
higher organic matter may be due to inhibition of nitrogenase
by combined M (Stewart and Pond, 19613 PBond and Macintosh,
197%;  Ingestad, 1980). HResides, at low soil organic matter
level, the nodulation, nodule biomass and nitrogenase activity
were markedly stimulated by 6. mosseae. This stimulation may
have bheen accomplished by F mediated effects (Smith et al.,
1985) or altered =supply of hormones and proteins (Munns  and
Mosse, 19803 Manjunath and Ragyaraji, 1984; Young et al., 1972
Krishna and Bagyarai, 1983) as evidenced in leguminous systems.
Fraga-Reddiar and Tacon (1991) revealed a synergistic effect of
VA fungus  on Frankia which may be mediated by unknown
mechanism., The ameliorative effect of 6. mosseae on  Frankia
abhundance may be bhrought about by gqualitative and qguantitative
alteration in the root exudates of mycorrhizal plants (Gitte et

al., 1978).

Reduction in mycorrhizael colonization and number
of arbuscules, vesicles and spores at higher organic matter

amendments may be attributed to supraoptimal levels of



nutrients, release of teotde angd phenollc compounds (Federsen et

al., 1981). Sharp decline in scil pH resulting due to release

of organic acids might have prevented germination o f
mycorrhizal spores (Green et &a1l., 1974) thus affecting

infection and affectivity of mycorrhizal fungus. This leads to
hampered plant growth (Mosse, 19733 Arines and Vilarino, 1990).
However, at low level of organic matter, the stimulation of
mycorrhizal infection by Frankia in dually inoculated seedlings
was observed as noted by Berlinger and Torrey (1989). Frantia

associated with roots, may also be inveolved in altering

hormones  qgqualitatively and guantitatively (Wheeler et &l1.,
1979) thus favouring VAM colonization and activity. Fur-ther,

direct stimulation of VA endophyte by Frankia may be operative
by the production of polysaccharides or other active compounds
az noted in leguminous systems (Azcon et al., 1980: Faccini et
al., 1988). This synergistic behaviour may be important in the
uptake of npon-labile nutrients which consequently  improved

nodulation, nitrogen fixation and plant growth.

The stimulation in the production of arbuscules by
G. mosseae inoculated plants under nutrient deficient
conditions may meet the high demand of F of nitrogen fixing
organisms. This is an ecological advantage to nodulated +
mycorrhizal plantse over those with single symbiosis or  without

it especially under nutrient-—-depleted scil conditions where

..........



tabtter grouwps of plante swffer deficiency of sssentlal elements

consequently leading to poor performance by them.

Further, the production of endogonaceous spores by
G. mosseae in Alnus—-Frankia-G. mossese symbiosis was enhanced
at  lower level of organic matter which may be attributed to
etimailatory activity of Frankia. The altered metabolic
activity of VAM fungus as induced by former may be  functional.

This synergistic effect may be mediated by alteration of

hormones by  Frankia (Wheeler et al., 1979) or other unknown
mechanism. This increases the possibility of infecting more

plant roots thereby ensuing the supply of F,which is a critical

factor for nitrogen fixation (Asai, 1944) and plant growth.

The detection of phosphatase activity in

mycorrhizal and nodulated + mycorrhizal seedlings and its absence

ity nonmycorrhizal Frankia arid uninoculated contraol
counterparts signifies that the enzyme may possihly he fungal

specific (Gianinazzi-Fearson and Gianinazzi, 1978: Tisserant et
al., 1993). The ecological implication of this may be
important in the acqguisition and transfer of F  to nitrogen
fivers (Asimi et al., 1980). Improved phosphatase activity in
nodulated mycorrhizal plants as compared to mycorrhizal ones
may he attributed to synergistic effect of Frankia on G.

masseae activity by providing organic nitrogen to the latter

A



which in retuwrn renders more P ofor nitrogen fixation and  plant
growth. Fhosphatase activity of soil increased at  beginning
aftter amendment of organic matter and gracdually decreased  with
time. This observation is supported by the findings of  Appiah
et 1., (17964) and Viasyuk and Lisoval (1964) . Further a
reduction  in the activity at high organic matter level may be
related to detrimental effect of phenolics and acid substances
on  mycorrhizal fungus, 6. mosseae which is  responsible  for
ernzyme  activity, Increase in the level of F  with increased

application of organic matter may also have contributed to it.

Beneral ly nutrient contents i€ N, F, K and Mn in
the shoot and root tissuess of nodulated + mycorrhizal plants
were markedly higher than singly or non-inoculated plants  at
all levels of organic matter, which may‘b@ assinged to greater
exploration of  seil  volume and uptake of nutrients bry
mycorrhizal symbiont. Incr@asedaaquisitioﬁ of nutrients such as

Ny F  and Ca in tripartite symbioses

has previously been
demonstrated (Rose and Youngberg, 1981: Gardner et al., 1984;
Russo, 19893 Jha et al., 1993). This combined effect of
symbhiotic root endophytes in the acquisition of nutrients in
nutrient  (organic matter) depleted soil conditions may be
instrumental in the improved survival and better performance of
plants with dual symbioses (Harley, 1249; Daft and Hacshkaylo,

1976) .




Interaction between Frankia and Glomus mosseae on
Chapter P uptake, nodulation, nitrogen fixation and their
V1 influence on seedling growth of Alnus nepalensis

at different levels of rock phosphate amended

- mw mw me *w = we aw —-

soil.

Introduction :

Fhosphorus i  the most important nutrient for
arowth, nodulation (Mclaclan and Norman, 19613 Gibson, 1976)
and nitrogen fixation by legumnes (Demeterio et al., 1972).
However, in natural conditions P forms  the most  limiting
nutrient due to its short circuit and rapid fixation in  many
s0iles of tropical and subtropical regions. In such
circumstances nitrogen fixation and growth of nitrogen fixing
legumes may severely be affected (Mosse et al., 19763 Mosse

et a1., 1981).

However, colonization of legumes by VAM fungi can
increase P uptake in infertile and high P-fixing soils

(Mosse, 1973; Barrow, 19753 Fowell and Daniel, 1978) mainly



ghuey te capacity of mycorrblzal fungl to absorb Bofrom the
soil and transfer it to the host reoot (Starks, 19713 Mosse,
1973y Mosse et &1., 1976). It has  been  suggested  that
mycorrhiza in addition, aids in the acguisition of other
vital nutrients such as 5. Cu, Co, ZIn, and M (Gray and
Gerdemann, 19733 Rhodes and Berdemann, 1978: Zaag et al.,
1979 Kothari et al., 1991) which may directly or indirectly
lead to enhanced nodulation, mitrogen  fixation and  host
growth (Crush, 1974)., Hewitt (1988) reported that under
field conditions P or Cu concentration in plant tissue
influences the infectivity and the rate of mnitrogen fiwvation
by legumes. Further, intensity of mycorrhizal colonization
positively influences development of nodules in legumes and
favours effective symbiosis (Crush, 19743 Carling et al.,

1978) .

The increased application of soluble phosphate in
soils may inhibit mycorrhizal infection (Menge et al., 1978;
Ratnayake et 1., 1978) and its spread in host root which.may
lead +to detrimental effect on nodulation, nitrogen fixation
and plant growth (Asimi et al., 1980). It is evident that P
source for both mycorrhizal and non-mycorrhizal plants remains
the same (Sanders and Tinker, 1971:; Hayman and Mosse, 19713
Tinker, 19753 fFowell, 19748) however, mycorrhizal plants

abzorb more F than non-mycorrhizal one. Tmproved utilization




of rock phosphate by mycorvhizal fungi leading to  improved
nitragen fixation by Rhizobium is evident (Mosse et al.,
19763 Pairunan et al., 1280). In traopics and subtropics,
however, many P-deficient soils ocowr in developing and

uwnder—developing countries where cost and rapid fixation of

spluble P fertilizers preclude theiy use. Therefore, the
applicatian af cheaper and efficient rock phosphate

fertilizer may serve as alternpative to soluble fertilizers.
Mozt of the investigations on the role of P source/s  on
tripartite symbiosis bave been restricted to  legumninous
systems due  to agronomic importance whereas same  on non-
legume—-Frankia-VAM  association ise limited (FRusso, 19893 Jha
et al., 1992). Little is known on the uptake of P and growth
performance of actinorhizal host on insoluble P osouwrces (Jha
et al., 1990) which may be important from the view point of
reclamation  of  denuwded lands  of  MNorth-East  India where

traditional cultivation practice (jhum) and various human

C . J . -

activities have rmﬁmltad1htmpmgradatlmn of fragile ecosystem.
This man-—made catastrophe may consequently lead to
desertification of land if timely action on afforestation of

same is not initiated.

Alnus pepalensis, a fast ggrowing actinorhizal
species which forms symbiosis with VAM endopbytes colonizes

nutrient-deficient habitats in Eastern Himalaya and  North-




Eamt India, may be  dleportanst  from  the viewpolnt tf

revegetation programme.

Therefore, the present experiment has been
designed to investigate the interacfion between Frankia and
VaM fungus in alder—-Frankia-VAM fungus symbioses on P uptake,
nitrogen fixation and seedling growth of A. nepalensis under

various levels of rock phosphate.
Materials and methods
Collection and sterilization of soil:

andy loam laterite so0il from Rotanical garden of
the North Eastern Hill University, Shillong, with following
physicochemical properties i.e. CEC 2% meq/ 100 g. smand &b
o silt 24 %, clay 10 %, pH — 85.34, organic matter - .41 7%,
total N 0.34% Y, available P -~ 0,022 %, exchangeable K -
0.121 %, Ca - 0.094 %, Mg — 0.072 % and Mn — 0.0013 % was
collected, mixxed with builder's sand (2:1), moistened to
field capacity and sterilired as described in chapter IV. The

sterile soil was allowed to stand for 1% days.

e
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Soil amendment with Mussourie ropck phosphate:

Mussourie rock phosphate contained total P 8.1 %
0.% % NaHCO= soluble Py, and 2 % citric acid soluble F. MR
is present as carbonate-fluoropartite which constitutes about
&Y Y of  the total MRE, The rate of rock phosphate
application wvaries from Tew hundred to 1000 kg
{generally between 2% and 150 kg of phosphorus) per hactare
{ Thomson and  Troeh, 1985), Taking above facts into
consideration, § levels of FFP i€ 1., O N  (minus RF
amendment), 2. 1/72 N (20 kg F/ha soil) 5. 1 N (40 kg F/ha) 4.

2N (80 kg P/ha) and S, 4 N (160 kg P/ha) were maintained.

The soil amended with above levels of FP was mixed
thoroughly, filled (700 g approx.) in 1 L . capacity

conical Tlasks and stoppered with sterilized cotton plugs.

Collection of seeds and raising of seedlings:

Seeds of A. nepalensis were collected in the month
of  March, 1992 from Himalayan alder stand situated at  Upper
Shillong. They were husked, surface sterilized and
germinated in 1 % water agar medium as described in chapter

.

SERS



Preparation of Frankia inoculum:

Tern week old culture of Frankia ANy (abbreviated
as  Frapkia) growing in DFM liguid medium  was  harvested,

washed  and inoculum was prepared accordingly  as  glven in

Chapter IV.

Preparation of VA mycorrhizal inoculum:

Glomus mosseae was cultured and maintained  on
maize under greenhouse condition. The inoculum was  prepared

ats described in chapter IV.

Inoculation of microsymbionts and plant growth conditions:

Healthy 1 month old Himalayan alder seedlings
growing on 1 % water agar medivm were harvested, washed
several times in sterile distilled water and 9 seedlings were
transplanted in each conical flask containing s0il  amended
with various level of rock phosphate. For each level of RF,

four inoculation regimes were maintained i€

t

1. Uninoculated control (~-Frankia — 6. mosseae) “a. v Frankia
. + &, mosseae and 4. + Frankia + 6. mosseae. Control

plante received twice autoclaved inoculum of Frankia and G.




mosseae. The seedlinos were watered and grown  dn o siod lar

condition as stated in chapter IV.
Harvesting:

Harvests of seedlings were conducted on 30, 60,
70, and 120 days after inocuwlation of microendophyte/s in
eimilar marnner as in chapter IV.

Growth performance of the seedlings:

Various parameteres for the

of  seedling
growth were used., The details of these are given in  Chapter

v,

Nodulation, nodule biomass and nitrogen fixation:

Thoroughly washed root system of gseedlings was
excised and transferred to 10 ml ) o serum bottles. It
was stoppered with suba seal and sealed with parafilm.
Thern 1 ml of ailr was withdrawn from the bottle and replaced
with 1 ml of CoMs gas thus imparting 10% CoHs in the serum
hottle. The details of aéetylenm reduction  technigue used
for the determination of nitrogena=ze activity dre
described in Chapter I. The activity was expressed in nmoles

Cmk g hml ﬁeedingml. The nodules were detected wunder the




.
stereomicroscope and Was pupressed as seedling 7.
Thereafter, nodule dry weight was determined by drying them

. . = SR . .
in a hot air oven at 607C till constant weight was achieved.

Population of rbizospheric Frankia :

Frankia population of the rhizospheric soil was
determined following method of Raker and Q'keefe (1984) as
described in chapter 1.

Assessment of VAM infection, arbuscules and vesicles:

n  each sampling, the root system was washed and

cut dinto 1 oem long segments, cleared and  stained following

the method of kKoske and Gemma (1768). VAM  infection was
determined following the method of Read et al. (1976)
ovtlined in chapter 1. Number of arbuscules and vesicles

was recorded using stained root segments and expressed as om

root length.

Determination of endogonaceous spore population:

Air dried rhizosphere =20lle Were used for the

izolation and enumeration of endogonaceouws spores by  wet



sieving  and decanting technigue (Gerdemann and Nicolson,

1963%) as described in chapter 1.

Determination of rhizospheric phosphatase activity :

Total phosphatase activity of the rhizosphere

s0il  was assayed following the method of Tabatabai and

Hremner (1726%). (One g air dried and sieved (.2 mm) so0il
was  taken in a B0 ml , conical flask. Then 4 ml of

modified universal buffer (pH &.5), 0.25 ml of toluene, 1 ml

of 0115 M p-nitrophenyl phosphate solution were added to the

flask containing soil. It was cotton plugged and incubated
S = B

at 3 C for 1 h., The details of the method havebeen given

in chapter 1.

Analysis of nutrient contents in seedlings:

Oven dried root and shoot samples were ground
separately and sieved., Fine ground plant tigsue (40,2 mm)

was weed for the analysis of N, P, K and Mn.

For  the estimation of M, 0.2 o ground fine plant

material was digested in Kieldahl flask along with 2 g of

KaB0a -Hgh catalyst and 3 ml of Conc. Ha80g4. N content  in

tissues were determined following semi-microkjieldahl method

2



(Allen, 1974). The details of the technigue gre described in

chapter 1.

Flant F was estimated following the molybdenum

_ 029
hlue method (Allen, 1974). Fine plant material | was
digested in triacid mixture, diluted to 50 ml with distilled

water and proceeded as described in chapter IV,

For the determination of K, same aliguot used for

analysis of P, was employed whose absorbance was read at

76H6.9 nm in atomic absorption spectrophotometer using K lamp

(Allen, 1974).

Flant Mn content was determined using same aliquot
as  used for K and taking the absorbance of aliguot at 279.3
nm i atomic  absorption spectrophotometer  using M lamp
{Allen, 1974). The procedures are described in  detail in

chapter I.

Statistical analysis:

Data for plant growth, YAM and nodule
characteristics were subjected to 3 way ANOVA. Coefficient

of correlation was employed to assess  the relationship



botween oot microendophytens.

RESULTS

Plant growth:

Fositive growth response of A.nepalensis seedling

to  dncreasing Jlevels of RF was observed which wvaried among

different treatments. Mycorrhizal plant was  supesrior in
almost all levels of FRF while Frankia nodulated and

uninoculated plants grew well only at higher level of RP,
However, growth response of nodulated + mycorrhizal plants

exceeded others at most seil P levels.

Shoot  height, root length, total seedling height
and stem collar diameter increased with increasing level of
RF . Highest growth response by Frankia and noninoculated
control seedlings was observed at highest level of RP whereas
mycorrhizal plants performed better at 2 N RF level. Frankia
+ 6. mosseae infected plants grew better than either G.
mosseae o Frankia inoculated ones at all RF levels and

harvests (Fig. 69, 70, 71 & 72).

The rate of seedling growth aiso followed above

trend in  which nodulated + mycorrhizal plants accumulated



more biomass than singly or nonincculated ones at all  RP

amendments and harvests (Table 31, 32, 3% & 324).,

Mumber of leaves and leaf area increassed with time
and increasing RP léveln Mycoarrhizal plants  produced more
leaves and leaf area over the nonmycorrhizal Frankia  and
noaninoculated  ones.  Howevelr, Frankia + 6. mosseae infected
nlants  showed more vigorousity than  singly  inoculated or

uninoculated ones at any level of RF and harvests (Fig. 73 &

.;’ ‘1 ) L]

Seedling  growth featuwres like shoot height, root
length, seedling height, stem collar diameter, root, shoot,
and plant biomass, R/78 ratio, leaf number and leaf area were
significantly (ANOVA F < 0.01) influenced by RF, harvests and

endophytes (Table 2%5).
Nodulation, nodule biomass and nitrogen fixation:

Nodules were developed only by Frankia and Frankia
+ 6. mosseae inoculated plants. The root nodules appeared
after 30 days of inocuwlation in both singly  and  dually
inoculated plants. The nodule number increased exponentially
with increasing concentration of soil P. After 30 days of

-

growth, dually inoculated seedlings produced 2-3 times more




£

nodules as compared to Frankia inoculated ones (Fig. 73).

Module biomass also incressed in time  and  with
increase  in soil P level. In Frankia nodulated plants,
nodule  growth was poor and the rate of biomass  accumulation
lagged behind that of nodulated + mycorrhizal  seedlings at

most RF levels (Fig. 76).

The activity of nitrogenase enegyme of root nodules
was  markedly higher in Frankia + 6. mosseae than in  Frankia

v

inoculated one at all level of RP amendment (Fig. 77).

Rhizospheric Frankia population :

Linear growth of Frankia was ohserved at different
F'oolevels in the rhizosphere soil of singly (Frankia) and
dually (Frankia + 6. mosseae) inoculated plants. Marked
difference in its population was noticed between nodulated

and nodulated + mycorrhizal seedlings (Fig. 78).

Most of the nodule characteristics by Frankia and
its population weresignificantly (ANMOVA P < 0.01) affected by

R, harvests and root symbionts {(Table 3é6).




VAM infection and dynamics of arbuscules and vesicles :

Generally, VA mycorrhizal infection increased in
time at all RKF levels. Modulated + mycorerhdizal plants were
mey-e mycotrophic than mycorrhizal plants alone at

corresponding level of RF and harvest (Fig. 79).

Mumbeyr of arbuscules was more than vesicles at 30
days but the ratio decreased with the increase in time. The
decrease in ratio of arbuscules to vesicle was more
pronounced at lower level of RF than at higher level (Fig.
@go & 81). A variation in  the population of arbuscules
between 6. mosseae and Frankia + 6. maosseae infected plante
was  detected especially at higher level of RF  application

{(Fig. 80).

Endogonaceous spore number :

The abundance of endogonacecus spores inoreased in
. , . . - ! - , .
time and with increasing level of RF uqtm 2N level. Flants

less

inoculated  only with 6. mosseae produced speres than
that by Frankia + 6. masseae symbioszis at most RF levels

(Fig. 82),




Soil phosphatase activity :

Fhosphatase activity decreased with increasing

level of RP application. It was detected lowest at high RP
amended soil. The activity was detected only in the

rhizosphere . soil of mycorrhizal and nodulated + mycorrhical
plants. Interestingly., & marked variation in the enzyme

activity in above groups of plants was evident (Fig. 83),

VAM infection, arbuscule, vesicle and spore number
was  evidently (ANOVA P < 0,01) affected by RF levels,
harvests and  root  endophytes (Table 37). Further, R,
harvests and  treatment had profound influence (ANOVYA P <

0.,01) on phosphatase activity (Table 537).

M, P, K and Mn concentrations of seedlings :

Root and shoot tissue of nodulated + mycorrhizal

plants harbouwred maximum M, P, K and Mn as compared to singly

inoculated or nonincculated counterparts (Fig. 84, 885, 86 &
a7y . However, roots contained less nutrients than shoot.
Nutrient contents of root  and shoots W e

significantly (ANOVA F < 0,01) influenced by RF, harvests and
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micraendophytes (Tabhle 38).

Mycorrhizal infection exhibited a significant
positive correlation with number of nodules, nitrogenase
activity and nodule biomass (Table 39, Further, & erratic
relationship was established between Vﬁﬁ infection and

Frankia population (Table 3%9).

Correlation between nitrogenase activity and
mycorrhizal infection was positive at moderate level of RP.
Insignificant positive correlation was established between
nitrogenase activity and arbuscule and wvesicle populations

{(Table 407},

Discussion @

The results showed that VA mycorrhizal
association has profound influences on nitrogen fixation and
growth of alder seedlings which has widely beern  supported
from the investigations in mycorrhizal legumes especially
growing on soils with low F  availability (Hayman 1982;

Tinker, 1982; Smith et al1., 1982; Barea et al., 1989).

Better growth response of mycorrhizal plants at

2



Table 31. Effect of Frankia, 6. sosseae and Frankia + 6, mosseae on Shoot dry weight (mg seesling-1) of A,

nepalensis grown at variows levels of rock phosphates.

Harvesting period (days)

AP levels 30 60 90 120

0 25 31 41 59 4.0 74 9.3 M2 63 108 4.5 2.8 8.8 M5 2.0 NB.!
142 2.6 31 48 7.4 4.0 7.3 10.2 5.3 63 1.0 15.2 .4 9.0 133 227 .3
1 28 41 49 7.8 44 7.8 M4 168 T 1.2 7.0 7.3 10,2 168 25.1 J4.T
2 3y 826 106 59 9.5 139 B9 6.8 143 197 M8 1.3 193 N8 4.7

4§ 4.8 68 7.7 134 1.9 142 161 5.5 11,0 203 21.8 36T 151 2.4 0.y 4.9

1 = Control 2 = Frankia J = 8. sosseae and 4 = Frankia ¢ 6. sosseaw



Table 32. Effect of Frankia, 6. sosseae and Frankia + 6. mosseae on root dry weight (sg seedling-1) of A4,

nepalensis seedlings grown at different levels of rock phosphate,

Harvesting period (days)

RP levels Jo 40 90 120

i 2 3 4 1 2 3 4 1 2 I 4 1 2 3l 4
0 0.9 0.9 1.2 1.5 t.6 2.5 2.8 1.9 2.8 3.8 4.1 5.2 4.1 %4 53 7.8
1/2 0.9 1.1 L3 1.9 1.3 2.5 2.8 A2 2.6 3.9 40 b1 1.8 5.0 5.9 8.4
1 0.9 1.2 1.3 1.8 1.6 2.7 3.0 A3 2.8 4.3 4.4 7.0 40 6.1 63 9.1
2 1.2 1.5 1.4 2.4 2.1 2.9 3.2 3.2 I A8 AB 7.6 4.5 6.8 6.3 9.7
A 1.4 1.9 1.8 3.0 2.4 4,1 3.6 5.4 1.7 5.8 49 1.8 5.0 7.2 6.8 10.1

1 = Control 2 = Frankia 3 =6. nossear & 4 = Frankia + G. mosseae



Table 33 . Effect of Frankia, Glomus mosseae and Frankia + G. mpsseae on plant dry weight {(ag seedling -1) of A.

nepalensis grown at various levels of rock phosphates (RP).

Harvesling Period ( Days)

RP levels 30 60 90 120
i 2 3 4 1 ? 3 A i 2 3 4 1 2 k) ]

0 3.4 40 3.2 7.3 .6 9.6 12.3 18.1 9.1 446 18,6 290 12.9 19.9 2B.4 3b.9
172 3.5 4.8 o1 9.0 5.6 9.9 130 197 8.9 149 193 295 12,9 20.3 28.6 Al.9
1 3.8 5.4 &2 9.6 6.3 10,5 14.3 21.2 100 16.7 21,4 343 14,2 22.9 31.4 459
2 Sl 67 7.6 1300 8.0 12,4 17.1 294 11.9 19.1 243 42.%4 171 26,1 35.4 55.4
4 5.2 87 946 164 10,3 $8.3 198 31,0 147 26,1 167 M5 204 323 317 580
1 = Control 2 = Frankia 3 = 6. sosseae and 4 = Frankia + 6. mosseae



Table 34,  Effect of Frankis, 6. sosseae and Frankia + 6. sossear on root/shoot ratio of A, nepalensis »seadiings

grown at different levels af rock phasphate.

Harvesting period (days)

RP 30 é0 90 120
levels

o 03 03 02 02 03 03 02 02 04 03 02 02 04 03 02 0.2
1203 03 02 02 0.3 0.3 02 0.2 0.4 03 0.2 02 0.4 03 02 0.2
1 03 03 02 02 03 03 02 02 0.4 03 02 02 03 03 02 0.2
2 03 02 02 02 03 03 02 02 03 03 02 02 03 03 02 02

4 02 02 02 02 03 02 02 02 03 0.2 02 02 03 02 02 0.2

1 = Control 2=Frankia J =8, sosseae 4 = Frankia + 6, mosseae



Table 33. F values of three way ANOVA for plant growth characteristics (shoot height, root length, plant height,
shoot weight, root weight, plant weight, R/S ratio, stes collar diameter, leaf nusber and leaf area) as

iniluenced by rock phosphate levels, root sysbionts and harvests.

Sources of Shoot  Root Plant Shoot Root Plant R/8 Stes Leaf Leaf
variation height length height  weight weight weight  ratio dianeter nuaber arma

mock P 8047 Y nov 89320 Y 2seast b et ' zean® Vrenae' b oisneet ' st st
Marvests 263,08 ¥ n.oe® 392.32° P azzriont P 2msn.on® P 2zeaaa® ' 2m50' ¥ goon.art tannsstt eno.ost !
syabionts 341.82° ¥ 5,078 ¥ a9m.5a® ¥ us50.97" ¥ ronnee® ¥ azan.ont  vom.e0® * 12en.sst forenatsd toasest !
pock Pah 6.8 Y 09 aatt oamt osett et nes 2wt oo ew'!
nock Prs 4880 o astt ntt oawt' gttt st et ettt ast!
nes 20’ 03 sttt enett et aastt watt natt st

$ ¢ Significant at P40.01.

Uithout asterisk, statistically insignificant at above level.



Table 34,
dry

population as affected by rock

weight,

F values of three way ANOVA for Nodule number,

harvests,

Nitrogenase activity and

phosphate,

Nodule
rhizospheric Frankia

symbionts and

Sources of Nodule Nodule Nitrogenase Frankia
variation number weight activity population
ggggphate 79.62% 23,50 66.86% ¥ 70.75% *
Harvests  111.44a% 220, aa* 81.75* * 12.95*% ¥
Symbionts  659.97% 206. 60% 200.61% * 111.18% ¥
RP % H 2.21 0.77 2.60 0.85

RP » 8 10.97% z. 657 g.22% * 0.93

Hx 8 35,47 a3, 63* 12.50* ¥ 1.20

X X Significant at P<0.01 level.

Without asterisk statistically insignificant

at above level.



Table 7. F values of three way ANOVA for VAM infection,
arbuscule and vesicle populations, spore abundance and
rhizospheric phosphatase activity as influenced by rock

phosphate levels, symbionts and harvests.

Sources of VAN Arbuscule Vesicle Endoganeous Total
variation infection number number spore phosphatase
population activity

ﬁﬁZthata 6.03% Y 183.76" 19.13% ¥ g g2* ¥ 182.66% ¥
Harvests  74.97% % 23,558 * 5 54 296.76% ¥ 1.22
Symbionts 51.01% ¥ 98.38* ¥ 16.43* ¥ 876" ¥ 133.80% *
PP x M 1.09 20.54% ¥ a.a* * 2.09 a.66% ¥
RP » 8 1.79 a.63* 0.94 1.79 9.0% *
Hx B 0.80 1.59 0.75 2.77% 0.56

K, £ X Significant at P<0.03 and 0.01 level respectively.

Without asterisk statistically insignificant at above levels.



Table 38, F values of three way ANOVA for nutrient contents of root and shoot (nitrogen, phosphorus, potassiua and

sanganese) as influenced by rock phosphate, syabionts and harvests,

Sources af Shoot N Root N Shoot P Root P Shoot ¥ Root K Shoot Mn Root Wn
variation

Rock ms0' ' 't gt st watt et st 13.70" *
Phosphate

marvests 17838 ¥ o't zmett se2't mawtt eatt o st
synbionts 378.35° 200t b zoea t Y smeett 't maett patt sttt
AP x 1.5 2088 't L 147 W't o 0.5

AP x § ettt ottt ettt 2wt 't 't w st
Haxs wa't ettt owett oaett ettt ettt o !

$, t ¢ Significant at P<0.03 and 0.01 levels respectively.

Without asterisk statistically insignificant at above levels.



Table 39. Correlation coefficients (r) between mycorrhizal
infection and number of nodule, nitrogenase activity,
nodule dry weight and rhizospheric Frankia
population at various rock phosphate levels.

Sources of Rock phosphate Nunber of  Nitrogenase  Nodule Rhizospheric

variation amendments nodules activity dry weight Frankia

muwnber
ON o986 ¥ o.96t* ¥ 0.930" a.913*
172 N o.991* ¥ o.918* 0.953" 0.382

Mycorrhizal 1N 0.726 0.672 0.5684 0.613

infection (%)

2 N 0.960" o.993F ¥ o970 ¥ o.ome* ¥
X X % .
4 N 0.976 Q.993 0,832 0.478

X, % K

Significant at P<£0.08% and 0,01 respectively.

Without asterisk statistically insignificant at these levels.



Table 40, Correlation coefficients (r) for nitrogenase activity,

mycorrhizal infection, arbuscule, vesicle number of A.
nepalensis and rhizospheric spore populations at different

rock phosphate levels in soil.

Sources of Rock P Hycorrhizal Arbuscule Vesicle Spore
variation levels infection number number number
O N 0.989?’ - 0.899 0.461 0.982*
**
1/72 M 0.943 - 0.749 - Q.87%9 0.998 R
Nitrogenase 1 N 0.618 0.531 0.861 0.965f
activity 2 N 0.9983‘ ¥ 0.197 0.883 0.941
»
A N 0.955% 0.996* 0.928 0.962 ¥

XK, & ¥ significant P<0.05 and 0. Ol resprctively.

Without asterisk statistically insignificant at these levels,



te dmproved FoOouptake
hy mycorrhizal fungi (Mayman 19753 Fowell and Daniell, 1978)
mainly due to their capacity to absorb F o from deficient soils
and transfer it to host root (Rhodes and Gerdemann, 19783 Li
et al., 1991a & b, Mycorrbizal roots have been shown to take
up  several times more P thanrnn%wcmrrhizal ones  (Harley,
1969y . Higher biomass of mycorrhizal plants even at low seil
Fooindicates the efficiency of mycorrhizal fungi at F stress
conditions where non-mycorrhizal plants failed to grow  which
may he considered as an ecological advantage to these plants
in colonizing seils of low fertility., Mosse et a1, (1976)
attributed superior growth of mycorrhizal plants to  low
threcshold value of absorption compared t.o nmqﬁycmrwhizal
ones,.  Thus the symbilosis enables plants to acoguire optimal P
with  enhanced exploration of seil by external hyphae bevond
the depletion zone (Hayman and Meosse, 1971 and Rhodes and

Gerdemann, 1978).

The improved nodulation., nodule hiomass, nitrogen
firxation and consequently superior plant growth may be
attributed to synergistic effect of VA mycorrhizal fungi  on
Frankia as  observed in nodulated mycorrhizal legumes
(Fendente and Reeves, 19813 Saif, 1987 Medina et a&l., 19883
Flarea et al., 1989) which may be achieved by increased P

uptake from FP-deficient soils. Himilar view is  shared by




Carling et al. (1978), Asimi et al. (1980) and Rethlenfalvay
and Yoder (1981, Thus improvement of F ostatus  may also
influence other factors involved in the nitrogen fixation by
Frankia such as trace elements, essential bhorsones and supply
of photosynthates  (Munns  and Mosse, 17803 Manjunath  and
Ragyarai, 19284). A stimalation in the Frankia abundance by
VAl fungi in dually dnoculated plante may bhe explained by the
fact that root vudates of dually  incculated plants  may
highly favour proaliferation af Frankia. Thie is

substantiated by the findings of Gitte et al. (1978).

Higher level of rock phosphate was not  found  to
depress  the mycorrhizal status of A. nepalensis seedlings
which was attributed to sparingly soluble nature of it. The
findings of Rarea et al. (1980 supported the results,
However, increasing level of soluble F in growing mediuam  has
been  shown to adversely affect mycorrhizal infection (Menge

et al., 1978).

Significant improvement in mycorrhizal infection
hy 6. mosseae in dually inoculated (Frankia +~ §. mosseae) was
attributed to synergistic behaviouwr of Frankis on  infection
by 6. mosseae. Thie may be mediated by hormonal  action as

noted in legumes (Azcon ebal., 17978: Hares and Azcon-Aguilar,




198%)  polysaccharides (Azcon et al., 1980), or divectly
affecting  fungal metabolism (Faccini et &l., 1988). It may
also  inveolve alteration of proteins (Young et a1., 19723
Krishra and  Ragyaraj, 1983). Further higher population of
arbuscules and in  dually incculated seedlings  may bres
practically important in the higher exchange of nutrients
(Cox et &l., 1978) consequently leading to  bigher nitrogen
fivation and plant growth, Erihanced praduction o f

endogonaceous spores by VAMfungi in nodulated + mycorrhizal

plants  may have implications in the achisvement of higher
mycorrhizal infection of host root  thereby stimulating

nodulation and nitrogen fixation.

The presence of phosphatase activity only in
mycorrhizal and nadulated mycarrhizal plants indicate that

majority of the activity is fungal specific as noted by

Gianinazzi-Fearson and Fianinazzi  (1978) . Improvement in
mycorrhiza-specific phosphatase activity in nodulated +

mycorrhizal plants may be assigned to stimulated activity of
Frankia in order to provide more F and other nutrients to the

host  thereby increasing nitrogen fixation and predisposing

host to agrow luxuriously in  nutrient (F) deficient
asituations. The role of phosphatase in the conversion of
unavailable P into available form is well known. Higher

)
alal



activity  dn LAttle  BFP amendment/umnamended sodl miondfies

available P stress, which triggers enzyme synthesis.

Improvement in the nutrient contents i.e. N, F, K
and Mn of nodulated + mycorrhizal plants may be assigned to
greater exploration of spils by VAM hypbaes  leading to
increased uptake of these elements. Improved acquisition of
these nutrients by VA oyvcorrhbizal fungd in nonlegumes hag
also  been previously demostrated (Rose and Youngberg, 19813
Gardner et al., 1784). This improved nutritional status  of
tripartite symbiosis may be achieved by beneficial
interactions of microendghyteg and thus be responsible  for
the increased growth of the host plant in degraded habitats
where  those with single or without symbiosis fail  to
establish  (Harley, 19703 Harley, 127733 Daft and Hacskaylo,

1976) .




GENERAL DISCUSSION

Seasonality in  the activity of nitrogenase

enzyme (nitrogen fixing rate) in root nodules of Alnus

nepalensis D. Donn under field condition was observed. It
kai . : .
also ybeen noted by other investigators (Akkermans, 1971

Fizelle, 19753 Tripps, 1977:; Sharma and Ambasht, 19843
Sharma, 1988). Seasonal changes in nitrogen fixing activity
of nodules were due to the complexr interaction between a
variety of spil, climatic, host and endophyte (Frankia)
factors. The peak enzyme activity during rainy season may be
attributed to conducive moisture, temperature, soil pH  and
soil  nutrients which were directly related to nitrogen
firxation by Himalayan alder. Sharma (1988) and Huss-Danell et
al. (1989) established & significant relationship between
former and soil temperature. Soil variables like soil
moisture also exert marked influence on nodulation  and

nitrogen fixation (Righetti et al., 19863 Sharma 1988).

Apart  from role of F which is indispensible



for ndtrogen Piaation (Fasse

SF

g AR Jha et al., 1998, other

gssential  nutrients like Ca (Tisa and Ensign, 1987) amd Mo
(Zhiznevskaya et ai., 1982) are also intimately associated
with former. Onset  of nitrogen  fixation coincided with
sprouvting  of leaf buds in spring and & pesak activity during
rainy season signify the importance of photosynthate in the
regulation of atmospheric fixation of nitrogen by Frankia
induced alder nodules. Wheeler (1971), Wheeler et al.
{19835), Wheeler and Lawrie (19748), Huss-Danell (1978) and
Huss-Danell  and Bellstedt (19870 also have denostrated the
role of photosynthate in nitrogenase activity in many
actinorhizal EREC1LES . The metabolic state o f nochale
endophyte i.e. Frankia itself 1s important  which  exhibits
pleomorphic characteristics (Lalonde and Calvert, 1979) and
the  vesicular  form is mainly  associated  with nitrogen
fixation {(Akkermans, 19823 Akkermans  and Houwers, 19835
Moridge and Benson, 19863 Meester, 1987). Similarly decrease
in the enzsyme activity during winter may be related to  water
Blress fDaltah and Zobel, 19773 Seilor and Johnson, 1984),
Toow  temperature (Minship and Tiepkema, 1985:; Huss-Danell et
al., 1997), soil  acidity (Guefan  and  Tinguiw, 1987y,
nutrient etrese  and competition for metabolic factors

(Fizzelle, 1984),

The proportion of active (yvourg  and  mature




aner) mnodules to old and senescing ones varied Bmorng variowns
seasons  which may be attributed to continuous transition of

nodules of  one  age class into ancther with increase in time

factor. This finding is  in conformity with the
investigation of Sharma and Gmbasht (19846). Hestriction of

roat nodules to uppedmm%t 1% em soil depth (Dy) indicated the
importance of aeration in nodulation. Sharma (1988), Rytter
(198%2) and kKurdali et a&1. (1991) have also observed a similar
vertical pattern of nodule distribution in various alder
stands. In  the present investigation A. nepalensis produced
sufficiently more nodule biomass unit areawl during rainy
season and least during winter which agree with the data of

Akkermans and Yan Dijk (1976) and Sharma and Ambasht (1988),

which coincided with seasonal fivation of atmospheric
nitrogen. This implies that nodule tissue is  directly

associated with nitrogen fixation by Himalayan alder.

High abundance of vesicles of In vive Frankia
during  rainy season was directly correlated with nitrogen
fivation which indicated their importance in the process.
Mian and Bond (1978) also found that nitrogenase activity was
induced concurrently with spontanecus production of  vesicles
by endophyte in the troot nodules of Alnus nitide. Symbiotic
Frankia alen existed in  the form  of hyphal MASSES

. . ; . was, .
(microcolonies) and sporangia whose 1mtmn%1ty’Ad1fferant in




different zones of cortical tissue and seasons. High
abundance of sporangia in the cortical cells of middle and
basal TONES of nodules coincided  with cessation tuf
nitrogenase activity during winter. This may be ecologically
important fram the view point of nitrogen fixing activity by
Frankia and latter's dispersal into scil after nodule death

and decay (Akkermans and Van Dijk, 1931).

Fopulation of souil Frankia exhibited a marked
seasonality. Climatic, soil and host factors were mainly
responsible for it. Conducive climatic and edaphbic regimes
were instrumental for high abundance of Frankia during rainy
season. Rodriguez-Barrueco (17268) and Houwers and Akkermans
(1981) too have indicated poor nodulation capacity in acidic
w01l which increased positively with increase in  medium/soil
P Further, the amount of haost root auudate  supporting
extranodular Frankia in soil may be important from the view
point  of ite indépendenk Pro“feration . During rainy
season, & part of total photosynthate fixed by host may be
secreted in the rhizosphere soils in the form of  root
exudates which may highly favouwr its growth. The aguantity
and the nature of exudates may &lso regulate itse vertical
distribution in soil. In  this investigation Frankia
propagules were found to be mostly confined to scil depth Dy

RN

Wl



whiere g majority of fine roobs were peesorct ., wivle b deoreaned
gxpornentially  with increasing soil depth., Qur  finding is
suppod ted by Lalonde et a1. (1981)Y  who  showed the
stimulatory effect of hbost on Frankia abundance in dts
rhizosphere, Pesides, aeration  and  other urnidentified
factors  (Van Dijk, 1984) may be  operative  in the

vertical distribution of soil Frankia.

Froduction of @more vesicles in the nodule
cortex by Frankia during rainy season coilncided positively to
the nitrogenase activity and nodule N content. This indidates
the fact that vesicles are in%act genuine site of nitrogen
fivation in root nodules. However, varied intensity in the
nodule cortex may be related to the metabolic state of host

cell (Akkermans and Varn Dijk, 1976).

Mycorrhizal association which may be considered as
an adaptive strategy of higher plants in nutritionally
strressed conditions was & rule rather than exception.
Actinorhizal A. nepalensis harboured mycorrhizal symbionts
thus forming formidable tripartite association in colonizing
nutrient peoor  soil  conditions. High dependence of non-
leguminouws  host  on VAM association (Danielson and Visser,
1970)  evaluated in terms of mycorrhizal intensity which was

seldom  less than 90 %, is thus evident. This association




el ps host  irn the uptake of growth-limiting nutrients
ecspecially non-labile. ones like Foand  other essential
elements consequently leading to higher nitrogen fixation and
plant productivity in forest ecosystem where P oycle is

closed (Mos

and Philips, 1971).

Availability of scil P and ite concentration
in host tissue may be important to determining ites intensity
{(Mosse, 1973; Braunberger et al., 19%1). Iy addition,
intensity of infection may be related to other ﬁmile(FMyman,
1970:  Furlan and Fortin, 1973) ard  host characteristics
(Mosse, 1973:; Thompson et al., 1991). A low  level  of

mycorrhizal  dintensity  during rainy

ason may have  accom-
plished due to increase in tissue P content which may be
instrumental i regulating VYA colonization  {(Ross, 1971;
Mosesw, 19733 Menge et al., 1978; Robson and  Abbott, 1984).
In addition, an increased level of soil moisture during rainy
BEASON  MAy " have depressed infection by VM8 endophyte.
K.hear (1974) wfwee Observed & similar  reduction in roat
infection at high soil moistuwre content. HBesides, a reduced
level of VMinfection under field conditions may bave  been
accomplished as a result of mutual miciroendophytic
understanding in  terms of tolerance e f environmental

conditions ensuing prolonged survival and benefilt to host and




endopf\yfes .

Froduction of more arbuscules by VAMfungi  in

mycorrhizal roots of A. nepalensis during rainy season  may
' he

have =zome ecological implication aEAfmrmer was peositively
related  to nitrogen fisation by Frankia. This signifies that
arbuscules are the site of esxchange of metabolite and F
hetween  host  and VA endophyte which may be beneficial for
nodulation  and nitrogen fixation. Cox et al. (197%) and
Gardner et al. (1984) have also demostrated fh@ role of
arbuscule in the exchange of materials between fungus and the
host. Further, an iﬁcrea%ed abundance of vesicles duwring
winter (dormant) season may be dimportant in the release of
stored nutrients to host duwring period of nubrient deficiency
(Gardemann  and  Trappe, 1974) Which contribute as well to
inoculum potential  of fungus (Gerdemann and  Trappe, 19743

Biermarnn and Linderman, 1983).

A high abundance of  endogonacecus BROrEs
during winter unlike its cm&ndﬁmhyte Frankia., was observed.
Gemma and Foske (1988) also recorded high  spore density
during winter. This may be due to differential response of
VYAMendophyte to prevailing soil and climatic conditions. Low

soild temperature and low soil moilsture during winter may be




revperedible  for the dnduetion of eporulation by endopby te
fungus  which enable] it to tide over unfa%mgyablﬁ conditions
ensuing  renewed infection and growth ﬁﬁg following  growing
RSO . Howewver, this spacing in time of peak endophytic
abundance may be a predetermined strategy by them to  avoird
interendophytic competition in space and in time. The host
root  esudates may play an important role in the confinement
of majority of endogonaceous spores  in upper soil  depth

(Gianinazzi~-Pearson et al., 1989). Abundanos

of  VOM fungal

species which vearied in time and in space may be related Lo

adaptive capacity of fungal eymbdionts to & particular
ervironment . Qtahl and Chrkienavpi%aytwd adaptation of VAN
species  bto the particular soil conditicns.  The result  of
Mogee (198%)  also suggests that different species of  VAM
fungi have different survival strategies for existence. The
dominance of &. mosseae in time and in space  over obther
fungal species may be related to vigorousity of the species
which in  addition, may also be influenced by selective
irnfluence by host plant species onfparticular site. Hesides,
a ephemeral natuwre of Gigaspora species in present
investigation may be ewplained by selective influence of soil
factar like temperature which may favour its growth. The

NN

sappoust is afforded by the investigations of VYVerma (1982).

Ocouwrrence of more than one fungsl species  in




acepee i fio atte may dnddoate the nonespecttlod Uy of VARE fungd
which may- he suhstantiated by occupation of  host  root by
fungal species with varied byphal dimension.  MoBonigle  and
Fitter (1288) and Rosendahl et al. (1990) in their
investigations also showed that wnder  field conditions &

WLd i N 3

single host was colonized sioultaneously by many VoM s

The sucoe af microdissection with double

agar layer techmigue in the isolation of  symbiotic Frankia
from  root noduwles of A, npepalensis growing under  field
conditions may  be attributed to efficient elimination of
contaminating organisms by Hols (Dienm et al., 1983) or (sl
(l.alonde et al., 1981) treatment . Further, peeling of
surface epidermis, microaerophilic conditicons as afforded by
double  agar  layer which impart efficient separation of
residual contaminants  in space may be instrumental in the
izolation af Frankia. Modified SIS E fractionation
gradient techrnigue coupled with pour plate and  double agar
layer was alseo effective in the isolation of nodule endophyte
in pure culture.  Baker and O'Keefe (1984) also successfully
isolated numerous Frankie strains  from nodules and soil
u%ing?gbmvm technique. Im addition, modified crushing
technigue  was  emploved successfully in the idisolation of

Frankia from A. nepalensis nodules in liguid media. This may




heave been accomel Lebed by efflolent removal of  contaminating
organisms and  release of Frankia propagules  in sufficient
amaunt to effect its growth in synthetic media, The amount
of inoculum has alse been considered to influence successful
icolation of nodule endophyte in axenic  culture (Rosbrook,

1990) .,

A high sporulation by Frankia isolates may be a
phenamenon related to C-sowrce as noted by Tisa et al.

(1997%) .

Symbiotic Frankia isclated from the nodule of
A. nepalensis were categorised into 35 groups on the basis  of
morphologicsl , physiological aric bt nodulation
characterstics, which differed markedly from each other.
This observation agrees with  the findings of ather
investigators who isolated and characterized more than  one
Frankia strains from rooct nodules of  actinorhizal plants
growing over a single locale (Benson, 19823 Lechevalier et
al., 1983 Hafeer et al., 1984; BHaker, 1987).

The fact that most of &hm Frankia isolates

uwtilized propionate as carbon  sowrce indicates that these

endophy tes possess the enzyme system to abilize above carbon

3
SO R . The findings of Murry et aI-'5(1984) substantiate




s bveiren v pmans e , . ! . ; .

abwree peaalt . Howesvor . @ ch{ 'feren{,}"ti'.‘.";‘-i;’J(‘,')\"l".H"b trf Frankia iwolaten
in  their capacity to metabolize obther carbon ﬁmurceffor the
growth  may be explained by the pre

mce or  absence  of

glycolytic pathway activity. Similar wvariation in the
utilization of carbon souwrce by Frankia strains isolated from
same host has previously been reported (Blom, 19823 Murry et
al., 1984),

h%

Utilization of

Atk carbon sources by Frankia

strainsg  suggests that they could act as

sondary colonizers

wtilizing simple breakdown products relessed through the
gnzyme acltivities of other so0il microbes, Many organic écid%
are commonly found in the aercobic and aneerobic soils. Feot
exudates  contain a range of organic acids, aming  acids  and
many simple carbohydrates which include those most  commonly

s

found to be uwtilizabhle by them (FRovira, 194&0%) sugges

ing that
cenestituents  for  the growth of edtranodualar  Freankia are

commonly present in soils.

Differences in the growth performance of  Frankia

isolates  in medium  supplemented with different nitrogen

sources was observed dnowhich MHgOI, i majority of  case

Freferences of

was  better utilized by Frankia isolates

Frankia to MHaCD as N souwrce hrave alen besn noted by Shipton




anel Buaeg

Aarast (19R2), Lechevalier et &1, (19835 and  Shipton

and  Burggraaf  (19€93), Foor growth on  yveast of Frankia

isalates may be related to lack of uptake system.

Suitable growth of majority of Frankia at &
temperature range between ﬂBwEOGC as found earlier (Burggraaf
and Shipton, 1982 Hafeez et al., 1%84) reveals that
temperature  maxima  for all Btrain, oyt L ap . However, the
competition for infection, nodulation and effective symbilosis
by them in  addition, may a&lsae  involve competitive and

adaptive ability of the straimz (Kurdali et al., 1970},

Higher wversatility of AnFy and  AnFo at pH
around & and 7 indicatesthat these strains are neuwtrophilic
and possibly may form effective symbiosis with host at  above

. . the )
seil pH o range. UnAcontrary, better growth response of  AnFx
at lower pH than other : strainsg suggests their

potentiality to grow on low pH soldls where other coendophytes

are unable to survive and form symbiosis.

Varied rnodulatiorn speed of Frankia isolates on

sEpeed Gf
its original host was evident which may be ascribed to the
dearee of infectivity and compatibility of host-endophyte

. . . LU . . c _
combination. Greater vxgqym%lty of Frankia &nFy compared to




to it in the

crbher endophytes may provide additiconsl a

formation of association with its host.

in drnduction arved

Further, in vivo differences
aquantity of nitrogen fixation by roct nodules of  Himalayan
alder as dinduced by wvarious Frankia straing may bhe
attributed to differences in effectivity and compatability
with their bost., Dillon and Baker (1982) also  observed a
marked variatiocon in tha nitrogenase activity of various host-

endophyte combinations.

Higher rate of nitrogena activity of Frankia

isolate especially in medium amended with propionate as
carbon-source may be explained by the fact thét latter may be
suitable energy source which may stimulate endaophyte to
produce  more enzyme. Conversely, depression in nitrogenase
activity of MHg+ grown cells (Callaham et al., 1978; Fontaine
et &l., 19843 HMurry et &l., 1%984) mavy be related to

10N of enzyme nitrogenase i the presence o f

suppre

evogenous M.

The | dominance of Franfia AnFy o in most of the

TEAGONG of the| year may be abttributed Lo suitable




el ranmen conditionm  Tor  extranodulare growth. In
addition, it also may be ascribed to compatability with its
host and selectivity of latter as well (Fadrawﬂaynaud et al.,

1992).

The results  have shown that tripartite
assoclation inveolving Alnus—-Frankia—Glomus is more efficient
in terms of seedling growth as—eampalﬁggﬁw those with single
nlg without symbionts over & range of soil pH. This
enhancement of host growth may be achieved by positive
interaction between microendophytes in terms of uptake and
accumulation of nutrients especially P and N leading to
optimal host performance. This ameliorative growth in dually
inoculated plants was maxdimum at soil pH &, which may be
attributed to availability of majority mf nutrients essential
for plant growth and their effective utilization by
endophytes. The effectivity of latter may also depend upon
pH tange of growing medium as both the endophyte were
effective in slightly acidic soil. This may be attributed to
the adaptation of ?oth Frankia and 6. mosseae in A.
nepalensis sﬁand where average soil pH rangeifrnm B3~ 8.7
during January {(winter) and July (rainy) respectively. Foor
performance of seedlings infected with Frankia and &. mosseae
in spil with lower pH than 5.0 may be explained by

detrimental effects of =il acidity on survivial and/or
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efficiency of microsymbionts  either dn hipartlite <]
tripartite association involving Alnus. Low survival and
nodulation capacity of Frankia in acid soils/environment have
been ShoWn by Burggraaf and Shipton (1982), Shipton and
Burggraaf (1983) and Smolander et &a1. (1988). Bimilarly
Hayman and Mosse (1971) obszerved negligible infection of host
root by VAM fungi in acid soil of pH 3.3 - 4.6, Further,
toxicity of Al  and other micronutrients at low pH also may
be responsible for depressed growth of A. nepalensis seedling
either with or without symbiosis. Similar instances of Al
tosicity on root and overall plant growth under acidic
conditions were observed by other investigators

(Sheppard and Floate, 1984). The uptake and
translocation of P, Ca, Mg, K, Fe, In, Cu, and Mn by plants
may severely be affected by Al toxicity (Hutchinson et al.,

19713 Mugwira, 1?80);7

Ameliorative nodulation, nodule number, nodule
weight, nitrogen fivation and Frankia abundance in
tripartite symbiosis at a pH range around and above 5.0 may
be important from the view point of performance of Himalayan
alder seedlings in harsh habitats. This effect of 6. mosseae
on Frankia may have been accomplished by improved supply of
F. The support comes from the fact that nonmycorrhizal

actinorhizal (Alnus) plants lagged that of former in most of
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nodule aspecte which explain the beneficial role of VAM
fungus on  it. However, the role of hormones or unknown
mechanism (Munne  and Mosse, 1980; Fragabeddiar and Tacon,
>1990) may not  be excluded, which requires further
investigation. However, depression in nodule coharacterestic
by Frankia even in the presence of VAM fungi at pH 4 may be
related to detrimental effects of acidity on survival of
both microendophytes (Burggraaf and Shipton, 1982; Smolander
et s1.,, 1988; KkKruckelmann, 1973; Green et al., 1976) as both
the root endophytes were isolated from soil with pH range

R

RS R A Under such (acidic soil) conditions, mycaortrhizal

[ 1]

symbiosis, if formed may also be ineffective in  imparting
benefits to the host (Danielson and Yisser, 1989; Arines and

Vilarino, 1991).

VAM infection, arbuscule and spore population
of 6. mosseae were remarkably improved in  the presence of
Frankia at pH range of 57 thus indicating a direct positive
interaction. Induced increase in VAM characteristics by
Frankia may be related to synergistic effect of latter on
former (Berlinger and Torrey, 1989). Increased population of
. rhizosphere spores of 6. mosseae in dually inoculated plants
was avident. C Gualitative and quantitative changes in  the

root exudates and hormones selectively promotory to VA



endophy be by Frankia (Wheeler et a&l., 1979) may be
responsible for the ameliorative effects of latter on former.
However, decreased synergistic effect of nodule endophyte on
VaM  at  highly acidic soils may be attributed to  harmful
effect of latter on Frankia survival (Rodriguez-—-Rarrueco,
1968 Smolander et al., 17988) which may conseguently hamper

ameliorative effect on VA mycorrhizal endophyte.

Fresence of phosphatase activity only in G,
mosseae and Frankia + 6. mosseae inoculated plants suggests
that the enzyme/s system may be of fungal origin (Gianinazazi-
Fearson and Gianinazzi, 1978). Increased activity of the
enzyme at acidic pH may be instrumental in colonization of P
deficient harsh habitats by these groups of plants (Daft and

Hacskaylo, 1976).

Analysie of nutrients in seedlings indicated
that uptake and assimilation of N, P, ¥ and Mn in most of the
precasions was  greater  in tripartite symbiosis  than in
bipartite or those without symbiosis. Similar observation
has been made by Rose and Youngberg (1981), Gardner et 'al.
(1984) and Russo (1989). The increased uptake of nutrients
by dually inoculated plante under infertile =soil conditions
may be related to synergistic interactions between Frankia

and &. mosseae, which is inevitably related to robust growth
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aof the host.

The improved growth of A, nepalensis seedlings
with Frankia + &. mosseae over singly inoculated (either with
Frankia only or 6. mosseae) and uninoculated controls at most
levels of organic matter may be attributed to improved
nutritional status especially N and P nutrition . The role
of &. mosseae was evident in  dimproving F status by
extramatrical mycelial network beyond the depletion zone
which remained absent in nonmycmrrhizal counterparts (Rhodes
and Gerdemann, 19753 Xiao et al., 1991). RBesides, the
nutrient conserving capacity of mycorrhizal fungi in  their
tissue and its release whenever in short  supply may also’
atford considerable advantage over nonmycorrhizal plants

especially in nutrient ~deficient habitats.

The difference in growth response of dually,
singly and uninoculated however, decreased with increasing
level of so0il organic matiter which may be due to availability
af growth ~limiting nutrients. The role of mycorrbhizal and
nodule 5ymbiont5 in  dimproving plant growth is-+  evident
especially under nonfertile conditions (Mosse, 19733 Asimi et

al., 1980) which, however, does not confer benefit under the

sttuations where nutrients are plentiful,
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Further, cheamt e reciue bl on in growth
parameters of all groups of plants at 4 N level of organic
matter may be attributed to supraoptimal level of nutrients
which may consequently affect colonization and beneficial
role by microendophytes. The decrease in soil pH and
increase in phenolic substances with organic amendment may
have caused harmful effects on microendophytes (Smolander et

al., 1988; Peterson et 1., 1991).

A complete inhibition of nodulation and nitrogen
fixation at 4 N organic matter level may have resulted due to
supraoptimél level of nutrients especially combined N and
partly he attributed to detrimental effects of plant
phenolics on Frankia and 6. masseae. Ferradin et al. (1983%)
arnd Vogel and Dawson (1985) showed that plant phenolic
compounds have deleterious effect on Frankia survival while
Fohls and Baker (198%) also have demostrated the suppression

of nodulation by high nitrate level in the growth medium.

In contrast, the enhancement of nodulation,
nodule biomass and nitrogen fisationm by Frankia in  the
presence of 6. mosseae especially at lower doses of  organic
matter may be attributed to synergistic effects of endophytic
fungus on  Frankia activity which may be brought about by

improved F rputrition (Gardner et al., 19843 Russo, 19893 Jha



et &l., 1993) which also may influence other factors like
supply of photosynthate . trace elements and essential
hormones (Munns and Mosse, 19803 HManjunath and Bagyaraj,
1984). Inability of optimal nutritional conditions in
stimulating nodule characteristics in the present
investigation, may partly support the hypotheceis that VAM
fungus, in  addition to P supply, may also act by means of
hormenal action or some unknown mechanism (Fraga-Reddiar and
Tacon, 1990). In fact,VA endophyte preferentially
influencing nodule function as noted in  Glycine-Rhizobium-—
Glomus association (Barea and Azcon-Aguilar, 19835; Van
Nuffelsen and Schenck, 1984) may be expected. However, the
actual mechanism of action remainsto be e[ud&a&ed. Higher
abundance of rhizosphere . Frankia in tripartite association
involving Alnus-Frankia—-Glomus especially at low soil organic
matter level may be attributed T gqualitative and
quantitative changes in the root exudates of mycorrhizal
plants (Gitte et &l., 1978). In fact, hormones and compounds
essential for the extranodular growth of Frankia may also  be
invalved in synergistic effect of Glomus on earlier (Munn and

Mosse, 19803 Krishna and Bagyaraj, 1983,

An ameliorated mycarrhizal intensity,

arbuscules and endogonaceous  spore abundance in  dually



inoculated (Frankia + G. mosseae) seedlings at  low  organic
matter doses are ecologically important. This synergistic
effect may be related to improvement in uptake and transfer
of F and other essential nutrients "girectly involved in
nitrogen fixation and overall plant growth. However, this
may be mediated by nutritional, hormonal or  other  unknown
mechanism. Paccini et ai. (1983) &mncluded from their
studies that rhizeobial effect on VA symbiont may be direct by
affecting fungal metabolism which doss not  ocour  via TCA
cycle. However, passibility of hormonal action may not  be
excluded as guantitative changes in the hormonal content of

Frankia colonized plants are evident (Wheeler et al., 1979).

The result of phosphatase activity of rhizosphere
s0il indicates that enhancement of the activity in dually
inoculated plants., This synergistic effect of Frankia on G,

mosseae at low pH soil may be important from the viedﬁoint af

acquisition of F by plants which becomeslimiting to plants

with single symbiont or without it.

Superiority of dually inoculated plants  over
singly or uninoculated seedlings in terms  of nutirient
accumulation at  low fertility level clearly indicates that

Both the endophytes help in acguisition of above

s



putrients and  predispose  host  to o sstablish  in nutrient
deficient hostile habitats whetwe those with single

-
ascsociation or  without it fail” to =survive (Daft ang

Hacskaylo, 1978).

Improvement in the growth response of dually

inoculated (Frankia + &. mosseae) avet singly o
control seedlings aver a range of rock
phosphates may be attributed to proper exploitation,

utilization of rock phosphate and assimilation of atmospheric
nitrogen. The mycorrhizal plants Fer{own&i%f”ﬁ%ﬁmccorrhizal
ones with the virtue of possession of extramatrical hyphae
which provide extra absorbing organ  beyond the depletion
zone. As P is critical factor for plant growth and nitrogen
fisation, presence of VAM fungi may be important in  the
productivity of tree seedlings in forest ecosystems where
is in short .supﬂy. However, the capacity of mycorrhiza in
the mineralization of organic phosphate sources (Jayachandran
et al., 1992) will provide mycorrhizal plants an  additional
asset over nonmycorrhizal one. The improvement in growth of
dually incculated plants at elevated level of rock phosphate
unlike soluble P sources, indicates tpat sparingly soluble
source of P may be beneficial in thé’pwoductivity af tree
seedlings. Moreover, with further in;r@aga in rock phosphate

level, the growth of either Frankia snd noninecculated plants

247



also increased. This may be due to increased availability of
P which otherwise was insufficient to them at lower doses of
rock  phosphate application. Mycorrhizal + nodulated plants
were however, more effective even at lower level of rock
phosphate which may be attributed to efficient wtilization of
P source by 6. mosseae. Less. root to shoot ratio of dually
inoculated seedlings over singly or noninoculated Ones
indicated more proportionate growth. Fose and Youngberg

(1981) have also indicated similar results.

Ameliorative effects of 6. mosseae on Frankia

induced nodule characteristics were evident which may be

attributed to dmproved uptake and wtilization of rock
phosphate by the earlier one. The present investigation
reveal ed that the highest level of rock phosphate

application did not inhibit the nodulation and nitrogen
fivation where application of soluble F source at high level
caused detrimental effect on mycorrhizal and nodule
characteristics as in leguminous system (Asimi et al.,
1280) . Apart from the indirect influence of 6. mosseae on
Frankia, gqualitative and quantitative alteration of root
erxudates ancl hormones by VA furgus stimulating
proliferation, entry and effectivity of Frankia may also be
true. The suppart comes from the fact that even highest F

amendment  din the form of rock phosphate did not stimalate
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Frankia.

An dincrement in mycorrhizal infection and
other characteristics of 6. mosseae in  tripartite over
bipartite 'i.€. Alnus—G. mosseae association was wioar which
may be attributed to gqualitative and quantitative changes in
hormones by Frankia (Wheeler et al., 1979) or other mechanism
involving endophyte-endophyte interactions. This feature of
endophyte interactions invalving synergistic role on
activities of each other may be important which consequently
leads to robust growth of their hosts under nutrient deficient
conditions where plants with single symbiosis or without it

fails to perform well.

Results of phosphatase activity of
rhizospheric soil showed that only mycorrhizal i.e. Frankia
+ 6. mosseae and §G. mosseae) inoculated plants possessed the
activity which may be related to the fact that the eNIymes
may be fungal specific (Gianinazzi—Peérson and Gianinazzi,
1978). The activity of the enzymes was stimulated by
Frankia. Further, higher activities in little RP amended
s0il signify the F stress, which triggers enzyme synthesis by
G. mosseae. The investigation of Tarafdar et al. (1989)

supported above finding. Excretion of the enzyme may be

instrumental in the efficient utilization of nonlabile soil P
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by mycorrhizal plants. Ecological implication of the
possession of the enzyme by 6. mosseae leading to improved P
supply may directly predispose host to fix more nitrogen and

to grow Jluxuriantly.

A significant improvement in the nutrient
contents of dually inoculated seedlings over singly or
uninoculated counterparts signifiesthat both Frankia and G.
mosseae interact positively in the acquisition of nutrients
in nutrient-deficient conditions. This interaction may be
important in plant productivity in abandoned lands where P
5. a growth—-limiting factor. Hence, it may be exploited in

the revegetation of wastelands.
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SUMMARY

Fresent investigation was carried out to evaluate
the interaction between symbiotic Frankia and vesicular-
arbuscular mycorvrhizal (VAM) fungi on nutrient uptake,

nitrogen fixation and growth of Alnus nepalensis D.Don .

Significant changes in the nitrogen—-fixing
{nitrogenase) activity of root nodules of A. nepalensis under
field conditions in different seasons were observed. A marked
higher activity was detected during rainy and low during
winter season. Seasonal standing nodule biomass was high
during rainy and low during winter season. Former was
intimately relatedrq#itrogen fivation rate. Root nodules,
however, were restricted only to the uppermost soil depth
‘i.e. Dy (0-13 cm). Qualitatively, active nitrogen-fixing
nodules . i.e. yvoung and medium aged ones formed a significant
proportion of population during rainy season. However, the
ratio of active to old and senescing nodule decreased
exponentially in winter season. Total nodule population per

urnit  seoil volume too showed a marked seasonality. Nitrogen



content of root nodules showed a signiflcant positive

correlation with nitrogen—-fixing capability of nodules.

Fopulation of Frankia under Himalayan alder (A.
nepalensis) forest soil exhibited a marked seasonality.
Abundance of Frankia was recorded highest during rainy and
low during winter months. Irrespective of seasons, uppermost
501l depth (Dg) harboured maximum Frankia propagules which

decreased exponentially with increase in sopil depth.

Ultrastructural and light microscopic studies of
nodules revealed that the proportion of nodule cortical cells
containing vesicular form of Frankia varied remarkably during
various seasons and was characteristic of the seasons.
Highest value during rainy and lowest during winter seasons
was recorded. However, in a given season occurrence of
vesicles in the cortical cells of apical, middle and basal
zones of nodules varied. In addition, the abundance of
nodule cells with hyphal and sporangial form of micro
endophyte in apical, middle and basal zones - differed

among various sgasons.

Intensity of mycorrhizal infection varied +to

less extent in different seasons which was high and low
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gurdng  winter and ralny seamnong respectlively. Mycorehloal
roots were highly aerobic as they were confined to ©0-13% om
snil depth i.e Dj. The seasonal assay of chitin in  the
mycorrhizal roots of Himalayan alder also showed a similar
trend as that of mycorrhizal infection. The biomass of
mycarrhizal roots, however, was more during winter
and low during rainy sSeasons. The morphology of VAM
endopbyte in mycorrhizal roots was distinctive of the
SEABONS . VAM produced more arbuscules than vesicles during
rainy season whose ratio decreased with increase in time and
reached minimum dwring winter months, In many cases, roots
were found to be colonized by finer VA endophbytes (in terms

of hyphal diameter) along with other fungal endophyte.

Majority of endogonaceous spores were confined to
Dy and Do soil layers which declined considerably with

further increase in soil depth. Maximum number of spores were

recorded during winter and minimum  during  rainy season.

7o different species of VAM fungi were identified whose
abundance varied in space and in time. Glomus mosseae wWas
dominant species encountered in mogt of the seasons and  soil

depths.

Nitrogenase activity of nodules showed a positive

and significant correlation with soil temperature, soil

oy g
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mesdmbare, pHy  organle matter,  total N, avallable F a

exchangeable Mg and Mn.

Generally correlation between VAM infection and
above so0il physio—-chemical characteristics was negatively

established.

Further a strong negative relationship was
established between nitrogenase activity and mycorrhizal
infection, chitin content and vesicle number. Nodule N

content was negatively correlated with mycorrhizal infection.

Besides a clear cut positive and significant
relationship was noted between nitrogenase activity and
nodule N, cortical vesicular cells, but was negatively

correlated with sporangial and hyphal (microcolonies) cells.

Amongst various isolation technigues tested,
microdissection coupled with double agar layer, modified
sucrose gradient density technigue and modified nodule
crushing technigque proved to be most efficient for the
isplation of symbiotic Frankia from the root nodules of A.

nepalensis in splid and ligquid cultures respectively.
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Threw Frankia isolates i e.Anfy, AnFo  and  Anfs
wetre isolated and characterised on the basis of
morphological, physiological antcl host nodulation
characteristic. All Frankia strains showed a characteristic
cushion—like branched, septate hyphae ranging from 0O,.%-1.2
um  in  diameter. Vesicles were produced by all isolates
especially in N-free medium, whose diameter varied to some
extent. A marked variation in the dimensions of sporangia

produced by various Frankia was evident.

Optimal growth of all three Frankia isolates was
observed between temperature trange 28-30" C. None of them
could perform well above xs° C. However, AnF=z grew better at
lower temperature than other isolates. Growth response of
Frankia strains to various pH exhibited an interesting
feature. Frankia AnFy and AnFo grew better at pH 6-7 and

AnFx at pH 5.0. No isolate could grow at pH 4.0.

In viva nitrogenase activity differed for each of
the isolate when grown on either propionate or  ammonium
nitrate amended medium. The activity was stimulated by

earlier source and repressed by the latter one.

The naodulation period of Frankia was

characteristic for each strain. AnFy and AnFo could nodulate
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its original host i.e. Alnus nepalensis . Don after 30 days
and arcl AnF=  after 45 days of inoculation., Nodule
actinomycetes reisolated from the root nodules of  host
resembled original isoclates. The activity of nodules formed
by AnFy was significally higher than with AnFo and AnF=x

strains.

Three Frankia isoclates exhibited an interesting
seasonal dominance under field condition as assessed by
isolation from root nodules. Frankia 6AnFy was dominant
throughout the year while AnFxz was active only during winter

SEeas0n.

The soils supporting A. nepalensis harboured - 7“
vAaM  fungal species which belonged to Glomus, Gigaspora and

Acauvloaspora genera.

Seedlings of Himalayan alder inoculated either
with Frankia, Glomus mosseae singly or in combination and
noninoculated one responded differently to various soil pH
levels. The dually inoculated (Frankia + G. mosseae)
seedlings showed higher growth than singly or uwuninoculated
counterparts specially at slightly acidic (pH %) to neutral
s01l pH (pH 7). However, the difference in growth

performance between singly or dually inoculated plants



narvowed at pH 4, Frankia + 6. mosseae inoculated plants
possessed lower rocot-shoot ratio than singly or uninoculated

controls at most pH levels.

The formation of root nodules increased in time
and with increase in soil pH and decrease with decrease in pH
value above or below pH &, Dually inoculated seedlings
developed more nodules than  those inoculated only with
Frankia at moest pH levels. The bilomass of root noduale
induced by Frankia was ameliorated by the colonization of
root by Glomus masseae. The rate of nitrogenase activity of
root nodules differed considerably between Franpkia inoculated
and Frankia + §&. mosseae inoculated ones at all soil pH

levels except at pH 4.

Conversely, the status of VA mycorrhiza, in terms

of calaonization, arbuscule and spnore abundance was
ameliorated in Frankia — Alnus - G. mosseae symbioses. This
synergistic behaviour was altered or repressed with

decreasing soil pH.

Total phosphatase activity of soil was higher in
rhizosphere of dually inoculated plants than in only 6.

mosseae inoculated one especially at moderate scil pH  i,e. 5~



7 bhut was equal or lesser at soll pH 4,0,

Concentration of N, F, £ and Mn in seedlings of
Himalayan alder was significantly imptroved by dual
inoculation with Frankia and 6. mosseae. A marked difference
in  the nutrient contentse of dually, singly or noninoculated
control plants was evident at moast scil pH  and eséecially
between pH range of 5-é4., The nutrient content was however,

strongly affected by soil pH, type/(s) of organism involved

and harvest period.

The seedlings (wh A. nepalensis respontded
positively to Frankia and 6. mosseae inoculation either
singly or in combination at low to intermediate dose of
organic matter amendments. Dually inoculated plants  showed
vigorous growth than singly inoculated either with Frankia or
6. mosseae especially at O N and 1 N s0il organic matter
levels. Seedling growth was adversely affected by the higher
doses of organic amendments. Non-mycorrhizal controls showed
an  increasing trend of growth with inocreasing gradient of
arganic matter. Frankia + 6. mosseae inoculated seedlings
exhibited low root-shoot ratio than singly inoculated or
noninoculated counterparts at low to intermediate levels of

arganic matter. In terms of stem collar diameter, leaf number

g
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and  leaf  area, dually inoculated seedlings  showsd  higher

values than singly or uninoculated controls.

The nodulation, nodule biomass, nitrogen fixation
and rhizosphere Frankia abundance was markedly stimulated by
6. mosseae in alnus ~Frankia - 6. mosseae symbiosis.
However, this ameliorative effect was depressed exponentially

with increasing organic matter level in soil.

Seedlings of Himalayan alder colonized by Frankia
*+ &§. masseae exhibited more mycotrophic behaviour than those
with only 6. mosseae normally at lower level of organic
matter. The abundance of arbuscules, vesicles and
endogonaceous spore  was tremarkably improved in plants
inoculated with Frankia + G. mosseae which diminished sharply

with increasing level of soil organic matter,

Total phosphatase activity in the rhizosphere
increased initially depending upon doses of organic matter
amendments, which however, was assayed only in Frankia *+ G.
mosseae and . mosseae inoculated plants. More activity was
estimated in dually inoculated plant than singly inoculated

counterparts.




Frankia + G. masseae Inoculatsd plants contained
higher concentration of N, F, K and Mn both in shoot and
roots than in singly or noninoculated ones. Generally shoot

harboured higher nutrients than roots.

Study on interaction between Frankia and G.
mosseae at different levels of rock phosphate in
containerised seedlings of A. nepalensis was conducted.
Himalayan alder seedlings inoculated with Frankia and/or G.
masseae responded differently to various rock P levels in
soils. Frankia + . mosseae and 6. mosseae inoculated
seedlings performed  better at intermediate to high (4 N)
levels of rock P, while uninoculated controls and Frankias
inoculated ones performed better only at highest dose. At
any rock F level, root/shoot ratio was considerably lower for
dually inoculated seedlings as compared to singly or

noninoculated controls.

Himalayan alder seedlings inoculated with Frankia
+ . mosseae exhibited 2-7 folds greater nodulation, nodule

biomass and nitrogen fixing ability than those with only

Frankia. However, increasing level of rock P reduced this
difference . The number of Frankia propagules in
rhizosphere: 5011 was increased in  the presence of

Soal)



mycarrblzal fungus e s brlpsaetdte syoblonisn,  However,  Thins
effect was not observed in only Frankia inoculated seedlings
even at highest level of rock P application. A significant
difference 1in latter population was recorded at low to
intermediate rock P levels between Frankia + 6. mosseae and

only Frankia infected seedlings.

The dependency of seedlings of A. nepalensis on
mycaorrhizal fungus, §&. mosseae was more in Frankia + 6.
masseae than those only with 6. masseae. This, however, was
least affected by increasing rock P level in soil. The
production of arbuscules and endogonaceous Spores WaS
distinctly more in dually inoculated seedling than those only

with &. mosseae symbiont.

Total phosphatase activity in rhizospheret s0dl
was significantly higher in the rhizosphere of tripartite
symbioses involving Alnus - Frankia - 6. mosseae than
bipartite (Alnus — &. mosseae) ones. The activity
was  absent 1in  the rhizosphere of Frankia inoculated or
noninoculated seedlings. [t was high in seoils with low level
of rock F and decreased with increasing level of latter.
Further, at 30 days, the activity in rock P amended soil

increased but showed low value at later stages.



In terme tof natrient contentes, nocduwl ated
mycorrhizal (Frankia + 6. mosseae) seedlings harboured
distinctly higher level of nutrients (N, P, K and Mn) in
shoot and root tissues than Frankia nodulated, mycorrhizal or
noninoculated ones. Seedlings with two microsymbionts
maintained their lead for nutrient contents throughout the

experiment irrespective of rock phosphate level in soil.
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