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Summuary —Bacteria associated with roots of

and thei N,-fang abiey was demuonstrated by C

£asses from F1 s1ida, Ecuador and Venezuela were 1solated

(Hy r.ducton assay The buacterial nolates have

been classified as Azosprrddium brasilense (formerly Sputllur Lipaferum) Tress Na-fiung 1solates have

been compired with seeral Brazihan
wentifying 1sola.es of N:-fung bacteria from grass
strzins of Azospirii’art were used to de
strated using both dzoubacter and

strains Fluorsscent a

fine serological grou
Azosprlium antuera Jrnst §po

aubeay (F V) techagues were used to Qaist
Test> with antisera prepared agawmst four
P Aptigen-zatbods speaifiaty was demon-
*0ospectss of other suil micro-

roots

oreanisms and ~umercwus vaidznufad soll bactzria Seseral appi cations of the FA techmique are sug-

gested to wenuly N3-fiung bacteria associated with

INTRODUCTION

Recent work has shosn that various gidases have a
loose 2ssociation between their roons and cerram
Ni-fiuing bacteria (Dobareiner et al. 1972, Dober-
ciner and Dav, ,976, Drem er ul, 1975} These Qrass-
bacteria! systems have baen termed d380Ctative sym-
bioses 1o disingunh them from the better hnown
nodule-forming,  legume symbioses  (Evans  und
Barber, 1977) Apast from ths study of Begerinchia
on nce roots by Dim et Wl (1973) few of the
organsms fiving N, in the rhizospheres of grasses
have been identited by 1mmunofluorescent tech-
niques ;

Pioneer work (Coonrs er al., 1942) on the Ruorescent
antibody (FA) technique showed that 1t was possible
to ideatily individual bacterial cells Appheations to
microbul ccology were attempted (Hobson and
Mann, 1957) with extensive work by Schmudt and hiy
colleagues (Schmide and Bankole, 1962, Schmdt or
al, 1968 Schmdt, 1973, Schmudi, 1974, Rennie and
Schmudt, 1977} Wor\ on ~naerobic habitats has
shown an additiona; 1pnbcation of direct counts of
FA-1tacting bactena to tte ceology of lake sediments
(Strayer and Tiedje, 19°S) The FA technique must
bz very carefully used, employing appropriate con-
trols 1o assure that fal,s readings are not mads ard
Kawamura (1977), and Schmdt (1973} Iist the con- |
trob necded for applicotion of F A tzchmigues to au e-
cological siudies of microorganisms Dizin e af
(19781 encountered <ome ditficulies wah autotluores-
cenee of 2rass roots

Crtological studias to ascertain the sre of infection
of Lzospurtitum n “Transs ala * digitarass roots were

® Present wildress Department of Soid and Crop Science
Fevas A & N ¢ olfege Swation TN 77840 U8 A

* Peesent wddress Department of \gropromy University
of Georgia Athens GA 30852 1S A

£rass roois

attempred with 23.5tnpnenyletrazolium  chloride
whien producad brightered formazan crystals 1n the
cortical cels (Doberarrsr and Day 1976) Later cyto-
logical examination of field grown tropical maize
100ts 11 Brazil reported th2 establhment of bacteria
withia roo's (Painquin ard Dobezreiner, 1978)

Serolozic. ! tests ware svamuned for possible use in
the detection ard spooific identiecation of Spirllum
lipoferum (Daszo and “Mitam, 1976) now known as
dzosprrilliur Erasilerse (Tarrand er al, 1978, M E
Tyler, unpuslnhad)

At the Lanenuy of Flords, roots of tropical
grasses have been 1noculared with hquid cultures of
A brusidense and yiele incresses of grain and forage
grasses have bezn obtainzd i the jnoculated plots
(Smuth er al, 197%) Bo'h sp=afic and non-sp.cific
staining techaiquss for Azospirdfum have been tested,
We describe the preparation of antber, tests for anti-
sera spzaificaty uving hnown bacternal cutures and un-
hnown >oif bactern, plunt-bactersal colontzation sites
S¢en in root cross sections and on whole root seg-
meats vizwed when using epr-illumination,

MATERINLS AND METHODS

The ndimest fuorscont antthedy (FA) techargue
was wsed This techmigue mvolies two binding reac-
tions: in the first rabbit ants bacteriy mmunogloby-
lins (Ig) ar2 bound 1o the bacteria: i the secomd,
antt-ranbit fuorescern-comuaated 2oat Ig ore bound
to the rabhit proteins This twonstage system yenzeally
permuts a brigaier fluorescent label to be attached
1o the colls than tie direut methed (Kawamura, 1977)
The gous Nuorace.n-conugaied ani-rabbit Ig {Cap-
pel Laborotories Inc, Cochranyiile, P\ supphied n
hophilized form used FITC (Hluonseszein o' liocyan-
ate} as the labol

N
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lg was prepared against 4 bravileme strauns 13t
Slz, 84 and JMI23A2, and Azarobacter paspalt tn New
Zealand rabbits by multiple injections of a hive bac-
terial cell suspension (Fruend's mcomplete adjuvant
and washed cells 1 1. v,v) suspended in phosphate-
butlered physiological saline (pH 72) and containing
about 10'? cells mlI™' The Azospirilim cells were
grown for 24h 1in Nerich traptie soy bioth (Difvo)
with sodium malate added o5 an add:uona! C source
Azotobucter recened sucrose as the C source Injec-
tions were adnunwsterad, mtradermally end i foot-
pads Normal serum was tehen by cardiac puncture
from cach rabbut before injections were begun Anu-
sera were harvestad at 90-120 davs when the rabbats
were bled by cardiac puncture Blood was permitied
to clot, and the antisera was than separated from the
clol. Purification of untisera was accon.plished by
precipitating three tme with ammonm sulfate and
desalting on Sephadex column eluted with phosphate-
buffered physiolozical saline (pH 72) Tuer was
measured using the FA system and the Ig dduted to
the next lower dilution than that giving an observable
-eduction 1n fluorescerce witn homologous ceils.

Cross sections 3f inoculated roots {in axenic S)S-
tems and from greenhouse and field experiments)
were made using a ~ucrotome<cryostat Sections were
treated with tolmdine tlue stara or FA Scctons for
FA analy~is were at*ached to shides using a thin layer
of white glue Fination 1n anhydrous acetore for 10
min was followed by a 20 min incubatron (37 C) with
the primury rabbit Ig and with the szcondarv anu-
serum Concurrent with the second stage ircubation,
rhodammez-conjucated torse anu-human 1:G owas
also used Preparations were ninsed between stuzes
and at the end of incubation in phosphaie-buftercd
saline (PBS), pH 72. A drop of bufferad glycerol was
used as a mounting medium and the cover shp was
gently lowered over the section  Szctions were viewed
with a Leitz fluorescznt ricroscops with cpi-tiumina-
tion, at 250 and 1000 > magmfcations [Humination
was provided by a 100W high pressure Hg lamp,
using a S00nm BG 12 primary (cxcter) filter and a
522 nm secondary (barrier) filter mounted 10 a Ploem
luminator (Lenz Corp) Resctions of the Buorescing
bacteria were visually rated O (nore), 1 (dim), 2
{medium bright), 3 (ver; bright) Control shides in-
cluded the normal serum from each rabbit which was
used 1n anugen teting Non-related bactena were
uscd 1n testing the FITC labeled anubady Contact
or soil-buried slides were prestainzd (Bohlool and
Schmudt, 1968) with geletin-rhodamine nothiocyanate
conjuzate to minimuze non specific binding and soi
particte autofluorescence Both asenic and held grown
roots were tested

S C.ScHaSNK ot al

Controls 22ainst non-specific reactions were run by
testiaz b 22y on roots and so1l using the secondary
goal ani-ra-bi anotwsera, the normal sera collected
before 1mmemzing the rabbuts, the concurrent addi-
ton of the secondary sera and the normal sera Non-
specific reuctions sn bacteria were not obsersed, but
funzal spores occasionally reacted roe-specificatly
with & 1 or 2 ratrag

Control taats against anofluorescence were made
by observing bacteria, roots and soil with distilled
water replacing each antisera Autofluorescence of the
2ras roots was particularly promunent in the stele,
but since most of the bacteria were obwerved 1n the
sz area, this autofluo, escence was 1ot 4 serious
problem weth the arasses studied

[hz FA technique was also wsed on feld-grown
roots of Partcum maximum Jaeq breeding hine 199,
Penmesetum prericanum (L) K Shum oy “Gahi-37,
and Drguterwa decumbens Stenl o “Transvala”, as
well as stentle roots from the first two species Root
picees from pl ais that had been noculated 1 the
fis'd with either Ine or autoclavea Azosporilium 13t
were callazzed and placed in Karnovshy s fivative
(Karnovs\y, 1953} In order to facilitate FA staining
of whots root segments, incubation steps and rinses
were accomipliabad i small test tubes before mount-
iz th= whole root pieces under o coverslip The root
surfac. was scannad ard bactena were counted sath-
out s:tton nz Portions of the root <how:ne abun-
dant fuarnangz bacteris wer? then enensed and sce-
toned usmz the fresnire rucrotome  Phutomicro-
wraphs were made with ko.dak High Speed Litach-
rome (AS4 160) or wirh Ancochrome (AS A 64 film
Blarh and white plates were preparad from the col-
ored shiln

RESULTS
Antivera

All Azo<qirilum antisera FITC conjugaies exlubited
fluorescencs endpoint titers over 1 1000 The corre-
sponding titer of the A:zotobucter antierum was ex-
tremely low (1 10) For this reason, Azorvbacter
cross-reacti. ity studies were very imited Each of the
Azospirdlum antisera, although prepared at different
tir osan diFzrent rabbars, lad similar cross-reaclivity,
apd therzfors the daty for <everal of the antisera were
pooicd

Testing of the starmng reaction was accomnphshed
by not usirz the primary antibudy, but applying the
FITC <ecordary antibody in a sertas of tests with
relited und non-relatzd organnms (Table 1) In add:-
tion to ch.hang for armtofiuorsscence, this permitted
the sendication that the sscondary an ibods was not

Table 1 Autofluorescerce and non-spzafic bind rz of _sat 1at cabou FLIC

conjriie
Nen speahic
Autofluoresszele bhinding
20 Steans of dzesprriium Noz Nen
35 Gi =) saul o Neg Neg
4 Gl -y spore fermers Nz Ney
2 Aconiominvee s Neg Mg
Peew fomonas aert gt i Neg Neg
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Table 2 Crows reactisity of Lzospirillum brasdense (Ste 1)
antihods {rabbut) with heterologons non-anrogen fiung
' CUCTOOTLNIMS®

35 Guam neaatne soil nolatey®® New
4 Gram-positive spore formers*® Neg
2 Adinomycete®* Neg
Succharony e\ Neg
Preudumas s qerogimng e

* Indirxt method
** Lolat s from Arredaado fine sand

attaching non-speuifically
tive (no fluorescences,

These tasts were all nega-

Cross-reacuiny tests

Thz specificity o/ .0 . ~==ary antpera was tLinted
aganst sarious . o1l oreanisms (Tuble 2) These results
were Al asgative, Similar tasts done on known dazo-
trophs were also nezstive (Table 3) Both 1- and 7-day
old cells of pure cul.ures of Azotobacter clroococenm,
Buct™s cereus and  Psewmdomons, erugiiosa test od
against JM 125A2 antiserum gave negatine resulty,
as dvs colonmier of S0 nnrlentitiad bacter 1 piched from
soil or root culture plats .

When specificty of the sera was tested  using
vanous struns within the species A bruslense, there
Was variaple cross-reactivity dmong strains (Table 4)
Both 1- and 7-day old bacteral cells of strans of
A. brasilense reacted strong’y with 13t antiserum We
therefore designated these strains as the 13t sero-
group Howesver, bacterials strains Sle, 75, 84 and 76,
also from Brazd, did not €1ve a 3 posilive immuno-
fluorescence) responsa, when tested vith 13t antisera

Table 3. Crows reactinity of Azaspirddln brasilense (Str 131)
anti™ 'y 1zabbit) azainst selectad dizotrophs®

Orzannm Immunofluoracence
Azotvhucier paopaht None
Klebsiella prewnoniae None
Enterob icter cloucae None
Azospiediam hpoferum

Strain RG6NN None
Stramn 395K None

* Indirent muthod

Simlerly, reactions with Azospiridium 1 5lates from
Florda, Venezuela and Ecuador were £ nerally nil
with the I3t antiserum  Antiserum prepared against
4 Florida soiare JM 12542, was hiehly strain speitic
{Table 4) while antisera to strams Sle and 84 gave
some cioss-réactions with wolates from  Flord,,
Venezuela and Ecuador

Addiional verification of strain specificity  was
dore by miung equal rreportions of A brastlense,
<trams 13t and JM 12342, and observing under Auor-
ecent and phase contrast microscopy The fluor-
escing bacterial cells reacted only with their homolo-
gous ant.szrum

Ruot secticring

In thae taie, toludine blue served as o good gen-
eral stain for bactena assoctated with roots. Figure 2
shows the presence of 2 number of large rod-shaped
bacteria 13 a cortical celi (refer to Fig 1) However,
s1nce ioluidine blue stairung 15 not spzafic, further

Table 4 Characterzation and cross reactivity of four types of Azuspinilum antisera
on Azopirily om straans from Florids, \enszusls and B-azi

Antisera tesied® and age of culture

{days)
13t Sle SP8s 125A2

Orgzanism Ongin 1 7 1 7 1 7 1 7
13 Brazil k] 3 1 2 0 1 1 1
Sp’ Braz! 2 3 0 0 0 0 0 0
Sle Brazil | 2 3 3 0 0 0 2
S1eh Brazil 3 3 3 3 0 0 2 3}
SPL-1 Rraxnl 2 3 0 0 1 ) 0 0
ATCC7 Brazil 3 3 nd { nd 1] ad. |
T60K Brazu 2 k] 1 0 0 0 I 1
4K Braxil 1 3 i 3 0 0 1 2
73K Brazi 0 0 { 3 0 0 0 2
SP84 Brazil 0 0 0 1 3 3 0 3
SP76 Braznl 0 0 0 0 0 0 0 0
11974 Florida 0 0 0 0 0 1 0 1
125A2 Flonda 0 0 1 0 1 3 3 3
82! Venezuela 0 0 0 t | 3 [ 2
52b, Venezuela 0 0 0 2 0 [ 0 1
75A1 Venezuela 0 0 0 0 0 0 0 1
73C3 Venezucla 0 0 2 3 0 0 0 0
73C2B Venezuela 0 1 0 3 0 0 0 2
2484 Ecuador 0 0 2 3 0 2 0 2
28A2 Ecuador 0 0 0 0 0 0 0 0
6A2 ELcuador 0 0 0 2 0 0 0 1]
682 Ecuador 0 2 0 2 0 2 0 0

P Visual ratings 0 (no Buorecency) | (hm), 2

poutine Muorescence)
nd = not determinzd

tmedium bright) 3 (very bright,
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Transverse sevtion of a sorghum root inoculated with Azospiriflim brasilerse (13t) in axenic

system

4
=55

Fig, 1

Fig. 2
investization was n2cessary 1o locace ¢

of Azospirillun.

The application of the FA technique to roots of
buffel-grass (Cenchrus ciliaris) which had been inocu-
lited with . brusilense (strain 131) are shown in
Fig. 3. A high level of Huorescence associated with
the mucicel layer aroun! the pariphery of the root
is evident. The bacteria give rise to a bright apple-
green fluorescence. whils the plant tissue i3 red-brown
due to the Rhodamine application, Cynoifon,
Cenchrus, Digitaria, and Pennisetum show less autof-
luorescence than Paspalum: and  Panicum  specics.
Roots [rom the sterile plants, when dipped into 13t
JA125A2 bacteriad inozuium for 1 min showed posi-
tive hacierial stuininy only with homolozous
antiserum. Most of otr work his been done on the
teopicitl erisses Coy
contne and Pandcim maximam using either sterihizad
e systems or field soil conditions.

their
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Unsterilized field soils were also tested using con-
tact slides treated with FA. A few fungal spares were
observed to Buoresce, but morphologicul character-
istics such as their size, round shaps and thicker cell
walls prevent=d confusing them with A, brasilense.
Fluorescent bucteria were always observed on the
contuct slidss from the inozulated axenic soils, and
nons on ths contact slides from sterile soils. Coatact
slides were observed 1, 7 and 21 days after inocula-
tion. Root segments from the inoculated plant sterile
soil sistems aho had Lirge numbers of fluorescing .
oA, brasilemse whereas the aseptic plant-soil systems |
had none. i

Fluoreszing  Azospiriflam | cells  were  primarily |
obsenved in the mucigel Liyer, but also occurred in
cortical celis of the flvid-erown roots, Figure 4 shows

aersostat-sectionsd root of Cysdon dactvlon treated

with FA (I3 antisciem), ot the same muzaiication
as the FA-traated bag

fidin pure culture (Fig, 5)
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Fig. 3. Cross-section of a bufl

and sta:

. brasilense from f srown plants has been is0-

treated
homolog

the foat anh

on selective |

F'A. They reacted similacly

ed strain, Control slides using

ittt . - 5 b I
abbit FITC compuzate alone, did not react if the nr-
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&3
W

o1 taned o wcth FA N

Fiz S fivsert) Pare ca'ters of 1 braviese 20 1 vaead weh 13 onn2ng

on the root surfacs Approvimatels 197, of the b c-
teria in these lonzit dinal sections d J not belong to
either of the two szrozroups tevted. This indicates that
a wide diversity of bacteria other than Azospirdiim
are competing for eneroy sources at the root surface

DINCLUSSION

Since immunoduvrecence techniques have not

been repor o praviowsh on ths teractions of 4zos-
pradion o2 rhizosthere of rOCty, 11wy
necessary 1o (et a lirge number of neterologous
Organiey v order 1o :nsure that our antiserd was
specific for 4 brusidera After obersing that the Bra-
Alan stzan (130 was serolomeally duferent 1 sm the
Florida stroin (IM 12542), we procesded to test the
swstem b dippag seenile grass 100t 100 1nocultm

oTa%

Table 5 Bactertal counts by direct oborrvation of wko's root se_ments
usime FA®

Before Incubition

Afier Incubation

Antisera Antsera
13t NN [T AN SR E A}

Pantcum muaanum

Guinzazrast 90) SN 132 748
Pt'lllll\(n'h‘ ramertedn on

Gate 3 Puart nulter® 035 027 076 117
Dugirarta dicumbens

Tramy sl Bz zraeg 131 27 291 383

* Muan aumber of fluoresang brotens withia 2 39 m® aren. Twenty -
hve subsamples wore seored for cach value

tlaoculted an 197 76 with 1)

s Inoculved i 1977wl both By amd INV12342
onocubated 1 1977 wath both 130 and JAgjos2

All coupts made st end of summer 197

Topror i honas of the plants
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of 13t or JM 125A2 There are some problems when
the root is added to the system. The stellar purttion
of tke root extubits autofluorascence of a color which
closely matches FITC. Alsu there is some, non-speci-
fic binding of the goat FITC comjugate to sterle
roots. However, the mucigel area is devoid of the
strong autofluorescency, and hence the bacteria in this
region can be readily scen and counted. The non- _
specific binding of goat FITC conjugate to root hairs
aid the autofuorescence of the root are easily. dis-
tinguished from Buorescing bacteria. Autofluores-
cence of the rice root was described a5 a problem
by Diem et al. (1978), yet their photographs clearly
showed fluorescing bzcieria in the mucigel area

Probably, the largest problem encountered using
the FA procedure on field-gzomn roots wes the non-
random distnibution of A. brasilense alony, the root.
We followed the sampling suggestions of Rovira er
- {1975) and counted bacteria within 25 microscopic
fields for each roct sample in order 10 do the statisti-
cal analysis. The limtation imposed by this non-ran-
dom bacterial distribution is one of the time required
1o accomplish the quantification of bacterial popula-
tions.

The FA system reported in this paper has verified
the presence of the sperific inoculated bacteria in the
root zone of the grass plants. It is a workable system
despite the large number of controls necessary. In in-
oculation studies, 1t is useful to prove that the bac-
terial strain applied is able to persist in the new en-
vironment. Although we showzd that both the Brazi-
lian and Floridian strains of 4. brasilense persisted,
the numbers of fluorescing bacteria in the mucigel
were lower than cxpecied. The bacteria appeared to
be embedded in the mucigel and possibly this gives
an advantage in energy transfer between the plant
and bacterium, even in this 10052 association No dis-
tinctive morphological structures were present on the
grass root, cven when bacteria occurred n large
numbers.

Additional studies on population dynamics of A.
brasilense and cother nitrogen-fixing bacteria are
necessary 1o clarily their role in biological nitrogen
fixation associated with grasses. Use of a marked
strain of {3t (bearing rasistance to two antibiotics)
coupled with FA tests is currenily underway. Locali-
zation of bacteria in plant cells using electron micro-
scopy with peroxidase-anti-peroxidase labelling of the
bacteria may demonstrate the vlirastructural aspects
of these asssociations. .

Future studies will involve the use of lipo-polysac-
charide antisera or other techniques which are pur-
ported 1o exhibit greater specificuty. We are encour-
aged with the FA technique and have used it exten-
sively over the past 2yr to monitor and verify that
bacteria applied as inoculum do persist in the soil
after inoculation. Use of bacteria collected on mem-
brane filters should also be imestigated more
throughly, but we have preferred the visualization of
the specific bacteria directly on the root surface.
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Mary Leshes for techmzal assitance and Des P, O Teague,
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