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with Azospirillun, brasilense M2, Heat treatment of either root or inoculum significantly decreased the adsorption
of bacteria to the root surface. Kallar Brass and rice root exudates sustained the growth of A, brasilense My 2,
Enterobacter sp. QH? and E agglomerans AX12 in Hoagland and Fahracus mediun. AJl the strains colonized
kallar grass and rice roots in an axenic culture system. However, in studies involving mixed cultures, A, brasilense
IMB2 was inhibited by Eaterobacter sp. QH? in kallar grass rhizosphere and the simullaneous presence of
Lnterobacter sp- QH? and E agglomerans AX12 suppressed the growth of A, brasilense )M82 in rice rhizosphere,
The bacterial colonization Pattern changed from dispersed to aggregated within 3 days of inoculation. The
colonization sjtes corresponded mainly to the areas where root mucigel was present. The area around the point
of emergence of lateral roots usually showed maximum colonization,

Key words. Alriplex amnicoly, Azospirillum brasilense, colonization, diazotrophs, Enterobacter agglomerans, Enlerobacter sp.,
Phalarics minor, Suacda fructicosa,

The population of bacteria s greater in soj immediately associative Ny-fixation in this grass (Malik et al, 1987 Maik
around the roat (rhizophere) than in soj] further from the & Bilal 1989),
root (Newman 1935), Healthy roots exude a wide range of The objectives of this study were to elucidate the
solutle organic sitbs!s ates, including Sugars, organic acids specificity, attachment, survival, proliferation and coloniza-
and amino acids (Rowira 1969), that become substrates for o of some diazotrophs in the rhizosphere of varioys
the microorganisms, Generally, a variety of microorganisms Plants, with special emphasis on kallar grass. Studies were
e present on the roat surface (Bowen & Rovira 1976).  carried out using pure and mixed cultures under axenic
However, Ny-fixing bacteria form an integral part of the conditions of plant growth, either in 3 hydroponic culture
baclerial population of rhizospheric Organisms because of system or on Fahraeus s|ides, Specific fluorescent antibody
their property of N,-fixation (Shimshick & Herbert 1979), stains, prepared for each strain, were used in {hese studies,
Kallar grass (Leptachlon fusca L. Kunth) is a salt-tolerant ——————-_________“—'—-——-_F_.___%
#rass which can prow in very low fertility and saline
environments, Ro:r-associated yNJ-ﬁxation h’;s been re.  Materials and Methods

Baclerial Strains -
dnazotrophs have been isolated from jts roots and identified Azospirillum  brasilense IM&2 was oblained from Dr Hubbel|
(Bilal & Malik 1987; Reinhold ¢ al. 1987, Zafar ¢t 4], 1987), University of Florida, USA. The other diazotrophic strains,
The use of the ”N-:sotope dilution technique has Enlerobacter sp. QH7 and E. ugglomerans AX12, were isolated from

" : o . the roots of Atriplex Spp.. Kallar grass,. wheat and rice (Bilal ¢ 4/
de monstrated agronomically - significant Inputs due to

1990; Malik ¢t al 1991).
sl B by

R Bial, G, Rasul, M Arshadand K A Malik were wilh the Nuciear Institule
B

: : Inoculum Preparation
lar Agriculiure and Biology (NIAB), Faisalabag, Pakistan, ang ara now

With the National Instilute for Bmlachnnlogy and Genelic Engmaoring ¢ All the strains -h.'eu' Smw"" il ZlSU-ml Er]:‘nlneycr Rasks ('onrammb-
{NIBGE), P.O Boa 577, Jhang Roag, Faisalabad, Pakistan, + Correspong- 100 mi of modified Okon's medium (Okon ¢t al, 1977). The cultures
‘"9 author at the end of growth were harvested by centrifugation ang
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'esu:}iundud in phusph.llu buffer (pH 7) to give 10* cells/ml. In
some expenments. a mixture of two or more strains (in equal
volume) was used while in others the suspension was heat-treat=d.
For heat-treatment, the cultures were immersed in a boiling-water
bath for 1 h and were used when cool.

Prepuration of Fluorescent Antibudy Shains

Strain-specific Auorescent antibody (FA) stains were prepared as
detailed by Somasegaran & Hoben (1985) with some modifications.
All strains were grown on the N-free medium of Okon ¢t al. (1977)
except that 1.0 3 NH,Cl and 5.0 g sucrose were added per litre.
Antibodies were prepared against all the three strains in young
adult female rabbits by multiple injection of heat-killed whole cell
suspensions (Freund's incomplete adjuvant and washed cells;
i1 v/v) Injections were administered subcutaneously, intraven-
ously and intramuscularly.

After 25 to 30 days, blood samples were taken from the marginal
ear vein for titre Jetermination by the tube agglutination method
(Somasegaran & Hoben 1985). The animals with appropriate titre
(> 1280) were then bled by cardiac puncture. Blood was permitted
to clot and the antiserum was decanted. Separation of
immunoglobulins and conjugation with fluorescein isothiocyanate,
lsomer | (BBL, Cockesvillee, MD), was camied out in
carbonate/bicarbonate  buffer instesd of phosphate. The un-
conjugated dye was separated on a Sephadex G-25 column using
phosphate butfered saline (PBS) as eluant. The quality and
specificity of the fluorescent antibody (FA) was determined using
the controls described by Schnudt (1974). Pre-inunune serum,
processed in the say way, was used as control.

Root Stainieg and Observation

Root pieces or the entire root length were covered with
gelatine/rhodanune/isothiocyanate conjugate to minimize non-
specific binding, as described by Bohlool & Schmidt (1968). The
roots were subsequently covered with a few drops of specific FA
stain and incubated for 30 min in a moist chamber. Excess FA stain
was removed by washing in PBS. The roots were then
counterstained to suppress their autofluorescence, using 0.01%
(w/v) Crystal Violet solution for 1 to 2 min. Excess crystal
violet stain was removed by washing in PBS (usually ovemight).
The raots were then observed after mounting in PBS glycerol
mounting fluid using a Zeiss microscope with epifluorescence
ultravivlet lighting from a mercury vapour light source and an
FITC filter pack system. Controls against non-specific reactions
were fun using presnamune serum FA.

Seed Cermuubion

Kallar grass (Leptochlon fisca), rice (Oryza sativa), Atriplex amnicola,
Phulans minor and Suacda friticosa were surface-disinfected with
5% (w/v) sodium hypochlorite for 30 min and 0.1% (w/v) HyCl,
tor J0's and then usually germinated on water agar plates.

Determunation of Adsorption/ Attachment

For the adsorption assay, seeds of A. amuicola, P. minor, S. fruticosa,
L jusca and O. sahicu were geminated in moist autoclaved sand.
Secdlings, 2 to 3 cm in length, were washed with tap water to
remove sand particles. The root samples were then placed in Petri
plates containing 5 ml of bacterial suspension. Sets of roots in
triplicate were taken after 5, 10, 30 and 90 min and washed in PBS
to remove unadsorbed bacteria. Numbers of adsorbed bacteria per
microscopie field were rated as follows: + 4, abundant (more than
100 buctera/field); + 3. 50 to 100 bacteriasfield; +2, 10 to 50
bactenafield: + 1. five to 10 bacterial/field and 0, none.
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Site and Pattern of Colomzition
Long, glass tube assemblies (4 cm nternal diamcter x 44 cm
length) were used when plants were grown for more than 2 weeks
under aseptic condition. The tubes contained a 3.9 cm diameter
Perspex disc with two holes, supported on a glass rod. The rud,
along with the disc, was removable, The rod was taken out and
Kallar grass seedlings were anchored tirough the disc holes The
anchored seedlings vn the disc were then transferred to the tubes
containing 30 ml, N-free, half-strength Hoagland nutrnient solution
The tubes were incubated at 30C (day) and 26°C (night) with 4
day length of 16 h and light intensity of 400 uE.m ™ *s. One week
after establishment of the plants, 0.1 ml (1.5 x 10° to 2 x 10°
cells/ml) inoculum of A. brasilense IM82, Enterobucter sp. QH7 or
E. agglomerans AX12 was added to each tube. Three tubes were
used for every treatment. Samples were taken after 3 wecks

In another expenment, for detailed study of the phenomenon,
A. brusilense |M82 was inoculated onto Kallar grass in a suular
manner. Seminal root samples were taken at different intervals over
the next 9 days. The length of the seminal root and the number
of lateral roots on it were recorded. The roots were stained with
FA and the colonization pattern on the main and lateral rovts was
observed. The observed fields were then grouped according to the
number of bacteria per field. Inoculated unplanted and uninocuiated
plant roots, stained with a muxture of FA, were used as contiuls.

Proliferation and Extent of Colonization «

To study the proliferation of inoculated diazotrophic bacteria in
the plant rhizosphere, the Fahraeus system as described by
Somesagaran & Hoben (1985) was used. For this purpose, 48-h-old
Kallar grass seedlings were soaked in inoculum (1.5 x 10° to
2 x 10° cells/ml) of Enterobacter sp. QH7, E. agglomeruns AX12, or
A. brasilense JM82 for 30 min, gently washed in PBS and then
transferred to Fahraeus slides. Incubation conditions were the samwe
as those for the long glass assemblies. Fahraeus slides were
observed after various intervals over the next week. Roots were
removed from the agar and observed after staining. The agar on
the slides was dried in an oven at 70°C and stained with respective
FA. The stained root imprint on the agar was observed lo
determine the gradient, both laterally and vertically, of bacteria
around the root. Uninoculated plant root slides, stained in a similar
manner with a mixture of FA stains, were used as controls.

Competition

Kallar grass and rice were used to study probable competition
among the Jifferent diazotruphs, A. brasilense JMB2. E. agglomerns
AX12 and Enterobucter sp. QH7, to colonize grass roots. Seedling
roots were soaked in a mixed inoculum of two or three stiains tor
30 min, transferred to a Fahraeus slide.after gentle washing i PB>
and then observed 6 days after inoculation.

Results

Attachment

Enterobacter sp. QH7, E. ugglomerans AX12 and A. brasilense
JM82 adhered to all the plant roots included in the study
(Table 1). Entervbucter sp. QH7 and E. agglomerans AXI1:Z
attached more readily than A. brusilense |M82 during the
first 10 min. Azospirillin brasilense IMB2, on the other hand.
showed an increased attachment with increase in tume o
soaking. A difference in the ability of bacteria to adsorb to
different plant roots was also obacrved. For example 1
brasilense )M82 attached more readily to S. fricticosi rocts
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Root colomization by diazotrophs

Table 1. Anachment of Enterobacter

Ihe roots of various plants atter 5, 10

%p. QH7, E. aggiomerans AX12 and A. bra
» 30 and 90 min®,

sllense JMB2 10

Plant Enterobacter sp. QH7
S 10 30 90
A. amnicola +3 + 4 +4 +4
Rice 3 +4 +4 4
Kallar grass +3 +4 +4 +4
P minor +3 +4 +4 +4

S. truclicosa 11 2 +3

+4

E. agglomerans AX12

+3
+4
+1
+3
+3

10 30
+4 +4
+4 +4
+3 +3
+3 +4
+3 +4

5 10
+2 +3
+1 +1
+1 +2
+:2 +3
+3 +3

A. brasllense JMB2

30

+3
+3
+3
+4
+4

90

+4
14
34
14
t4

" The umies are those for which roots w
+ 4—abunaant bacteria/tield (more than 100); +3—com

ere soaked in inoculum bet

+ 2—countable (10 1o S0/1eld); +1—5 1o 10/tield.

than to the roots of other plants (Table 1),

whereas

Lnterobucter sp. QH7 attached readily to all the plant roots
studied except to those of S fructicosa, where the attachment
was slow but increased with time. The attachment of E
agglonerans AX12 was equally good for all the plants

studied

Efect of Feating on Attachnient

When either the bacterial inoculum or the roots were
reat-ticated prior to the adsorption assay. the attachment
profie changed (Table 2). When roots were heated,
Cuterubaicter sp QH7 showed poor adsorption to all the plant

e

W ereas £ avelomerans AX12 and A brasilense JM82

showed better attachment to Kallar grass and rice than
Atnpler - Conversely, when heated culture and unheated
ots were used. Enterobacter sp.- QH7 attached to Atriplex
roots better than to rice and Kallar grass. whereas both £
welmerirs AX13 and A, brasilense [MB2 showed moderate

ttachment (Table 2)

Site and Pattern of Colonization
Enterobacter sp. QH7, E agglomerans AX12
IMB2 were abundant on kallar grass roots
glass tube assemblies (Figure 1),

regarding colonization by A. brusilen

of the root length was colonized but onl

Ore slaining anc abservation
paralively less abundant (50 lo 100/fielq);

and A br.&:-h'r".‘ac‘
when studied in

Detiiled observalions
se IMB2 are presenled
in Table 3. On the first day after inoculat

on, I‘:L’.Jr'ly Q0%

y hve lo 10 bacteria

per field could be observed. On days 2 and 3, Ihe bacleria
showed a tendency to produce microcolon;

of the observed fields contained

es; 125 to 20%

more than 50 bacteria per

field while 12% and 279% were uncolonized afler 2 and 3

days, respectively. By day o 50¢

o of the fields were free ot

bacteria. The bacterial colonization pattern changed from
scatlered to agyregated within 9 days. However, maximum
colonization was observed on day 3 and this was consistent

with the results for other slrains (

The roots stained immediately
Fahraeus slide assemblies after 24
were present,

Table 2. Efect of heatin
€ach olher,

@ of bacteria and/or Plant roots on thelr altachment Lo

EBaclurla Unhealed seedlings
—-
Kallar Rice Alriplex
grass
Unheatea
Enlerot acrer $p. QOH7 44 +4 +4
E Lugicmerans AX1E 44 +4 +4
A DianieNse JMES +3 t+4 +4
Sler sp Coed7 +1 +2 +4
E agyremernsng AX2 +2 +2 +2
A Dias A0S JMEZ St +2 +1

"Boiled i a waler tzir for 1 h,
+4—abundant (>190 bacleria/!ield);

+2—countable (10 1= 50/tield):

Heated seéedlings*

-_—
Kallar Rice Alriplex
grass
+1 +1 +1
+3 +1 +1
+2 +2 +1
0 0 0
+ 1 0 0
+1 0 0

World Journal o \irob

+ 3—less abundant (50
+ 1—=8iia 10/tield; 0—none.

1o 100/fielg);
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data not shown).

after removal from the
h showed that bacteria
not only on the root surface but formed 4
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Figure 1. Colonizalion of kallar grass root by
various diazotrophic strains grown in long
glass lube assemblies for 3 weeks. Microphoto-
9raphs show stained (a) Enterobacter sp. QH7
and (b) E. agglomerans AX12 colonizing the
roci hair on day 6. Scale bar—10 um,

L Ry .""_J»""“
Yt L]

Figure 3. Proliferation ol diazotrophs ulilizing
kallar grass roul exudates .n the Fahraeus slide
sysiem. The micrapholograpn snows a lypical
concentralion gradient of slained cells away
from the rool on day 2 of £ agglomerans AX12
growth. Similar observations were also made
Wit Ine ollicr two bacterial strains. Scale
bar—10 um

gradient. 7 to 10 mm thick extending from the lateral roots,
The root tip and the adjoining regions on the slide were
devoid of bacteria on the first day. On day 2, the bacterial
proliferation showed an increase as measured by lateral
distance on the slide (Table 4). However, the bacteria were

ob PRl Jonenal o Mrainologs ot Butechnolugy Vol v, 1993

Day 1

Day 2

Figure 2. Schemalic diagram of the patiern of colonization and
proliferation of Enterobacter Sp. QH? in Fahraeus slide assemblies,
showing (A) the bacteria attached 1o the root surface, (B) the observed
gradient of proliferating bacteria indicaling tne diftusion of root exudates
in agar and (C) the entire slide covered with bacteria. The diagram is
based on microscopic observation made alter spacific FA slaining of the
rools and Fahraeus slide agar. Scale bar—20 Am.

found all around the tip region as well, and extended
vertically up to 17 mm from the tip (Figure 2). The entire
slide was covered with bacteria on day 3, and the results
were consistent for all the diazotrophs studied. Figure 3
shows an example of the gradient of bacteria (£ agglonerans
AX12) which originated from the root. Similar observations
were made for all the strains studied.
Specificity/ Competition

When used as axenic/pure culture inocula, all the three
bacterial strains colonized kallc grass and rice rools
However, when a mixture of two or more strains was used,
the colonization pattern changed and the results were
different for rice and kallar grass (Table 5). When inoculated
together, A. brusilense IMB2 and  Enterobucter sp. Qti7
colonized rice roots simultaneously, whereas A4 brusilens,
IM82 was a poor competitor for kallar grass roots in the
presence of Enterobucter sp- QH7. In the other treatment
where E. agglomerans AX12 Plus A. brasilense IM82 inocula
were given, both the strains were found on buth types ot
plant roots. In the third treatment (£. ugglomerans AX12 plus
A. brasilense JM32 plus Enterobucter sp. QFI7). all three
strains colonized kallar grass roots simultancously, while 4
brasilense JM32 failed to co-exist with Enterobacter sp. QH”
and E. agylomerans AX12 on the rice roots.
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Table 3. Colonlzation of kallar grasg rools

glass tube assemblies using specific FA $lain,

by A. brasilense JMs2 Studled In long

Day No. observed Length Length of No. of Bacterla/field (% distribution)
lields observed main rool  laterals e
(mm) (mm) 0 S1010 2010 50 >50
1 450 126 25 10 10 80 10 0
2 477 134 14 15 12 55 25 12
3 851 238 34 15 27 44 10 20
6 1072 300 46 21 48 33 14 5
9 1118 313 32 19 50 36 13 3
Discussion

Table 4. Proliferation of Inoculaled bacteria on kallar grass rool
exudales studied |n Fahraeus slige syslem using FA slalning,

Days aher Strain* Thickness of baclerlal
indculation gradient (mm)
—
Laterait Verticalg
1 QH7 7109 0
JMB2 81to 10 0
AX12 7109 0
2 QH7 15 16
JMB2 16 17
AX12 15 16
6 QH7 15 10
JMB2 16 10
AX12 15 10
*QH7- Enterubacter S5p., JMB2—4, brasilense: AX12—g aggilo-

Mmarans

1 Distance measured laterally along the width of the slide.
1 Distance from Ihe (oot lip along the length of the slide.

Attachment of bacteria to Toots is an important prelude to
long-term colonization. There are reports that infective
Rhizobium strains adsorb in higher numbers 1o the roots than
non-infective strains (Dazzo ef g/ 197¢). Similarly, more cells
of A. brasilense SP- 7 than of A. brasilense Sp 245 atlached
to wheat roots and attachment of the former increased with
time in contrast to the Jailer. In the present study, the
adsorption assay with two En'erobacter, strains QH7 and
AX12, indicated that both adsorbed quickly to the roots of
all the plants studied except those of S. fructicusu, where
adsorption increased with time. Adsorption assays with A
brasilense |M82 also showed a similar trend (Table 1),
Evidence is available that pili

fibrils and Ca’*-dependant adhesin, a cell-surface prolein,
are also implicated (Smit ¢t al 1987). If these structues and
molecules are non-specific and responsible for attachment,
then there should be no difference in adsorption of bactera
on different plant roots, However, during the present
studies, a large difference was observed in adsorption of
Enterobacter sp- QH?, E. agglomerans AX12 and A brusilense
IM82 to the different plant roots (Table 1),

There are some reports that plant roots harbour
receptor sites (Korhonen ef 4/ 1986). Moreover. specificity

in the bacterial inhibition of haemagglutination by certain

Table §. Compelition among varioumdlazolrophlc slrains to colonize Kallar grass and rice (Oryza saliva) rools sludled
I the Fahracus slide system using straln-specitic fluorescent anlibody (FA) staing,

Ineculum A. brasilense JM82 Enterobacier $p QH7 E. agglomerans AX2
e e —— e
Kallar Rice Kallar Rice Kadar Rice
grass grass grass

JMB2 + QH7 0 +4 +4 +2 HET HET

JMEB2 + AX 12 +4 +4 HET HET +4 +4

JME2 + QH7 + AX12 +2 0 +4 +4 +4 +4

e

HET-khelerologoLns FA, +4—abundant homologous bacteria:

+2—less abundant; 0—ng homologous cell ObLserveg
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carbohydrates (Isaacson 1985) may suggest lectin-like sites
on pili which may be involved in the attachment to the root
surface. Some studies appear to disprove this lectin theory
(Badenoch-Jones et al. 1985). However, work reported by
Cafny et ul. (1986) indicated the participation of com root
protein in binding of Axospirillum.

During the present investigation, when heat-treatment
was given either to bacteria or to the roots, adsorption
decreased, maximum adsorption was observed with
untreated roots and bacteria (Table 2). Data presented
revealed that factors responsible for adsorption are present
on the bacteria and are heat labile. Heat-treatment to
seedlings also reduced attachment, indicating some role for
the plants and this was supported by the adsorption of
heat-treated bacteria only to untreated seedlings and not to
treated ones. Plant and bacteria both have a necessary role
in the maximal adsorption.

Colonization was mostly on the root hair, but
colonization of the main root surface was also observed.
The proliferation of diazotrophs in the glass tubes and
Fahraeus slides showed that all three strains tested (AX12,
QH7 and JM82) were utilizing kallar grass root exudates.
Azospirillin brasilense JM82 colonized the kallar grass roots
in higher numbers than E. agglomerans AX12. A patchy
pattern of colonization was observed with all the
diazotrophs assayed and was probably due to the
distribution of receptor structures on the plant root surface
{(Korhonen et al. 1986), relating to sites of greater root
exudation. The change in root colonization pattern from
scattered to microcolony formation and the observation of
Dacteria first in 90% and later in only 50% of microstope
fields suggests that the diazotrophs utilize root exudate
rather than root lysate (Newman 1985). If lysate were used
colonization would have increased with increased root
cortical senescence.

Root mucilage is rich in polysaccharides which also
provide carbon substrates. Colonization of the lateral root
mucigel was due to this substrate (Figure 1). Similar observa-
tions have also been made by Schank et al. (1979) for tropical
grasses and Umali-Carcia et al (1980) for pearl millet and
guinea grass. However, the studies indicated no apparent
specificity of colonization, since the isolates used to in-
oculate kallar! grass were isolated from other grasses. Lack
of specificity, of colonization in grass bacteria has been
observed previously (Flaahtela et al. 1986). The difference
in colonization by different bacteria might be related to the
site of exudation and availability of root lysate (in some
cases). Although much work related to re-inoculation of
diazotrophs has been done on grass rhizosphere, our know-
ledge about colonization of roots is still not complete.
Information is available about the role of motility, chemo-
taxis, carbohyudrate utilization and the presence of binding
and receptor structures but little is known about the mechan-
ism of initial attachment of bacteria to the root surface.

o8 Warld Jowrnal of Microbiology and Biotechnology, Vol 9. 1993

There are probably specific sites on the root where coloniza-
tion is initiated. Understanding this phenomenon will have
practical implication for developing inoculants of N,-hxiny,
root-colonizing bacteria for different plants.
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