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Abstract

e invial isolation siep ol endophyie dizzomophs s asurtiee disinfection, [ollowed

by extensive washing and maceration of the tissue. Alternatively, bactena conalso
e tsolated From axemcally derrved plant sap, usmg vacoum deviees orcentrilugotion
steps. These materials are used to mocnlate semsolid, nitrogen-free ennchment
mediz In addinon, specifie antisera for certin groups of dhaotrophie bacterna con
be applied 1w specifically enrich endophyiic bacterin m oa fast and elTicient
munesdserption procedure. The diversaty ol diweotrophoe baeteriaos certaimly far
from hemyg approsimately revealed, smee new endophytic dinsotrophs are being
contimucusly discovered. Since the mital solaion step bears uncertaimees of wime
endophytic orgin ol the baecteno, moculationandfor divect jn st localizanon stodies
are necessary o prove the endophyiie cioreter ol the diseotrophs o certan plant,
Mew whole-cell binding 165 rRNA-directed oligonuclentide probes have been
developed mnd are avarlable (or e s localvzation studies of fecbaspeitlom spp,
and Azespirtfum spp.. Highly specific polyelopal or monoclonal antibodies are
adeditional mportant weols for the o st wdentificoton of bacteria with or without
commbination with the ohigonuctentide probes. Using loorescently labeled probes or
bacterio, which are tagged with the ghie or gresmarker, condocal laser scanning
microscopy provides o elear fo sao wlennfication of hactenu in optical sections
down oo depth of abont 30pee o sdditien. immunogeld-labelling and electron
microscopy enables o locolization with high resalution.

Introduction

Wi consider any bacterium as a plomt encophytic dueotroph, 2 (0 i ean be isolated
Fromm surfuce-disinfected plant lissue or extracted lrom inside the plants: {00 o proves
Ly b lowated inside the plantg, either intru- or intercellularily by in st identification:
und (41 1t does fix nirogen. os demonstrated by acetylene reduction andfor '"Na-
ettrichiment. This defimtion mcludes mternal colonists with spparently neutral or
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saprophytic behaviour, as well us symbionts, The endophyiic localiztion of Na-
fixing hacteria is of high potential mportance, because the ntimare localizmtion
inside plont tssues provides the chance 1o develop high popalation densities in o
protected and less compelitive habitat, In addivion, the supply of nuimiems for eg.
an enerzy intensive process such ds nitroeen [ixation may be very efficient witl an
endophytic issociation. Specilic internctions and metabolic aetvities of the bacterin
may also determine o cecin degree of specilicity in these endophytic-plam
ASSOCHITONS,

The isolation procedure for endoaphytic bacteriy |s of key importance for the
initial research with endophytic bacteria. The Tirst step consists of un surfacye
disinfection step, which should recover only the internnl or physically shiclded
popilition. Secondly, dingotrophic bacteria need 1o be enriched using differem
nitrogen-free media or a specific immunoadsorption fechnigue, because non-
dizotrophic bacteria also reside inside plants (1 L Finglly, the pure cultres peed o
be chnracterized by phenotypical md molecular means, weeel anansight inn the
diversity of disgotrophic bucteria in a given plint, However, becnuse of incomplete
surfaee disinfection and of the adsarption of bacterial cells w plant cell structuees,
the true endophvtic Jocalization needs 1o be proven by inocalution andfor loculization
studies of plants with bacterial diseotrophs, Incontrast. the penetrdion of disinfectant
salution into plant lissues may resolt in loss of some endophyies,

[solation of Endophytic Diazotrophs

Sevenl technigues have been employed for the isolation of endophytic Bacteri
with different advamages and disadvantages, as summarized by Hollmanmet al. (25,
The optimization has to be empirically performed incach plant Hssue under study. The
most common procedires for the isolution of endophviic bacteria ane bised on sorlace
disinfection of plunt tissues using various disinfectants, including sodinm
hypochlorite (23, ethamol (41, chlorumine T i5), merconc chlomde (6,7), hyviliogen
peroxide 11, or a combination of two and mone ol these treatments, followed Iy
several wishings in sterile water or buller solution, Surfoce detergenis like Tween
200, Tween 8O, or Triton X-100 (81 can be added 1o reduee the sorface fension af the
solvent, thereby allowing the disinfectant to reach protected sites and grivoves beyonid
collapsed epidermal cells on the plant surfaee, Depending on the plantspecies. age,
and plant parts (eoots, stemms, leaves, o seeds), concentetions of the disinfectant
being used vary and need to be optimized, Another approach of surface disinfection
involves dipping plant tisswes ino eihanol and Tuning e surface L9100 This hus
been applicd for stems, before the internal sap was derived. To decrease the possibilily
of recovery of surlave contimninints, steviliey checks should be included wmonitor
the efficacy of the disinfection procedure for euch sample, As compared 1o (he
untreated control, at least & tenfold reduction should be resched. indicating o
redsonuble suflaee disinfection,

Adter surfnce disinfection and thorough wishing with sterile water, the pla
tissue ds macermted with a mortar and pestle or mechanical device (e.g- blendar) in
sterile witer, bulfer solution, or growih mecia, The macerare can be processed [or
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bucterial enumeration, specilic enrchment of digzotrophic bacrena or
imunmoadsorption (see below). To cireumvent problems cencernig surfiece
disintection, alternative methods have been developed. A vacuum technigue was
suceessfully used o extract sylem sap from the roors of perenntal plamts like
erypeving C10) and the Scholander prssure bomb wirs used for extimeting root sap
(ron cotton and other agriculiural crops (20 Stolezfus er el (Thused a re-infection
step of axenically grown plant seedlings o specifically enrich endophytic haeweri,
Adter surface sterilizution and maceration of root pieces, axenic fce scedlings were
mnoculated. After growth under iwxenic conditions, these rice scedlings were again
strfice sterilized. macerated, wnd the bacteria were isoled and wesied Tor acerylene
reduction activity alter growth in nitrogen-irce seonsolid mediom

Nitrogen-free semisolid medm have been systematically developed by Dr.
Joshnny Disberemer and coworkers at the EMBRAPA-Instiwe in Seropadiea, Rio
ile diineire. Brasil. since the cardy 19708 (111 This bas pioneersdthe feld of fsolaion
und characterization of mictoaerobie, plant-associmed merogen fixing bactena. The
semisolid miedia NFb, INFh, LG and IMV dilfer in the iype of carhon source. pH-
and hutTer conditions us well as vitmoimns ¢ 2band enable the ennchiment of @ diversity
of diavotrophic bacteria, such as Azospirifen spp.. Hechaspiviiium spp..
Hurkllderia spp.. and Acetohacter dinzotrophicns, These sudies have been
corroborated and extended throogh the vears by the resulis of many research groups:
For the isolition of dinzotrophic bacters, a sertes of vials with niirogen-free senusolid
mediwn s inoculated with o diloten sermes of the macerared plam tissoe ol
incubated. A sharp and deose growth pellicle develops upon incubation for some
diys below the ngar surtnce. where the bacienia seek fow partiol pressures ol oxygen
for nitrogen fixation (111, After several passages on nitrogen-free, sermsolid media
el mitrogen rich plares, the pure bacteriad colures should show acetylene reduction
aetivity as measure of aitrogennse. Following this approach, a diversity ol
dizzotrophic bactena have been characierized recently from the C-fiber plants
Miveanthns sinensis and Peowisenon prepaeeanr, ineluding o new endophytic
diazotroph Herbaspivitium frisingense (133 and Azespivithon doebercinerae (14).

As alternative 1o the conventaosnal solation procedures, spevies=specific
pilyetonul or moneclonal anitbodies were suecesstulby applied 10 solie diverse
Bacterta ol a certmn aroup using the immumoadsorption approsch, This weclinique is
miteh faster and allows w obiain dicect solonon ol specific: bactenal populstions
o environmental samples. The avallobility of solates of a certun group al
dinzatrophs 15 necessary 10 raise the antisern resp. antibodies, An mproved
tnvmunoennichment protocel (| 31 uses merotiterplates, conted with protein A Afer
adsorpuion of the specific antibodies 1o proten A, plant extructs are added. Folliowing
intensive washing steps 10 remove the unhound bacteri, the specifically bound
bacterio ure detached by applying glycine butfer (ptt 3,00 10 foosen the protein A -
antibody binding, Depending on the guality of the antibody or smtiserim vsed,
enrichroent faetars can vary very mueh and reach vilues ol wp o LUOW. This approach
hias been applied 1o nvesagare the Herbaspaeiam populaion ol Secelrm notatim
andd Peaiyete papreerem,. The bacterial solotes which were enriched using o
muxtore of polvelonal antisern for H sevopedicar and H rebrisadeadbicans were
charaeterized an the genvvpic level by ERIC-POIR. Remarkably, the isolates From a
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single plant species showed very low diversity; the isolates Trom sugar cane belong
Lo the M. puebwisubalbivens cluster. while the solintes Trom Pesiisetum popcim
could ot be identiled as M. vabrisaballiicans or B serpedivee, ol inay represent
anew Herbaspivillum species.

Identification of Diazotrophic Bacteria Using Phylogenetic,
rRNA-directed Oligonucleotide Probes

Ribosomal RNA based identification and derection methods have become echngues
routinely used in all disciplines of mucrobiology, Together with the phenoiypic
properties and the DN A- and BN A-similayity data, the sequence information of the
16S- and 238-ribosomul DNA of diszmrophie bacteria made their phylogenenc
charucterization more stringent and allowed the development of specifie and
convenient identification fools. The 105- and 235-rDNA contain both highly
comserved as well us highly vanable sequence stretehes, which allow the smpliticaion
of dingnostic segquences by PCR using flanking conserved primers anid the
development of genus- and species-specific oligonneleotide probes. The applicanon
ol diltferent suftware packages, such as the ARBsoftware 16, enable the alignmen
of tRN A-sequences and e design and development of phylogenctic oligonucleatide
probes of desired specificity, Using different sequence stretehes of the 235-rDNA,
Kirchhol e al reported probes for the dentilication of different plan-associated
dizzotrophs, such as Azesperitlunr spp., Herbaspirilium spp.. Burkholderia spp. and
Acetobucier diczatraphices {171, These probes are very useful lor sereeniog of new
psolates by dot blot hybridization, The nocleic acids of the solates con be used
erther divectly as targets for the diggnostic hybridization prohes, or atier the
amplification of the 168 or 235 tDNA by PCR. For the screemng ol immobilized
nucleic acids, probes at different phylogenetic levels sre avinlable. Whike the
application of the probe ELB38K (for eubacteria) conlirms the presence and amoan
of PN A o the tiliers, the probes ALF b snd BETA Za of Mane e al, (15) marrow the
atfiliation oo cermain subelass of proteobactena, The formaton gamed Trom the
higher level probes are used toselect the probes tailored Tor the next lower aononie
levels, for example genns- and species-speciiic probes, This screening wethod
described as top tobotomapproach (149 amd leads oo apid txonomae ientification
of the isolate, i o specific probe set s avanlable. Hybodization filure with the
prohes for known species provides evidence, that a possible pew fype ol bacierium
is under study. In this case, it is necessary (o determine the 168 fDNA sequence of
the isolate. Primary stoncture signatures can then he osed as fareet sites for the
development of new diagonostic hybridization probes. This approach has been
sticcessfully used recently in the sereening of dizzotrophic isalates of the C4-prass
Miscamtlins shrensts 1200, and led to the chamcterization of new Herbaspirillum
and Azespivil i specics,

Currently, the most atiractive and convenient techmigue for specific probe bused
identification and detection is whole cell hybridization wath fuorescently labelied
oligonncleotide probes, lorgeted o the TS and 235 TRNA (15, In contrast 1o the
dint blat hybridigstion of nucleic acid, the ribosome content of the celts and the vell
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warll permeshility are frportant pacometees oe good hybridieation signals, ForiRNA-
trzeted oligonoeleotide probes, the aceessibility ol the trzed sies within et or
partially demsared ribosomes i also an impodant erterion Por probe design (21)
Linfortumately. only some of the 235 rRNA dirccted oligonuclentide probes (171
ey be wsed For soeeesstul whaole cel] Muorgscence Tabeling by e adtn bybridization.

I comparisoe with conventionual ivbeidization assays, the whole eell ar sine
approach provides e advintage. that two or mliiple probes cun b wsed inoone
experiment, 1F they are Bbeled with different uorescent dves. The combined
application of two o muoltiple probes with sdentical or overlapping specificities
targetting ditferent pans ol the 165 or 235 rRNA beconie more ind more signilicant,
This so-culled multiple probe concept enables o fast identification of isoltes il
single cells i plant e according tthe “top e botiom™ approach, Tnaddition.
it reduces the risk of misidentification of bacterin. The probes listed in Table | are
examples for the multiple probe concept using new |y developed, 165 (BN A direeted
insita applicable oligondcleotide probes within the gener Azospieilfiom il
Heehaspivillum, Sets of nested probes for the genern Burbholtferio and Acetobacter
e i deyelopmeni.

In situ Localization of Endophytic Diazotrophic Bacteria

Fora divect in st adentification and localization of endophytic dinzotrophs, aovariely
of et hods are svailable, Coome band, phylogenetic oligomucleotide probes as well
as antibothes at different levels of specificity can be applicd s identiffcition tools,
E3n the other hand, hacterin specifically labeled with moleeular tags. such @ gip
feoding forthe green Miorescent proteing or gas, are freguently wsed for monijoring
the fate and specific activity of inoculated buacteria (7,24,

Endophytic dinzotrophs could be localized at the thizoplime and inside plant
tissies using whele cell (o st hybridization with fluorescence laheled
oligomueleatide prabes (1Y, 25 The application of confocal nser scanning
micmscopy which produces optical sections and merzes the digital jmages (oa
three-dimensional picture (25) allowed the resoluion of single hacterinl cells with
their specific Muorescence label, according tothe probes applicd (25, 260 Monockenil
antihodies against certain strains of Azospdeflong braviferse (271 wene successTully
combined with flsorescence- labeled oligonmeleotice profses to stiudy (he coloni zition
of witewt roots by these bacterin (281, For the detection of foorescenice signals from
deeper cell layvers. it is important to improve the Huorgscence signal, The mwethod of
tvraming signal amplificaton (TSAL eesolis 1o o several Told ancrease 0 sigol
intensity 1 290 Although confoeal laser scumning microscopy resolves shgle libeled
hacteriad cells i e plant Gesoe, onby tather shallow sections (depih of about 30pm)
can be studiced for fechnicad réusons, Therelore, 0 order o investigate deeper Tivers
of roots, stenss and leaves, semi-thin sections Rave 1o be produced, g, hy
ervosedinmng.

For o bighily resalving localization of buacterial endophytes in the plant mtenor,
erbedding in resin, ulisathbn seetioning i combimation with inmunogeld labeling
technigues and electron microscopy is stll o ey fechnigae (27, 300313 In uddition,
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irpnnegellsiiver colimeement Tor Rght micreseopy hisalso proven as o convenien
fechnigue 1o gel anooverview ol the sample, Dsing strainespecific monoclonml
antihoddies, (he localization of fhe A Beasilense strin Sp245 which colonizes e
piterior of wheat roots and Ao Iasifense strain Sp7 which only calonizes the
rizoplane, has been stwdied in detadl (277,

Thwe eolomizztion behaviour of endophytie diotrophs for cortain plant (isswes
seent b be steain and species specilie (27, 320 Usually, endophytic dimesirophs
colonize mtercellulir spucedin toots. stenss and leaves (24, 27, 32-39). Evidence
for intercellular Jocalization of endophytic Facteriy in roots arose already from the
work of Patriguin and Ddbereimer s 078 (400, However, st ihat linge, aoeegeivoeal
identificatio and localization eriteria ol the bacterin were missing. An inteacellilar
localization of endophytic bacteria in plant cells is moch less frequently reported
(25, 249, 33, 350 This colonization pattern apparently depends on the bictoris and
plunt cultvar used. Colonization of the vaseular system by diagotrophic bucteria
was alsoyreported (33, 370 This agrees with the findings, that in seme plant systems
certain endophyiic diseotrophs helonging (o Azonrens sppa. Herbaspivitiom spp..
Bukfedlderiv brasifensis, or Avesphacter divzotvopitions are distributed sy stemicully
in the pliam

An open guestion renmains, whether the invaded plant cell or fissue is still
Fometionnl and alive o the time of investigation or whether ihas already undergone
lysis, Insome siudies highly active endophiyiic bacterin wene fonnd, becigse an
intensive stining with ~RNA drected oligonueleotide probes was eyvident (251,
However, In some cases of intracelobar localizmtion, bacterin] activiey wos low,
Probubly, here s o dynamie stle of endophiyiie gssociation within the plant, with
locutions and times of high bacterial activity and nudtiphication as wellas locations
sl phases oF bacterial decline,

Conclusions

Excellem methods 1o assess the pecurrence, diversity and Jocalizition of endophytic
digzorrophs are availuble, 11 will be very mteresting o learn, whether there is o
specilicity of colontzation ol certain plants by particulior endophiytic diseotrophs
anil whether these endophytes really fix nitrogen effectively i planta, Sone
endophyies may reach o specil physiological state in the plant envirnmment, as s
suggested for Azogrewy (41, The mvestigation ol new plant species for endophyi
bacterta yields both wellknown and new types of bacterin, Non-gramineons plans.
such as tropical frun frees, appeared (o be also populated by a high diversity af
dinzotrophic bacterin (42), although the rue endophytic localization has not heen
resolved.
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