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Abstract 

There is a growing worldwide awareness for the need to increase food production to feed 

the r apidly expanding global hum an popul ation. The sear ch f or microorganisms t hat 

improve soil fertility and enhance plant nutrition has continued to attract attention due to 

the increasing cost of chemical fertilizers and their negative environmental impacts. The 

use of  bi ological i noculants ba sed on PGPB a ppears t o b e a p romising al ternative t o 

chemicals fertilizers and holds immense pot ential for sustainable a griculture and 

environment owing t o t heir environment f riendly t raits. These ba cteria a re know n t o 

enhance g rowth a nd y ield of  pl ants by f ixing atmospheric nitrogen, s olubilization of 

phosphate, production of phytohormones and siderophores, biocontrol activity as well as 

reducing the l evel o f st ress et hylene i n host pl ants. The k ey asp ects i n successful 

application of  PGPB i noculant t echnology are t he us e of a  pr oper f ormulation of  

inoculant pr eparations, t he s election o f an  ad equate car rier and t he de sign of  c orrect 

delivery methods. 

  We evaluated the growth pr omotion potential a nd colonization capacity of f ive 

endophytic bacterial strains (FA13, FF34, FC42, FB12 and FD17) for enhancing growth 

and yi eld o f di fferent m aize c ultivars. A  r ange of  di fferent l ab a ssays i n r egard t o 

potential p lant g rowth promotion was performed and s trains were further evaluated for 

improving growth of  five maize cu ltivars under axenic and na tural soil conditions. We 

found that the inoculant strains had the potential to improve maize seedling growth under 

axenic conditions. In the containment trial, FD17 inoculation significantly increased plant 

biomass and grain yield up to 39 and 42%, respectively, as compared to the un-inoculated 

control. Inoculation also improved the photochemical efficiency of photosystem II (PSII) 



 x 

of maize plant and reduced the time needed for flowering. We confirmed that strain FD17 

is efficiently colonizes the rhizosphere, roots and stems of maize plant. Based on rigorous 

testing Enterobacter sp. strain FD17 showed h ighest pot ential t o pr omote gr owth a nd 

health of  maize g rown unde r na tural soil conditions. This study suggested that in vitro 

plant gr owth pr omoting t raits a nd pot ential o f maize s eedling gr owth pr omotion by 

bacterial e ndophytes c ould be  us ed f or t he s election of  pot ential i noculant s trains 

subjected for further testing as bio-inoculant under field conditions. 

The second part of the study aimed to assess the drought stress resilience of maize 

and w heat t hrough e ndophytic c olonization by Burkholderia phytofirmans PsJN an d 

Enterobacter sp. FD17 i n t he pot  a nd f ield t rials. Results o f p ot tria l re vealed t hat 

bacterial in oculation minimized th e d rought s tress-imposed ef fects s ignificantly 

increasing shoot bi omass, r oot bi omass, relative w ater c ontent, photosynthesis a nd 

photochemical efficiency of PSII up to 66, 70, 30, 75 and 10%, respectively, compared to 

the un-inoculated control. The inoculant strains efficiently colonized maize seedlings and 

were recovered f rom roots, shoots and leaves of both i rrigated and s tressed plants. The 

potential of  PsJN inoculation was further evaluated to ameliorate the effects of drought 

stress on g rowth and y ield of  w heat unde r na tural f ield c onditions. T he pl ants w ere 

exposed t o dr ought s tress a t t illering a nd f lowering growth stage by s kipping t he 

respective irrigation. PsJN inoculation gave better response to wheat at the tillering stage 

and r esulted i n s ignificant increase i n p lant bi omass, phot osynthesis a nd gr ain yi eld 

compared t o t he c ontrol. Inoculation i ncreased gr ain y ield up t o 21 a nd 18% , 

respectively, a t bot h stages ove r the un -inoculated c ontrol. Similarly, PsJN i noculated 

plants s howed hi gher a ntioxidant activity and nut rient ( NPK) contents compared t o 
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control under stress conditions. These studies suggested that endophytic bacteria could be 

efficiently used to reduce the effects of drought stress on g rowth and yield of maize and 

wheat. 

In the third phase of study, we evaluated the L-TRP-dependent response of PsJN 

inoculation to maize gr owth a nd a uxin bi osynthesis under pot c onditions. In vitro data 

revealed that PsJN produced auxin (IAA equivalents) without L-TRP addition (0.84 μg 

mL-1), how ever, I AA e quivalents s ubstantially i ncreased w hen t he m edium w as 

supplemented with L-TRP (11.78 μg mL-1). PsJN inoculation supplemented with L-TRP 

(10-5 M) significantly i ncreased r oot bi omass a nd s hoot b iomass up t o 62 a nd 55% , 

respectively, compared to the un-inoculated control. The inoculant strain colonized more 

efficiently maize s eedlings i n t he pr esence of  e xogenously a pplied L -TRP. T he r esults 

imply that L-TRP-derived IAA biosynthesis in the rhizosphere by PsJN inoculation could 

be a useful approach for improving the growth and yield of maize. 

Keywords: Endophyte, Burkholderia phytofirmans PsJN, Enterobacter sp. F D17, 

photosynthesis, antioxidant a ctivity, nutrient c ontent, d rought s tress, L-tryptophan, 

precursor-inoculum interaction, endophytic colonization, maize 
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Zusammenfassung 

Das schnelle Wachstum der menschlichen Bevölkerung lässt uns das Augenmerk auf die 

Frage l egen, w ie d er g esteigerte B edarf n ach Lebensmitteln g edeckt w erden k önnte. 

Pflanzenwachstumsfördernden Mikroorganismen stellen eine Alternative zu kostspieligen 

und u mweltschädigenden c hemischen D üngern und P estiziden dar. D iese B akterien 

besitzen beispielsweise die Fähigkeit, die Versorgung der Pflanze mit Mikronährstoffen 

zu fördern, indem sie Luftstickstoff binden, gebundenes Phosphat aus dem Boden lösen 

und de r P flanze ve rfügbar m achen, Pflanzenhormone und  S iderophoren produzieren. 

Weiters k önnen si e G esundheit d er Pflanzen sch ützen, i ndem si e Pathogene biologisch 

bekämpfen und da s Stresshormon E thylen abbauen. D ie S chlüsselfaktoren ei ner 

erfolgreichen technologischen Anwendung von pf lanzenwachstumsfördernden Bakterien 

sind die Sicherstellung einer hohen Überlebensrate und e iner effektiven Besiedelung der 

Wirtspflanzen. H ierfür not wendig i st di e E ntwicklung ge eigneter F ormulierungen und  

Aufbringungstechniken.  

In uns erer S tudie evaluierten wir das Wachstumspotenzial und die 

Kolonisierungsfähigkeit von f ünf E ndophytenstämmen ( FA13, F F34, F C42, F B12 und 

FD17) um  das W achstum und de n E rtrag vo n ve rschiedenen M aissorten z u e rhöhen. 

Unterschiedliche L abormethoden w urden angewandt, um d ie S tämme au f i hre 

pflanzenwachstumsfördernde Eigenschaften zu prüfen. Die direkte Wirkung auf Pflanzen 

wurde unter a xenischen und na türlichen B odenbedingungen untersucht. D abei w urde 

festgestellt, dass d ie B akterien d as Pflanzenwachstum u nter k eimfreien B edingungen 

fördern. FD17-Inokulierung bewirkte in einem Containment Versuch eine Steigerung der 

Pflanzenbiomasse von  39% s owie e ine E rtragsteigerung von 42% , verglichen m it de r 
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nicht i nokulierten K ontrolle. Darüber hi naus verbesserte die B ahandlung m it de m 

Baktreium auch die Effizienz des Photosystem II (PSII) der Maispflanze und verringerte 

die Wachstumsdauer bis zum Erreichen des Blühstadiums. Unsere Versuche bestätigten 

die erfolgreiche Kolonisierung von Rhizosphäre, Wurzel und Stamm der Maispflanze mit 

FD17. Unsere Tests zeigten, da s Enterobacter sp. F D17 das höc hste Potential besitzt, 

Pflanzenwachstum unt er na türlichen B odenbedingungen zu f ördern un d dass in vitro 

Tests von ba kteriellen E ndophyten da zu ge eignet s ind, bestimmte S tämme f ür di e 

Anwendung in Feldversuchen zu selektieren. 

Der z weite Teil d er S tudie beschäftigte si ch m it erhöhter T rockenstresstoleranz 

von M ais und Weizen dur ch di e e ndophytische Besiedelung durch Burkholderia 

phytofirmans PsJN und Enterobacter sp. F D17 i n T opf- und F eldversuchen. D ie 

Resultate de r T opfversuche z eigten e ine signifikante R eduktion de r 

Trockenstresssymptome verglichen mit der nicht inokulierten Kontrolle. Dies zeigte sich 

in der Erhöhung der Stammbiomasse (+ 66%), der Wurzelbiomasse (+70%), des relativen 

Wassergehalts (+30%), d er Photosyntheserate ( +75%) s owie d er photochemischen 

Effizienz v on P SII (+ 10%). D ie B akterienstämme k olonisierten s ehr e ffizient d ie 

Maissetzlinge und konnten in den Wurzeln, im Stamm und den Blättern sowohl von nicht 

gestressten als auch gestressten Pflanzen nachgewiesen werden. Der Trockenstress wurde 

durch das Aussetzen der Bewässerung in den Zeiträumen der Ausläuferbildung und der 

Blütenbildung hervorgerufen. In Weizen zeigte der S tamm PsJN eine größere Wirkung 

bei der Inokulierung während der Sprossungsphase und resultierte in einer signifikanten 

Steigerung de r P flanzenbiomasse, de r P hotosyntheserate und de s  E rnteertrags, 

verglichen mit der Kontrolle. Im Detail bewirkte die Inokulation eine Ertragssteigerung 
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von 18 -21% ge genüber de r ni cht i nokulierten K ontrolle. A ußerdem zei gten P sJN-

inokulierte Pflanzen un ter S tress e ine höhe re Antioxidationsrate s owie e inen höheren 

Nährstoffgehalt im V ergleich z ur n icht inokulierten K ontrolle. U nsere R esultate l assen 

vermuten, dass endophytische Bakterien verwendet werden können, um die Effekte von 

Trockenstress während des Wachstums von Mais und Weizen zu vermindern.  

In d er d ritten P hase d er D oktorarbeit e valuierten w ir d ie L -TRP-abhängige 

Wirkung von B. phytofirmans PsJN au f das Wachstum v on Mai spflanzen so wie die 

Auswirkung auf die Produktion von Auxinen in Topfversuchen. Unsere in vitro Studien 

zeigten, dass PsJN ohne Zugabe von L-TRFP  (0,84 µg mL-1), Auxin (IAA Äquivalente) 

produzierte. Durch Zugabe von L -TRP (11.78 μg mL-1) wurde die Produktion von IAA 

Äquivalenten weiter erhöht. Die kompinierte Anwendung von PsJN und L-TRP (10-5 M) 

bewirkte eine Steigerung der Sprossbiomasse zwischen 55 und 62% , verglichen mit der 

nicht-inokulierten K ontrolle. D er B akterienstamm k olonisierte d ie M aissetzlinge 

effizienter i n d er A nwesenheit v on e xogenem L-TRP. D ie R esultate l assen v ermuten, 

dass eine Inokulation mit PsJN bei gleichzeitiger L-TRP Zugabe einen sinnvollen Beitrag 

zur Ertragssteigerung von Mais bewirken könnte. 

 Keywords: E ndophyten,  P flanzenwachstumsförderung, Burkholderia phytofirmans 

PsJN, Enterobacter sp. FD17,  Photosynthese, N ährstoffgehalt, T rockenstress, L -

tryptophan, Kolonisierung mit Endopyhten, Mais, Weizen 
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Chapter 1 

General Introduction 

 

1.1. Background, objectives and scope of  the research 

Despite a  s ignificant gr owth i n f ood pr oduction ove r t he pa st-half c entury, one  of  t he 

most important challenges facing society today is how to feed an expected population of 

approximately ni ne bi llion by t he middle of  t he t wentieth c entury. H owever, i t will b e 

challenging over the next 50 ye ars to increase crop productivity further in order to meet 

an expanding population, due  to a r ange of  issues s uch a s d ecreasing a rable l and, 

increasing water scarcity, rapid global climate change, and the use of biomass for biofuels 

production. To meet the expected demand for food without significant increases in price, 

it has been estimated that we need to produce 70-100 percent more food in l ight of the 

increasing impacts o f global climate ch ange an d co ncerns over en ergy secu rity ( FAO, 

2010; Godfray et al., 2010). Higher cereals grain production has only been possible with 

high inputs of inorganic or synthetic chemical (NPK) fertilizers. However, the intensive 

use of agricultural resources, particularly water and fertilizer, now and in the foreseeable 

future i s exceedingly e xpensive a nd/or e nvironmentally da maging, a nd cannot r emain 

indefinitely, because of overwhelming demand for water for non-agricultural residential 

uses a nd t he s kyrocketing e nergy cost of  f ertilizer pr oduction ( Ghimire a nd C raven, 

2013). 

There has been a steady rise in agricultural production since the green revolution, 

but the scope of high-input agriculture with current technologies and available crop plants 

will no t be  sufficient t o f eed t he rapidly g rowing w orld po pulation i n t he c ontext of a  
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dwindling supply of agricultural inputs (Den Herder et al., 2010). This is particularly true 

in de veloping c ountries, w here popul ation gr owth w ill be  t he gr eatest but  a ccess t o 

agronomic inputs will be the most limited. In intensive cropping systems, supplementing 

soil n utrients b y t he u se o f ch emical f ertilizer i s c onsidered i nevitable f or obt aining 

optimum yi eld of  c rops. T o a cquire opt imum c rop yield potential, a dequate plant 

acquisition of nut rients i s ne cessary. H owever, e ven w hen nut rients a re pr ovided 

externally, their utilization by plants is highly dependent upon the physical, chemical and 

biological c onditions in t he s oil, which is located in  th e i mmediate v icinity o f p lants’ 

roots, know n a s t he rhizosphere (a te rm f irst i ntroduced b y Hiltner, 1904). T his thick 

layer (a few m illimeters) of s oil is i ntimately a nd c ontinuously a ffected by  r oots’ 

metabolic processes, creating a zone of intense activity comparatively different from the 

surrounding bul k s oil. The r hizosphere’s c ontribution t o s oil f ertility and s ustainability 

and, t hus t o optimum plant g rowth, i s a ll o ut of  pr oportion to i ts phys ical v olume 

(Römheld and Neumann, 2006). 

Achieving f urther in crements in  a gricultural productivity w ith a r eduction in  

agrochemical use for economic or environmental reasons will need a n ew generation of 

technologies. A lthough g reat ef forts h ave b een made o ver t he l ast t hree d ecades t o 

increase the crop productivity by i ntroducing new varieties and better farm management 

approaches, sufficient pr oduction of  these crops using e xternal i nputs (e.g. a gro-

chemicals) is s till a  d istant ta rget. Moreover, it is  well established now that continuous 

use of chemical fertilizers subverts soil ecology, disrupts the environment, degrades soil 

fertility and consequently may show harmful e ffects on human health (Ayala and Rao, 

2002) and also may contaminate ground water (Joshi et al., 2006). 
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Soil i s a  r ich s torehouse o f d iverse communities o f microorganisms with 

multifaceted metabolic activities. A number of diverse phylogenetic groups of microbes 

in nature have been described, which increase crop productivity by various plant growth-

promoting mechanisms (Dutta and Podile, 2010; Hayat et al., 2010).  

The use of biological fertilizers based on plant growth-promoting bacteria (PGPB) 

appears t o be a  pr omising a lternative t o c hemicals. Consequently, ov er t he years, t he 

utilization of PGPB, usually e ither rhizosphere bacteria or  endophytes, as bio-fertilizers 

and/or b io-pesticides h as r eceived i ncreasing at tention. T hese m icroorganisms may n ot 

only ensure the availability of essential nutrients to plants but also enhance nutrient use 

efficiency (Khalid et al., 2009). Mechanisms by which PGPB may stimulate plant growth 

and nut rition i nclude b iological ni trogen f ixation ( BNF), s ynthesis of  phytohormones, 

environmental stress relief, synergism with other bacteria-plant interactions, inhibition of 

plant e thylene synthesis, a s well a s increasing availability of nut rients l ike phosphorus, 

iron a nd o ther m icro-elements, a nd gr owth e nhancement by vo latile c ompounds 

(Hardoim e t a l., 2008; M itter e t a l., 2013). Numerous i nvestigators ha ve de veloped 

microbial i noculants t hat co nfer b eneficial p roperties su ch as su ch as B NF, u ptake o f 

phosphorus (P) and other mineral nutrients, biocontrol and plant hormone production for 

increasing t he c rop pr oductivity (Dodd a nd Ruiz-Lozano, 2012; M iransari, 2011). 

Development of stable, efficacious and eco-friendly microbial formulations that contain 

phylogenetically di verse a nd na turally o ccurring s oil m icrobes w ith m ultiple 

complementary f unctions de signed t o e nhance t he pr oductivity of  a  br oad s pectrum of 

crops with reduced input of nitrogen (N) and P fertilizers and pesticides is the ideal goal. 

It i s encouraging t hat s ome r eal pr ogress i s be ing m ade i n t his di rection, a nd pe rhaps 
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better microbial formulations for increasing crop productivity may become available soon 

(Reddy and Saravanan, 2013). 

The t erm e ndophyte i s a pplied t o microorganisms t hat l ive i nside pl ants f or a t 

least pa rt o f t heir l ife c ycle w ithout be ing pa thogenic. In c ontrast, s ome e ndophytes 

confer t o t he h ost b enefits su ch a s st ress r eduction, i ncreased r oot gr owth a nd nut rient 

availability (Hardoim et al., 2008; Mitter et al., 2013). Endophytic bacteria may in future 

be even more important than rhizosphere bacteria in promoting plant growth promotion 

and nut rition, be cause they e scape c ompetition w ith rhizosphere m icroorganisms a nd 

achieve a more i ntimate co ntact with p lant tissues. E ndophytes h ave t he cap acity to 

colonize th e p lant interior a nd m ay mediate m ore c onsistent e ffects, p articularly when 

applied as bio-fertilizers. Extensive utilization of endophytic microbes, particularly those 

that a re r eadily c ultivable on m inimal r esources t o pr oduce l arge a mounts of  plant 

inoculum, could play a significant role in feeding an ever-burgeoning world population. 

 

1.2. Different Niches for PGPB Colonization 

The beneficial effects of PGPB (rhizobacteria and endophyte) on plant growth depend on 

an intimate association between these bacteria and the host plant. However, the degree of 

relationship can vary depending on where and how PGPB colonizes the host plant. It can 

be categorized into two levels of interaction: rhizospheric and endophytic. 

1.2.1. Rhizospheric Niches 

 
The r hizosphere is t he compartment of  t he soil a round t he r oots t hat i s unde r p lant 

influence ( Kennedy, 2005). Plant gr owth-promoting rh izobacteria (P GPR) re present a 
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wide variety of soil bacteria which, when grown in association with a host plant, result in 

stimulation o f growth and yi eld of their h ost ( Vessay, 2003). S ome s cientists a dopt a  

more e xpanded definition f or r hizospheric PGPRs, i ncluding ba cteria f rom t he 

rhizoplane, which i s the s urface of  plant roots and s oil pa rticles s trongly a dhered t o i t 

(Antoun and P revost, 2005; F igure 1). P lant roots of fer a  niche for t he proliferation of  

PGPRs that th rive on root e xudates a nd l ysates. P opulation de nsities of ba cteria i n the 

rhizosphere may be  up t o 1 00-fold hi gher t han i n bul k s oil a nd up t o 15%  of  t he r oot 

surface may b e co vered b y micro-colonies of  d ifferent bacterial s trains. These b acteria 

utilize t he n utrients th at a re re leased f rom th e host f or th eir growth; they al so se crete 

metabolites into the rhizosphere that can act as signaling compounds (van Loon, 2007). 

 

Figure 1 . Root ni ches f or P GPB c olonization. R hizospheric P GPRs ( garnet c ells) 

colonize r hizosphere so il ar ea an d roots su rface ( rhizoplane), b ut t hey can not i nvade 

internal p lant t issues. Endophytic bacteria (blue c ells) c olonize any r egion w ithin t he 

epidermis o f t he p lant root, an d t hey can  reside i n ap oplastic i ntercellular sp aces an d 
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xylem v essel ap oplast. The e ndophytes, i n ge neral, invade t he i nternal p lant t issues 

through s ites of  injury in the epidermis, root t ips and root cracks formed at the s ites of  

lateral root emergence (adapted from Carvalho et al., 2013). 

 

Plants m odify t he p hysico-chemical pr operties a nd bi ological c omposition of  t he 

rhizosphere through a variety of mechanisms, which can affect the ability of PGPRs to 

colonize t he plant rhizosphere. This includes c hanges i n w ater pot ential, pH , salinity, 

partial pressure of oxygen and mineral and organic composition due  to plant exudation 

(Hasegawa et  al., 2005). A long w ith these changes, r oot exudates di rectly i nfluence 

nutrient availability and uptake or have indirect effects through interaction with beneficial 

soil microorganisms. A remarkable feature of the rhizosphere is that rhizodeposition and 

root t urnover account for up t o 20 -40% of  t he carbon input into soil and c learly i s t he 

major driver for soil biological processes (Morgan and Whipps, 2001; Jones et al., 2009). 

There has been long-standing recognition of the importance of root exudates as sources of 

nutrients a nd c arbon for pr omoting a nd s ustaining beneficial so il microflora. The main 

component of  r oot exudation is t he m ucilage, w hich co ntains p olysaccharides, o rganic 

acids, vitamins and amino acids, therefore an excellent substrate for microbial growth and 

their p roliferation. M ucilage adheres t o w ater, he lping to f orm a  hi ghly hydr ated 

environment f or r oots a nd r hizosphere microbial c ommunities. T hese ex udates 

principally affect m icrobial c ommunities in two w ays. F irstly, t hey p rovide r ich and 

relatively re adily a vailable s ource of nutrients a nd energy. S econdly, t here i s gr owing 

evidence of a diverse range of chemical signals from plant roots to microorganisms and 

vice versa that influence microbial community structure and functions. This generates a 

functionally c omplex c ommunity with a  hi gh l evel of  c ompetition f or c olonization by 
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bacteria that m ay b e b eneficial, n eutral and or pathogenic t oward pl ants ( Dick, 2012; 

Carvalho et al., 2013). 

There is an increasing body of evidence that the biology of the rhizosphere could 

be exploited by manipulating root and microbial interactions to improve the productivity 

and su stainability o f ag ricultural systems. T hese r hizospheric microorganisms have 

shown the potential to increase nutrient availability and uptake to plants, stimulate growth 

and protect plants from disease causing pest and pathogens (Dick, 2012). This would be 

particularly va luable toward t he development of  s ustainable and biologically b ased 

agricultural systems because this has potential for reduced or no external inputs. 

1.2.2. Endophytic Niches 

The term endophyte is applied to microorganisms that live within plant tissues for all or 

part of their life cycles and cause no apparent infections or symptoms of disease (Bacon 

and W hite, 2000; S aikkonen e t a l., 2004). This co ncept h as b een f urther extended to 

encompass all bacteria that can be isolated from surface-sterilized plant tissues and do not 

visibly h arm h ost p lants (H allmann e t a l., 1997). According t o their lif e s trategies, 

bacterial en dophytes c an b e c lassified as  “o bligate” o r “f acultative” ( Hardoim et  al ., 

2008). Obligate endophytes are severely dependent on the host plant for their growth and 

survival. While facultative en dophytes h ave a phase in th eir l ife c ycle in  w hich th ey 

survive outside host plants. 

Two of the most frequently raised questions in regarding with endophytic bacteria 

are what i s the or igin of endophytes and how do they enter plant tissues in na ture? To 

answer the f irst question, endophytic bacteria appear to originate f rom seeds (Pleban et  

al., 1995; Adams and Kloepper, 1996), vegetative planting material (Dong et al., 1994), 
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rhizosphere s oil (H allmann e t a l., 1997; M ahaffee a nd K loepper, 1997) and t he 

phylloplane (Beattie and Lindow, 1995). Endophytic sites comprise any region within the 

plant, although the vascular system is sometimes considered separately (Figure 1). With 

the exception of seed-originated bacteria, which are already present in the plant, potential 

endophytes must first colonize the root surface prior to entering the plant materials. The 

initial processes of colonization of plant tissue by endophytic bacteria can be via stoma, 

lenticels, a reas of emergence of lateral roots and germinating radicles (Hallmann e t a l., 

1997). However, the main e ntry for e ndophytic ba cteria appears to be  t hrough wounds 

and cracks that na turally occur as a result of  plant growth, or through root ha irs and a t 

epidermal c onjunctions ( Sprent a nd de  F aria, 1988). S everal a uthors ha ve reported 

colonization of the secondary root emergence zone by bacterial endophytes (Wiehe et al., 

1994; Mahaffee et al., 1997; Mattos et al., 2008).  

The endophytic ni ches r equire s pecial r ecognition be cause of  i ts uni que ha bitat 

and potential to affect plants growth. Endophytic bacteria can colonize the apoplastic and 

interacellular locations in roots without causing harmful effects on the host plant (Schulz 

and Boyle, 2006). Although endophyte populations vary in different plants according to 

many factors, bacterial populations are generally larger in roots and smaller in stems and 

leaves ( Lamb et  al ., 1996). A dditionally, t he population de nsity of  e ndophytic ba cteria 

found in plants depends on the plant species, genotype, and tissue; the growth stage and 

specialization of the bacteria; differences in colonization pathway; and mutual exclusion 

of different bacterial populations (Sturz et al., 1997; Strobel and Daisy, 2003).  

Because of  t heir i ntimate c ontact or  l ocation w ithin r oots, t hey may more 

protected f rom a dverse changes in t he e nvironment t han ba cteria in the r hizospher a nd 



Chapter 1: General Introduction                                                                                               Muhammad Naveed 

 

9 
 

would be  e xpected t o interact c losely w ith t heir hos t and f ace l ess co mpetition f or 

nutrients and sp aces (Beattie, 2006;  R osenblueth a nd M artínez-Romero, 2006) . T he 

endophytic bacteria, which are usually present in plant tissues are able to enhance plant 

growth and h ence final produce ( yield). In terestingly, various research w orks h ad 

indicated the applications of natural and genetically modified endophytic bacteria for the 

alleviation o f stresses (both abiotic and biotic). T he e ndophytic ba cteria c an also 

significantly contribute to enhancing plant growth and nutrient uptake, and hence can be 

assumed a so urce o f f ertilization f or t he h ost p lant ( Luo et  al., 2011; M iransari, 2011; 

Mitter et al., 2013). 

Microscopic examination revealed t hat P GPRs do not  l ive within he althy hos t 

cells. T he f ew r eports that propose an in tracellular lo calization a re c ontroversial a nd 

could characterize a saprophytic colonization (Bellone et al., 1997; Cocking et al., 2006). 

The microorganisms that reach the intercellular regions must compete with the host plant 

defense sy stem, w hich i s a ctivated w hen b acteria en ters in the pl ant environment. 

Remarkably, ba cteria c olonize t issues of  m ost or gans of  t he infected pl ant, w ithout 

causing pathogenic e ffects and any visible d isease symptoms (Hardoim e t a l., 2008; de 

Carvalho et a l., 2011). T here is growing in terest in  f inding b acterial s trains with 

biological control or plant growth-promoting capabilities. If these bacteria can be found 

in i nternal plant tissues, a s t hey c an i n t he rhizosphere, these ba cteria m ay ha ve t he 

unique c apacity to e licit b eneficial e ffects f rom within th e p lants. A s n ew b eneficial 

bacterial s trains a re id entified, appropriate delivery o f t hese st rains t o sp ecific p lant 

tissues w ill be ne eded. T o us e e ndophytic ba cteria i n pr actical a gronomic pr oduction, 

reliable and pr actical methods of  i noculation must be  de veloped. Several d elivery 
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systems have been reported for endophytic bacteria (Hallmann et al., 1997; Bressan and 

Borges, 2004). 

 

1.2.3. Mechanisms of bacterial plant growth promotion 

Plant gr owth pr omotion by bacteria i n a n a grobiology s ystem c onsists of  t wo l evels: 

rhizospheric and endophytic (Bhattacharyya and Jha, 2012). PGPB are (e.g. rhizobacteria 

and endophyte) isolated from the rhizo- and or endosphere, which when inoculated into 

the s eed o r s oil s timulate pl ant gr owth t hrough one  or  m ore of  s everal f unctional 

mechanisms. The growth stimulation by PGPB can be a consequence of nitrogen fixation 

(BNF), production of phytohormones, such as indole-3-acetic acid (IAA), cytokinins and 

gibberellins, bi ocontrol o f phyt opathogens through t he production of a ntifungal or  

antibacterial a gents, siderophore production, nut rient c ompetition and i nduction of  

acquired ho st r esistance, or  e nhancing t he bi oavailability o f minerals ( Hallmann e t a l., 

1997; Rosenblueth and Martinez-Romero, 2006; Mitter et al., 2013). Several studies have 

indicated t hat e ndophytic c olonization c an a lso r esult i n increased pl ant vi gor, and i t 

confers t olerance t o b iotic an d ab iotic s tresses ( Hallmann et  al ., 1997; Azevedo an d 

Araujo, 2003), e nhanced d rought t olerance ( Arachevaleta et al ., 1989), a nd i mproved 

phosphorus ut ilization ( Verma e t a l., 2001; Wakelin e t a l., 2004). A lthough t he 

interaction between e ndophytic ba cteria a nd their hos t pl ants i s no t fully unde rstood, 

many isolates showed beneficial effects on their hosts and may play an important role in 

the phys iology and gr owth of t hese pl ants. P GPB may use more t han one  of  t hese 

mechanisms t o e nhance pl ant gr owth (Figure 2; T able 1 ) as ex perimental ev idence 

suggests that the plant growth s timulation is  the net result of multiple mechanisms that 
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may be activated simultaneously (Martinez-Viveros et al., 2010). Recently, biochemical 

and m olecular approaches a re p roviding n ew i nsight into t he ge netic ba sis of  t hese 

biosynthetic pa thways, t heir r egulation a nd i mportance i n plant gr owth pr omotion and 

biological control (Joshi and Bhatt, 2011). However, many well-known 

 

Figure 2. Potential beneficial effects of plant-associated bacteria on plant growth and soil 

health. 
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Table 1. Observed effects of plant growth promotion by PGPB inoculation in various crops 
 
Test crop Bacteria Experimental 

conditions 

Proposed 

mechanism(s) 

Plant r esponse t o PG PR /  

endophyte inoculation 

Reference 

Arabidopsis 
thaliana 

Bacillus sp. L254, 
L266, L272a 

Petri p late 
assay 

Volatile o rganic 
compounds ( VOCs) 
production 

Rhizobacterial in oculation 
increased p lant bi omass by 2 
fold 

Gutierrez-Luna 
et al. (2010) 

Medicago 
sativa 

Arthrobacter agilis 
UMCV2 

Axenic trial VOCs production Inoculation r esulted i n 40%  
increase in plant biomass  

Velazquez-
Becerra e t al . 
(2011) 

Peppermint Pseudomonas 
fluorescens, Bacillus 
subtilis, Azospirillum 
brasilense 

Petri d ish 
assay 

VOCs production Essential oil co ntent w as 
increased by 2-fold 

Santoro e t a l. 
(2011) 

Pearl millet Pseudomonas, 
Citrobacter, 
Acinetobacter, Serratia, 
Enterobacter spp. 

Pot trial P- solubilization Increased ro ot le ngth (4 5-75%), 
shoot l ength ( 5-68%) a nd 
biomass (64-88%) 

Misra et  al . 
(2012) 

Wheat Pseudomonas, Bacillus, 
Azospirillum 

Axenic /  p ot 
trials 

IAA production Increase in  spike le ngth (3 3%), 
number of tillers (71%) and seed 
weight (39%) 

Hussain a nd 
Husnain (2011) 

Cucumber Ochrobactrum 
haematophilum H10 

Pot trial IAA pr oduction, P - 
solubilization 

Increased leaf length (27%) and 
root length (58%) 

Zhao et  al . 
(2012) 

Tomato Gluconacetobacter 
diazotrophicus PAL 5  
and UAP 5541 

Greenhouse 
experiment 

N2-fixation Increased total f ruit num ber 
(18%) and weight upto 14% 

Luna et  al . 
(2012) 

Canola Methylobacterium 
fujisawaense strains 
CBMB 20, CBMB 10 

Gnotobiotic ACC d eaminase 
activity 

Increased root length up to 78% Madhaiyan et  
al. (2008) 

Clusterbean Bacillus coagulans Pot trial P- solubilization Improvement pl ant bi omass 
(25%), r oot l ength ( 28%), P  
content ( 22%) a nd s eed yi eld 

Yadav a nd 
Tarafdar 
(2012) 
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(19%) 
Strawberry Paenibacillus polymyxa 

RC05, Bacillus spp. 
RC23 

Field trial IAA production Increased fruit weight (19%) and 
quality fruit ratio (32%) 

Erturk e t al. 
(2012) 

Neem plant Streptomyces strains 
AzR-010, 049, 051 

Controlled IAA production Improved ge rmination ( 39%), 
root length ( 30%) a nd shoot 
length (31%) 

Verma et  al . 
(2011) 

Black pepper Bacillus tequilensis 
NII-0943 

Pot trial IAA pr oduction, P - 
solubilization a nd 
ACC deaminase 

Increased Root length (77%) and 
shoot length (112.5%) 

Dastager et  al . 
(2011) 

Sugar beet Acinetobacter 
johnsonii strain 3–1 

Pot trial IAA pr oduction a nd 
P- solubilization 

Increased plant d ry w eight 
(69%) and yield (37%) 

Shi et  al . 
(2011) 

Muskmelon Bacillus subtilis Y-IVI Pot trial IAA, S iderophore 
production 

Increased shoot dr y w eight 
(100%) and length (34%) 

Zhao et  al . 
(2011) 

Rice Pseudomonas sp. PAC, Glass t ube 
assay 

P- solubilization Increased plant height and shoot 
P content 

Nico et  al . 
(2012) 

Bacillus sp. 
SVPR30, Paenibacillus 
polymyxa ATCC 10343 

Greenhouse IAA production Inoculation produced 39%  
increase in plant dry biomass 

Beneduzi et  al . 
(2008) 

Maize Acinetobacter 
rhizosphaerae BIHB 
723 

Pot trial P- solubilization Increased s hoot he ight ( 19%), 
shoot b iomass ( 32%) a nd P  
uptake (83%) 

Gulati e t a l. 
(2010) 

Sorghum Azospirillum brasilense 
SM 

Axenic IAA production Increased s hoot l ength ( 28%) 
and dry (62%) 

Malhotra a nd 
Srivastava 
(2009) 

Mungbean Pseudomonas, 
Escherichia, 
Micrococcus, 
Staphylococcus sp. 

axenic IAA production Significantly enhanced s hoot 
length (48%) and biomass (44%) 

Ali e t a l. 
(2010) 

Apple Bacillus OSU-142, 
Bacillus M-3, 
Burkholderia OSU-7, 
Pseudomonas BA-8 

Field trial IAA pr oduction, 
cytokinin 
production 

Increased shoot length by 59, 18, 
7 a nd 14%  a nd f ruit yield by  
116, 88, 138 a nd 74% , 
respectively 

Aslantas et  al . 
(2007) 
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plant pathogens may a lso be  typical endophytic bacteria that normally cause no visible 

disease symptoms (Kobayashi and Palumbo, 2000) but become pathogenic under certain 

conditions or  w ithin di fferent hos t genotypes ( Misaghi a nd D onndelinger, 1990). T he 

major m echanisms action of P GPR i nvolved in t he improvement of  plant g rowth a nd 

development are discussed in the following sections. 

1.3.1. Phytohormone production 

Phytohormones (also known as plant growth regulators) are low molecular-weight natural 

products that ac t at  m icromolar co ncentrations t o r egulate essentially al l physiological 

and developmental process dur ing a  pl ant’s life cycle (Chiwocha e t a l., 2003). Auxins, 

gibberellins, c ytokinins, a bscisic a cid a nd e thylene a re t he best know n p lant hor mones 

(Zahir et al., 2004; Khalid et al., 2006). The production of auxins, cytokinins, gibberellins 

and ab scisic aci d i s co nsidered a co mmon ch aracteristic o f P GPB ( Frankenberger an d 

Arshad, 1995; Khalid e t a l., 2004; Spaepen et  al., 2007) and is suggested as one of  the 

most plausible mechanisms of action affecting plant growth and development positively 

(Zahir et al., 2004). 

There are a number of reports, which advocate the effectiveness of these growth 

regulators ( PGRs) f or e nhancing p lant gr owth and d evelopment ( Glick et  al., 2007; 

Lugtenberg a nd Kamilova, 2009). The a bility to s ynthesize phyt ohormones i s w idely 

distributed a mong plant-associated b acteria, a nd in s ome s tudies 80% of  t he ba cteria 

associated with plants were able to produce IAA (Patten and Glick, 1996; Khalid et al., 

2006). T he r oot-growth-promoting hor mone a uxin, pr esent i n r oot e xudates, i s us ually 

synthesized from t he e xudate amino a cid t ryptophan. T he tryptophan concentration i n 
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exudates differs s trongly a mong pl ants ( Kravchenko et a l., 2004). Many studies ha ve 

described t he ab ility o f p lant-associated b acteria t o p roduce p hytohormones, su ch as 

auxin (Vessey, 2003; Spaepen et al., 2007), and the ability to produce IAA is considered 

to be responsible for plant growth promotion by beneficial bacteria, such as Azospirillum, 

Alcaligenes faecalis, Klebsiella, Enterobacter, Acetobacter diazotrophicus and 

Herbaspirillum seropedicae (Costacurta and Vanderleyden, 1995).  

The importance of auxin production in PGPB ability to promote plant growth has 

been demonstrated through inoculation studies with bacteria mutants (Barbieri and Galli, 

1993; P atten a nd G lick, 1996). Seeds bacterization with t he a uxin-generating P. 

fluorescens WCS365 di d not  r esult i n a n i ncrease i n t he r oot or  s hoot w eight of 

cucumber, sweet pepper and tomato, but led to a significant increase in the root weight of 

radish (Kravchenko et al., 2004). Patten and Glick (2002) observed 35–50 % longer roots 

in canola inoculated with wild-type GR12-2 compared to IAA-deficient mutant and un-

inoculated control. 

Similarly, many Pseudomonas, Bacillus and Azospirillum spp. produce cytokinin 

and gi bberellins, a nd p ositive e ffects on pl ant bi omass h ave be en r eported by t hese 

hormones ( Spaepen e t a l., 2009; G amalero a nd G lick, 2011). S teenhoudt a nd 

Vanderleyden ( 2000) de monstrated that t he m ain m echanism us ed by Azospirillum for 

enhancing plant growth is the production of phytohormones. Very recently, auxin (IAA) 

production have been described to be putatively involved in plant growth-promotion in 

efficient c olonization of  Arabidopsis thaliana by s train P sJN (Z úñiga e t a l., 2013). 

Although c ommercially a vailable phyt ohormones a re a lso us ed f or pr omoting pl ant 

growth, microbially produced phytohormones are more effective due to continuous slow 
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release, w hereas the balance between in hibitory a nd s timulatory le vels o f c hemically 

produced hormones is low is challenging. 

1.3.2. Plant growth enhancement through increase in nutrients availability 

In addition to pl ant growth promotion through the production of  phytohormones, some 

PGPB can improve plant nutrition by providing specific nutrients for plants, especially N, 

P, iron (Fe) and zinc (Zn) (Glick et al., 1999; Podile and Kishore, 2006). 

Nitrogen is an essential nutrient to plants, which can be easily lost in the soil by 

leaching, volatilization and bacterial denitrification (Vance, 2001). An important feature 

of some PGPB is the ability to supply N to host plants through BNF. This is one of the 

most important biological processes required for plant growth and is being performed by 

diazotrophic bacteria, which ar e ab le t o r educe atmospheric N  i nto a f orm available t o 

plants. The symbiotic relationship between legumes and N2-fixing bacteria and nitrogen 

fixation by f ree-living b acteria without f orming a ssociation i s a s ource of  N for pl ant 

(Carvalho et al., 2010). Co-inoculation of PGPB with rhizobia caused positive effect on 

nitrogen fixation, plant biomass, and grain yield in various leguminous crops like alfalfa, 

soybean and mungbean (Tilak et al., 2006; Zahir et al., 2011). Similarly, Azospirillum sp. 

have t he p otential t o increase ni trogen f ixation ( Rai a nd H unt, 1993), which c an 

contribute a bout 7 0% o f th e to tal n itrogen re quirement o f th e h ost p lant (M alik e t a l., 

1997). T he pr esence o f su ch b acteria a lso en hances ab ility o f p lant t o u se n itrogen 

efficiently and minimizes its leaching and denitrification losses.  

Phosphorous i s a m ajor e ssential m acronutrient-promoting pl ant gr owth a nd 

development, a nd l ow l evels of  s oluble phos phate c an limit t he gr owth of  pl ants. A n 

estimated 4 0% o f th e crop y ields o n th e w orld’s a griculture la nd are l imited b y P  
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availability. This low availability of P to plants is because of the vast majority of soil P is 

found i n i nsoluble f orm, w hile t he p lants c an onl y a bsorb i t i n t wo s oluble f orms, t he 

monobasic (H2PO4
-) a nd t he di basic (HPO4

2-) io ns (G lass, 1989). S everal phos phate 

solubilizing microorganisms a re now  r ecorded t o c onvert t he i nsoluble f orm o f P to 

soluble form through acidification, secretion of organic acids or  protons (Richardson e t 

al., 2009) and ex change r eactions ( Hameeda et  al ., 2008). Many plant-associated 

phosphate-solubilizing microbes belong to species of genera Bacillus, Pseudomonas and 

Rhizobium (referred to as p owerful P -solubilizers) a s w ell as st rains of Enterobacter, 

Klebsiella, Proteus, Burkholderia, Serratia, actinomycetes, Agrobacterium, Micrococcus, 

Flavobacterium and v arious f ungi s uch a s Aspergillus and Penicillium spp. use 

phosphatase for mineralizing organic/inorganic phosphates in the soil to a soluble plant-

usable form. Phosphate fertilizers are second only to nitrogen fertilizers in terms of costs 

to th e f armer a nd re present a  major c ost f or a gricultural p roduction worldwide 

(Richardson, 2007; Reddy and Saravanan, 2013). 

The production of low-molecular-weight ferric-chelating compound siderophores 

may directly increase the iron availability for plant and may indirectly protect the plant 

from pathogenic organisms (Etchegaray et al., 2004; Siddiqui, 2005; Singh et al., 2010). 

Some bacteria produce hydroxamate-type s iderophores, and others produce catecholate-

types ( Neilands a nd N akamura 19 91). S iderophores pl ay an important ro le in  iro n 

nutrition of plants (Jin et al., 2006). Vansuyt et al. (2007) reported that the Fe–pyoverdine 

complex s ynthesized b y Pseudomonas fluorescens C7 w as e fficiently t aken up by 

Arabidopsis thaliana resulting in enhanced iron content in plant tissue and better growth. 
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Due to high price and certain environmental concerns about chemical fertilizers, 

the use of  such inoculants would be consistent with sustainable agriculture while at the 

same time increasing the monetary benefits to the farmer by lowering of the quantities of 

agrochemical f ertilizers a pplied t o t he f ield a nd pot ential i ncreases i n c rop yi elds. 

Moreover the us e of  P GPB in c ombination with in organic f ertilizer c an in crease th e 

availability of nutrients to the crops (Kumar et al., 2009) and therefore could be useful for 

increasing the efficiency of fertilizers. 

1.3.3. Decreasing plant ethylene level by ACC deaminase activity 

Ethylene is a pl ant hor mone t hat is i nvolved i n t he r egulation of  m any phys iological 

responses ( Reid, 1995). M any pl ant s pecies r equire e thylene f or s eed ge rmination. 

Usually, i ts rate of  production r ises during germination and seedling growth (Abeles e t 

al., 1992). Generally, e thylene shows enhancement in root initiation and growth a t low 

level, but higher levels can lead to suppression in root elongation (Esashi, 1991; Jackson, 

1991). The level of ethylene production is generally increased under stress conditions. 

ACC d eaminase i s an  en zyme p resent in c ertain m icroorganisms t hat can  

hydrolyze 1 -aminocyclopropane-1-carboxylate deaminase (ACC) into ammonia and α-

ketobutyrate (Glick et al., 1998). Hence, PGPB containing ACC deaminase can decrease 

the amount of ACC, as well as ethylene, outside the germinating seeds, which eliminates 

the p otential in hibitory e ffect o f h igher e thylene c oncentrations (Glick e t a l., 1998). 

Holguin a nd G lick (2001) de monstrated that t he r elease of  ACC de aminase by  va rious 

PGPB i n t he r hizosphere c ould i ncrease r oot e longation a nd pl ant gr owth by r educing 

ethylene synthesis. 
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The pl ants i noculated w ith PGPB c ontaining ACC deaminase can  h ave l onger 

roots (Glick et al., 1999) and can be better able to resist the inhibitory effects of ethylene 

stress i mposed b y h eavy metals ( Burd et  al ., 2000), pa thogens ( Wang e t a l., 2000), 

drought (Z ahir e t a l., 2008), sal inity ( Mayak et  al ., 2004a) and f looding (Grichko a nd 

Glick, 2001). Besides, t reatment of  pl ant s eeds or  r oots w ith bacteria c ontaining ACC 

deaminase typically reduces ACC and ethylene levels about 2–4 fold (Penrose and Glick, 

2001). The role of ACC deaminase enzyme activity in plant growth promotion has been 

clearly d emonstrated in  th e s ymbiosis o f Burkholderia phytofirmans PsJN an d can ola. 

Sun et al. (2009) constructed a knock-out mutant of B. phytofirmans strain PsJN lacking 

ACC deaminase activity. The PsJN mutant was no longer able to promote the elongation 

of the roots of canola seedlings. Concisely, PGPB containing ACC deaminase could be 

used as successful inoculant because of having an effective strategy for improving growth 

and yield of crops via adjusting ethylene level in plants. 

1.3.4. Biocontrol activity 

Plant diseases are responsible for annual crop yield losses at a  total value of more than 

200 billions (Agrios, 2005). Resistant plants and chemicals are often used to control plant 

disease. However, r esistance d oes not ex ist ag ainst al l d iseases and t he b reeding o f 

resistant p lants t akes m any y ears (5-10 ye ars). Likewise, accep tance o f genetically 

engineered resistance is still a sensitive issue in the some parts of the world. The use of 

agrochemicals (e.g. f ungicides, i nsecticides a nd pesticides) is n egatively p erceived b y 

consumers and supermarket chains. Biocontrol is a mechanism in which microorganisms 

promote the growth of plants indirectly by inhibiting the growth of pathogens due to the 

secretion of secondary metabolites, i.e. antibiotics (Raaijmakers et al., 2002), phenazines 
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(Mavrodi et al., 2006), 2,4-diacetyl phloroglucinol (Phl) (Dunne et al., 1998), pyoluteorin 

(Nowak-Thompson e t al., 1999), pyrrolnitrin (Kirner e t a l., 1998), Zwittermycin A  

(Emmert et al., 2004), kanosamine (Milner  et al., 1996) and HCN (Chandra et al., 2007). 

Siderophore pr oduction i n Fe stress c onditions pr ovides microorganism a n additional 

advantage, resulting i n t he e xclusion of  pa thogens due  t o Fe starvation (A rora e t a l., 

2001). Generally, PGPB control phyto-pathogens via antagonism of the pathogen or  by 

changing t he hos t plant susceptibility. B acteria c an a ntagonize s oil bor ne pa thogens 

through va rious m echanisms s uch a s c ompetition, a ntibiosis and or p arasitism 

(Handelsman and Stabb, 1996; Mehboob et al., 2009; Mitter et al., 2013). 

1.3.5. Enhancement of photosynthetic activity 

Photosynthesis is considered as one of the very important reactions in plant growth and 

development. Under stress environment, reduction in photosynthesis occurs that might be 

due t o d ecrease i n l eaf ex pansion, p remature leaf sen escence, i mpaired p hotosynthetic 

machinery, and associated reduction in food production (Wahid and Rasul, 2005). PGPB 

may enable t he pl ants t o m aintain t heir gr owth by c ausing pos itive e ffect on 

photosynthesis. S hi e t al. ( 2010) r eported s ignificantly i ncreased t he phot ochemical 

efficiency a nd t otal chlorophyll c ontent i n leaves of  s ugar be et by  i noculation with 

Bacillus pumilus and Acinetobacter johnsonii, respectively. Bacterization of Vitis vinifera 

L. c v. C hardonnay ( grapevine) with Burkholderia phytofirmans PsJN r esulted i n a 1.3 

times h igher C O2-fixation r ate a nd a  2.2 t imes hi gher O 2 evolution as c ompared t o 

noninoculated p lants (Ait B arka et a l., 2006). X ie et a l. ( 2009) d emonstrated t hat 

enhanced p hotosynthetic a ctivity in Arabidopsis by v olatile e mission f rom Bacillus 

subtilis might be  due  t o a ccumulation of  i ron, be cause i ron i s of ten a  l imiting i on i n 
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photosynthesis. They also observed that when bacterial volatile signal was withdrawn, the 

photosynthetic capacity and iron content returned to untreated levels. The importance of 

Fe has a lready be en doc umented by S piller a nd T erry ( 1980), who demonstrated t hat 

biogenesis of t he phot osynthetic a pparatus is asso ciated w ith a high demand o f i ron 

availability. V ery r ecently, F ernandez e t a l. (2012) m onitored va rious phot osynthesis 

parameters such as  n et p hotosynthesis, intercellular C O2 concentration, s tomatal 

conductance, a ctivity of  phot osystem I I, a nd t otal c hlorophyll c ontent i n c old-stressed 

grapevine plantlets inoculated with B. phytofirmans PsJN as compared to non-bacterized 

controls. The authors clearly showed that the increase in plant photosynthetic activity was 

not due to a modulation of stomata conductance in grapevine colonized by strain PsJN. 

Thus, t he m echanism unde rlying t he s timulation of  pl ant phot osynthesis by  B. 

phytofirmans PsJN remains elusive. 

1.3.6. Growth enhancement through vitamins 

Vitamins ar e o rganic nut ritional f actors t hat i nfluence t he gr owth of  l iving 

microorganisms. I n a ddition t o t he vi tamins pr esent i n r oot e xudates a s a s ource f or 

bacterial g rowth (M ozafar a nd O ertli, 1993), cer tain b acterial sp ecies al so p roduce 

vitamins (Dahm et al., 1993). Like other growth promoting traits of PGPB, the production 

of vitamins also causes positive effect on plant growth and development (Azaizeh et al., 

1996; Dakora, 2003). More root colonization ability of vitamin producing Pseudomonas 

fluorescens has been observed by Marek-Kozaczuk and Skorupska (2001). Similarly, co-

inoculation of  vitamin-producing P. fluorescens and Rhizobium stimulated th e g rowth 

and symbiotic nitrogen fixation in clover plants (Marek-Kozaczuk et al., 1996). 
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1.4. Drought stress and crop productivity 

Plants are limited to protect themselves against environmental stresses including drought 

stress. T hus, p lants d evelop a w ide r ange o f st rategies to cope w ith s tress situations. 

Under c onditions of  w ater de ficiency, dr ought e scape and dr ought t olerance a re t wo 

important s trategies to  e nsure p lant g rowth and he alth. T here is  lim ited re ported 

information dealing with the role of microbes on the improvement of drought tolerance. 

1.4.1. Effect of drought stress on the physiology of plants 

Drought is a situation that lowers plant water potential and turgor to the extent that plants 

face di fficulties i n e xecuting no rmal phys iological and b iochemical functions. W ater 

stress changes plant physiology and biochemistry (Abdullah e t a l., 2011). Fundamental 

changes t hat oc curred a s a  r esult o f de hydration i nclude c hanges i n p hysiological a nd 

biochemical processes ( Sangtarash, 2010), m embrane s tructure a nd u ltrastructure of  

subcellular or ganelles ( Yordanov et al., 2003) and w ater relations (G orai e t al., 2010). 

Plant g rowth unde r dr ought s tress is influenced by l oss o f t urgor, s tomatal closure, 

inhibition i n c ell gr owth a nd enlargement, a ltered pho tosynthesis, c hanges i n pl ant 

metabolites (Bartels and Sunkar, 2005), respiration, carbohydrates, growth promoters, ion 

uptake, nutrient metabolism (Farooq et al., 2008) and nutrient uptake (Akinci and Losel, 

2010). However, its impact depends on the duration and intensity of stress (Chaves et al., 

2009), ge netically determined plant s ensitivity and c apacity (Valladares et  al ., 2007), 

developmental s tage and sp ecies o f p lant ( Jaleel e t a l., 2008), s oil t ype a nd c limate 

(DaMatta and Ramalho, 2006). 
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Summarily, unde r the condition of mild w ater d eficit the plant c ould a dapt 

through changes in molecular and physiological mechanisms but have to pay the price in 

the form of reduced biomass yields (Boutraa and Sanders, 2001). Severe deficit of water 

may r esult in t he arrest of  phot osynthesis, r eduction in turgor, w ater potential, s olutes 

concentrations in the cytosol and increase of extra-cellular matrices and also leads to the 

inhibition in cell enlargement (Bhatt and Srinivasa Rao, 2005). Subsequently, continuous 

accumulation of  a bscisic a cid ( ABA) a nd c ompatible o smolytes, o verproduction o f 

reactive o xygen sp ecies ( ROS) re sult in  w ilting a nd f inally plant death ( Jaleel et  al ., 

2008). 

1.5. Strategies for improving drought stress tolerance in plants 

Drought is worldwide limiting crop productivity and leads to increase in desertification 

and food insecurity. Hence, the employment of strategies capable of improving the plant 

potential f or hi gher pr oductivity w hile a meliorating t he a dverse e ffects of  dr ought a re 

needed (see Figure 3) . Some of  the strategies that proved highly effective in improving 

tolerance in plants against drought stress are illustrated below. 

1.5.1. Germplasm screening 

Living m aterial b earing h eredity f rom w hich n ew p lant c an g row is  c alled g ermplasm 

such a s s eeds, r ootstock, or  l eaf p lant tissue. In a germplasm scr eening st rategy the 

superior germplasm is collected by selection of some lines with higher levels of drought 

tolerance from crop well adapted to harsh conditions from different climatic areas. The 

selected g ermplasm u ndergoes s eries o f scr eenings u nder gr eenhouse a nd f ield 

conditions. The ge rmplasm with r ecorded hi gh l evels of  dr ought t olerance i s e valuated 
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under greenhouse conditions to determine the levels of drought tolerance. The germplasm 

finally selected is propagated for multiplication and distribution to farming communities. 

It is a lengthy and time-consuming procedure. 

  

 

Figure 3 . Schematic view of d ifferent d rought management s trategies o ver th eir time 

periods 
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Establishment o f p roper, p ractical, r eliable, c heap an d f ast selection methods and 

multiplication s ystem are th e p rerequisite o f th is s trategy. Large a nd e xpensive 

glasshouse a nd field t rials are re quired to s creen out  d rought-tolerant d esired plant 

genotypes. Multidisciplinary a pproaches t o m easure the e ffect of  dr ought s tress o n t he 

physiology, bi ochemical a nd m orphology of  t he pl ants. Though increases i n drought 

stress tolerance through this strategy are feasible but to a small extent. 

1.5.2. Breeding drought tolerance genotypes 

Plant breeding could be used to develop tolerant genotypes that are resistant to drought. It 

appears a c ompetent a nd l ucrative way of  manipulating c rops t o e nable t hem t o grow 

efficiently i n drought-prone e nvironments. T he c ontribution of  t raditionally p lant 

breeding towards tackling the challenges of global food security is enormous since from 

the la st c entury (R ajaram, 2005). C onsiderable d rought to lerant cultivars/lines o f 

important food crops have been developed during last century. In it new crop varieties or 

lines with desirable traits are produced through deliberate crossing of closely or distantly 

related individuals. 

Traditionally, m anipulation vi a plant br eeding i s don e t hrough controlled 

pollination. Plant breeders, at first step deliberately generate genetic diversity that would 

not exist in nature. Then to generate new plant varieties, they c ross and re-cross plants 

over several generations, followed by a rtificial selection of  progeny with desired t raits. 

The selected resistant plants are then evaluated for their level of drought resistance. The 

high yi elding r esistant plants a re than m ultiplied a nd d istributed f or f ield c ultivation 

under dr ought s tressed e nvironments. P resently, c hickpea F LIP 87 -59C ( Sing e t a l., 

1996), common bean SEA5 (Sing et al., 2001), peanut ICGV 87354 (Reddy et al., 2001), 
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soybean R 01-416F ( Chen e t a l., 2007), w heat N E01643 ( Baenziger e t a l., 2008) 

sunflower Morlin (Bergman et al., 2001) are amongst the world prominent cultivar/lines 

developed through traditional breeding approach. 

However, i n t his m ethod onl y pl ants of the same species ar e used to in troduce 

traits. Breeding has had l imited success in improving drought tolerance in crops due to 

the multigenic nature of the d rought to lerance tra its. Also, it c ould result in  inbreeding 

and can  d eteriorate the b reed an d the p lant m ay b ecome m ore p rone t o d isease o r 

mutations. Undesirable t raits c an a lso be  f ixed t hrough p lant br eeding uni ntentionally. 

This results in narrow genetic diversity, and a potential loss of some indigenous species. 

Plant br eeding t hrough selection involves l arge i nvestments of  t ime, l abor a nd c ost-

intensive and does not  always work (Ashraf, 2010). Hybrids formed do not  breed true, 

creating offspring with different traits, thus causing traits obtained to be lost. 

1.5.3. Transgenic approach 

Plants r esulting f rom a dding a  foreign gene ar e o ften r eferred t o as t ransgenic p lants. 

Plant b reeders ove r the globe a re p ursuing genetic modification more actively i n t hese 

days t o ev olve s tress t olerant cu ltivars/lines o f v arious crops ( Ashraf et  al., 2008).  

Because us ing this approach the desired traits could be  more carefully introduced f rom 

either a different variety of the same crop plants or a different plant species while making 

it easy to exclude less appealing traits. The prospects of improving drought tolerance in 

crops t hrough genetic e ngineering seem v ery promising because it i s p ossible t o 

incorporate only t he s pecific c loned ge nes a nd avoid the t ransfer o f undesirable genes. 

Through genetic engineering it is possible to pyramid genes with similar effects (Gosal et 

al., 2009). Genetically m odified plants designed t o r esist d rought ha ve t he pot ential t o 
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withstand more s trongly a nd produce hi gher yi elds under w ater li mited c onditions. 

Salient c rops, which ha ve be en i mproved f or dr ought t olerance t hrough successful 

incorporation of genes include soybean (Ronde et al., 2004), peanut (Bhatnagar-Mathur 

et al., 2009), wheat (He et al., 2011), rice (Zhou et al., 2009), maize (Quan et al., 2004), 

tobacco (Karim et al., 2007) and tomato (Kalamaki et al., 2009). However, in most cases 

the performance of transgenic cultivars/lines developed have been tested under controlled 

conditions and few lines are on the market. 

1.5.4. Applying microorganisms to promote drought tolerance in plants 

This approach involves the use of biological products or substances, which contain living 

microorganisms t o manage plant stress. Some s tudies have s hown that the in hibitory 

effects of  dr ought stress co uld be alleviated b y t he u se o f ap propriate t olerant p lant 

growth-promoting bacteria (Mnasri et  al ., 2007). B acteria h ave b een isolated t hat can  

enhance the ability of crops to withstand water stress by i ncreasing seedling vigor, root 

elongation and va rious c rop phys iological and b iochemical responses ( Alverez et  a l., 

1996; Z ahir et al ., 2008). These m icroorganisms c an s urvive unde r dr ought stress 

conditions t hrough various mechanisms su ch as t he p roduction o f E PS ( Nocker e t al ., 

2012), biofilm formation (Chang et al., 2007) and osmolytes production in order to avoid 

cell w ater l oss ( McNeil et  al ., 1999). B esides, microorganisms c an a lso of fer plant 

protection a gainst de siccation through t he m aintenance of  a  moist e nvironment a nd 

conducive to root growth and development, supply of nutrients, hormones, also acting as 

plant growth promoters (Kavamura et a l., 2013). Molecular mechanisms underlying the 

plant-stimulating activity of bacteria under drought stress has been summarized in Table 
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2. Figure 4 shows PGPB mediating growth promotion mechanisms under various abiotic 

stresses. 

Drought st ress cau ses oxidative d amage at  t he cel lular level. T o o vercome 

oxidative d amage, pl ants pr oduce a ntioxidant e nzymes [catalase (CAT), pe roxidase 

(POD) and superoxide dismutase (SOD)] that scavenge free radicals (Simova-Stoilova et 

al., 2008). I nterestingly, K ohler e t al. ( 2008) described that Pseudomonas mendocina 

inoculation improved lettuce (Lactuca sativa L.) performance by enhancing CAT under 

severe dr ought stress. C reus e t a l. ( 2004) reported t hat i noculation w ith Azospirillum 

brasilense improved relative l eaf water content, gr owth and yi eld of  w heat ( Triticum 

aestivum L.). Pl ants treated w ith b acteria p roducing E PS i ncreased r esistance t o w ater 

stress b ecause E PS is r esponsible f or biofilm formation on t he s urface of  pot ato r oots, 

thus increasing yield (Bensalim et al., 1998). Bacterized seedlings revealed improved soil 

aggregation a nd r oot a dhering s oil a nd hi gher r elative w ater c ontent in t he l eaves of 

maize plants (Sandhya e t al., 2010). T he w ork of  M ayak et a l. ( 2004b) s hows t hat a 

bacterial strain ( Achromobacter piechaudii) co ntaining A CC deaminase co nferred 

tolerance to w ater de ficit in t omato a nd pe pper. E thylene pr oduction w as r educed i n 

bacterial tre ated plants, r esulting i n significant i ncrease i n f resh an d d ry biomass 

compared to un-inoculated controls. Zahir et al. (2008) reported that Pseudomonas spp. 

improved the growth of pea (Pisum sativum) under drought stress in axenic conditions as 

well as in potted soil. They concluded that inoculation might have reduced the ethylene 

synthesis, which led to better root growth and total plant biomass under drought stress. 

Bacterial-induced drought resistance is a potentially important technology for arid 

and semiarid regions of the world, and that have crops that frequently prone to drought  
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Root colonization by soil microorganisms 
 

Abiotic stresses: Drought, salinity, temp, pollutants etc. 
 

Plant signals towards rhizosphere microorganisms 

IAA and other useful compounds Stimulation of growth and nutrient uptake 

VOCs Na+ uptake and translocation 

ACC deaminase Reduction of ethylene stress 

Exopolysaccharides Biofilm formation and better soil aggregation 

Antioxidants Removal of ROS 

Cytokinins ABA regulation 

PGPB 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Potential mechanisms of PGPB mediated growth promotion of plants under abiotic stress 
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Table 2. Plant growth promotion by PGPR/endophyte inoculation under drought stress conditions 
 
 
Test crop Beneficial bacteria Experimental 

conditions 

Proposed 

mechanism(s) 

Plant response Reference 

Capsicum 
annuum 

Achromobacter, 
Klebsiella, 
Citrobacter sp. 

Pot trial ACC deaminase Increased t oot l ength (20%) a nd 
fresh weight (60%) 

Marasco e t al . 
(2012) 

Vigna 
unguiculata 

Bacillus sp. RM-2 Pot trial ACC d eaminase, 
IAA pr oduction, P -
solubilization 

Significant i ncrease i n seed  
germination, s hoot bi omass a nd 
pod yield 

Minaxi et  al. 
(2012) 

Triticum 
aestivum 

Bacillus 
amyloliquefaciens 
5113, Azospirillum 
brasilense NO40 

Axenic Homeostasis Plants s howed at tenuated 
transcript l evels s uggesting 
improved ho meostatic 
mechanisms 

Kasim et  al . 
(2013) 

Bacillus safensis 
W10, Ochrobactrum 
pseudogregnonense 
IP8 

Pot trial Antioxidants / 
osmoprotectant 

Increased root and shoot biomass, 
yield, a nd c hlorophyll b eside 
higher antioxidant activity 

Chakraborty e t 
al. (2013) 

Streptomyces sp. 
DE07, DE10, DE27 

Axenic/field 
trial 

Production of  
phytohormones 

Improved s eedlings vi gour a nd 
yield upto 88% 

Yandigeri et al. 
(2012) 

Helianthus 
annuus 

Achromobacter 
xylosoxidans SF2, 
Bacillus sp. SF3, SF4 

Axenic/pot 
trial 

Phytohormone 
production 

Higher s hoot-root d ry m atter, a nd 
salicylic ac id/abscisic acid w as 
observed 

Castillo e t a l. 
(2013) 

Pseudomonas sp. 
strain GAP-P45 

Pot trial Exopolysaccharides 
production 

Increased total d ry b iomass u p t o 
65% 

Sandhya e t a l. 
(2009) 

Vigna radiata P. fluorescens Pf1, B. 
subtilis strains EPB 5, 
EPB 22, EPB 31 

Pot trial Catalase /  
peroxidase enzyme 

Higher cat alase an d peroxidase 
was observed in stressed plants 

Saravanakumar 
et al. (2012) 

Cicer 
arietinum 

Paenibacillus 
lentimorbus B-30488 

Pot trial Biofilm formation Increased in  shoot le ngth (30%), 
100 s eed weight ( 9%) a nd d ry 
weight (20%) 

Khan et  al . 
(2011) 
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Ornamental 
species 

Variovorax paradoxus 
5C-2 

Pot trial ACC deaminase Lowered e thylene e mission f rom 
mature leaves co nsequently 
reduced abscission of the leaves 

Sharp e t a l. 
(2011) 

Saccharum 
officinarum cv. 
M 1176/77 and 
R 570 

Azospirillum isolates, 
Azo 195, A zo 249,  
Azo 274 

Pot trial Auxins production Increased s hoot he ight ( 15%) a nd 
root dr y m ass ( 75%) in c v M  
1176/77 w hereas c v R  570  
responded negatively 

Moutia et  al. 
(2010) 

Zea mays L. Pseudomonas sp. BV-
P13, GRF HAP-P14, 
GAP-P45, 
GRFHYTP52, 
WAPP53 

Pot trial Antioxidant 
enzymes 

Increased p lant b iomass, p roline, 
sugars, f ree a mino a cids, w hile 
protein a nd s tarch c ontent w as 
reduced 

Sandhya e t a l. 
(2010) 

Trifolium 
repens 

Pseudomonas sp., P. 
putida, B. megaterium 

Pot trial IAA production Increased shoot and root biomass, 
and water content 

Marulanda et  
al. (2009) 

Pisum sativum Pseudomonas sp. 
ACC-5, ACC-14, Q-7 

Axenic/pot 
trial 

ACC d eaminase 
activity 

ACC5 i ncreased d ry w eight 
(150%), r oot length ( 92%), shoot 
length (4 5%), and w ater use 
efficiency (147%) 

Zahir et  al . 
(2008) 

Solanum 
tuberosum 

Bacillus sp. D H-11, 
40 

Pot trial ROS-scavenging 
enzymes 

Enhanced m RNA e xpression 
levels of  t he va rious R OS 
scavenging e nzymes a nd hi gher 
proline content 

Gururani e t al. 
(2013) 
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stress. However, research on t he interactions of endophytic microorganisms with plants, 

environmental changes and drought resistance is in its infancy. 

1.6. Inoculant technology - formulation and commercialization 

The a pplication of  P GPB f or i mproving crop pr oduction i s b ecoming a n e merging 

technology owing t o t heir e nvironment f riendly t raits. To t ake a dvantage of  t he 

demonstrated be neficial e ffects of  various s oil microbial groups i n i ncreasing pl ant 

growth and yields, many different types of microbial inoculants (biofertilizers) have been 

in use for a  long time. Biofertilizers a re biological preparation containing live or latent 

cells of microorganisms or their metabolites, which when inoculated to seed, soil or roots 

of s eedlings, pr omote pl ant gr owth an d en hance h arvestable y ield. B iofertilizers, 

generally marketed, c ontain microbes c apable of  N2-fixation, phos phate 

solubilization/mineralization, phyt ohormone pr oduction a nd bi ocontrol. For e xample, 

bacteria belonging to Azotobacter and Azospirillum have been applied to enhance cereal 

growth (as biofertilizers), and mainly Bacillus and Pseudomonas have been applied for 

biocontrol (as biopesticides) of plant diseases (Fravel, 2005; Bravo et al., 2011). Table 3 

shows so me sel ected co mmercially av ailable microbial in oculants w ith t heir 

producers/trade name. The development of  t echniques for the large sca le production o f 

pure inoculants, with high infectivity potential, is the main issue to be tackled in order to 

allow a w ide use o f b iofertilizers. The key aspects in  PGPB inoculation (b iofertilizers) 

technology are the use of a proper formulation of inoculant preparations, the selection of 

an a dequate c arrier, a nd the de sign of  c orrect de livery m ethods.
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Table 3 . E xamples o f co mmercial p roducts f or p lant growth-promotion us ing 

symbiotic / free-living bacteria 

 
Bacterial ingredient Product Intended Crop Company 

Rhizobia VAULT® HP plus 

INTEGRAL® 

Soybeans Becker U nderwood 

Corporate, USA 

Azotobacter 

chroococum, Bacillus 

megaterium, Bacillus 

firmans 

Biogreen Fields crops AgroPro, L LC, 

Volo, IL 

Undisclosed Sumagrow® Field crops Bio S oil E nhancers, 

Inc. H attiesburg, 

MS 

Bacillus pumilus GB34 Yield Shield Soybean Bayer Crop Science, 

LP, North Carolina 

Diazotrophs TwinN Field crops Mapleton A gri 

Biotec P ty L td. 

Australia 

Delftia acidovorans and 

Bradyrhizobium 

BioBoost Canola BrettYoung S eeds, 

Ltd., Canada 

Rhizobium SeedQuest® Legume Soygro ( Pty) L td., 

South Africa 

Bacillus subtilis MBI 

600 

Subtilex Field crops MicroBio G roup 

Ltd., USA 

Rhizobium sp. Legumefix Legume crops Legume 

Technology L td. 

UK 

Undisclosed Agri-Buffa® Field crops Agrichem, Australia 

Pseudomonas syringae Bio-save Citrus, pome fruit, 

potato, a pples, 

pears and cherries 

JET H arvest 

Solutions, 

Longwood, FL 
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Undisclosed Accele-Grow-M Field crops Accelegrow 

Technologies, I nc. 

Atlanta, GA 

Bacillus subtilis GB03 Companion® Turf, gr eenhouse, 

nursery c rops, 

ornamental 

Growth pr oducts, 

Ltd., Australia 

Bacillus subtilis and 

Bradyrhizobium 

japonicum 

HiStick N /T, 

Turbo-N 

Soybean Becker U nderwood 

Corporate, USA 

Bacillus subtilis and 

Bradyrhizobium 

japonicum 

Patrol N/T Soybean United A gri 

Products (U AP) 

Canada, Inc. 

Bacillus 

amyloliquefaciens strain 

FZB42 

RhizoVital® 42 Field crops ABiTEP G mbH, 

Berlin, Germany 

Pseudomonas 

chlororaphis strain 

MA342 

Cedomon® Barley, o ats, 

wheat, rye 

Lantmännen 

BioAgri AB,  

Sweden 
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To u se P GPB i n p ractical crop production, reliable a nd practical m ethods of  

inoculum d elivery m ust be  de veloped. A  va riety of  methods e xist f or t he de livery of  

bacteria to c rops in  the f ield. B acteria m ay b e d elivered a s w et i noculants, p eat-based 

inoculants, adsorbed o nto in ert m aterials o r e ncapsulated within o ther m aterials. Wet 

inoculants generally have good  stability and reasonable l ifetimes; however, unless they 

are pr oduced locally, c ell s uspensions need t o be  shipped, of ten l ong di stances. Peat-

based inoculants are quite common, a re relatively inexpensive and of fer good s tability; 

however, p eat may b e q uite v ariable in  te rms o f q uality, a vailability, n utrients a nd th e 

presence o f o ther organisms. A dsorption o f b acteria o nto in ert m aterials like talc, 

kaolinite, lignite, vermiculite has also been used with some success. For carriers that shall 

be us ed f or s eed c oating, a  good  a dhesion to s eeds is also i mportant ( Hegde a nd 

Brahmaprakash, 1992) . B acteria c an a lso b e stored by  l yophilization, w hich a llows 

achieving hi gh s urvival r ates, w ithout a ny c arrier. H owever, dur ing t he pr ocess a 

cryoprotectant must be  a dded, w hich i s e ssential f or pr otecting t he ba cterial cell 

membrane a nd cytoplasm a gainst de hydration. L yophilized microbial c ultures c an be  

incorporated i nto a  s olid c arrier or  ut ilized di rectly. A  pr omising a pproach, w hich ha s 

been ad dressed i n the recent y ears, i s b io-encapsulation o r m icro-encapsulation of  

microbial cells leading to increased shelf-life and microbial activity (John e t a l., 2011). 

Nowadays, r esearch focuses on t he cr eation o f n ew car riers t hat can  h ave al l o f t hese 

characteristics, a nd can pr ovide positive results f or t he a pplication of  bi ological 

inoculants. Thus, a g ood car rier may n ot h ave al l t he c haracteristics ci ted, b ut i t is 

recommended that it has as many as possible (Bashan, 1998). 
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Application methods for the delivery of PGPB to crops in the field are relatively 

limited. F armers a re n ot ke en on pur chasing sp ecialized eq uipment t o b e u sed f or 

microbial-based products. Formulated inoculants should be readily applied using standard 

farming m achinery a nd s traightforward m ethods. I n ge neral, m ethods de veloped f or 

application of biological inoculants in the rhizosphere and phyllosphere are also valid for 

endophytic bacteria (Hallmann et al., 1997). Inoculation can be done through application 

to t he pl ant m aterial or  t o the s oil. T he l atter method c an be  m ore c onvenient f or t he 

farmer because of less time required, but generally a higher amount of inoculant is then 

needed ( Malusa et  al ., 2012). S oil i noculation can be  done  e ither w ith s olid or  l iquid 

formulations. A pplication of  l iquid inoculant i s of ten m ore c onvenient f or t he f armer 

because of less time required, ease of application, and the equipment routinely used on a 

farm c an be  us ed. T he de velopment of  i nexpensive a nd e fficient t echnologies f or t he 

efficient delivery of inocula, probably by modification of sprayers and sprinklers, could 

facilitate use of PGPB formulations. Normally, the carrier is mixed with the inoculum in 

the f actory, but  i t c ould be  mixed by t he f armer pr ior t o a pplication, e specially when 

liquid f ormulations a re us ed. D epending on t he pa rticular i noculant f ormulation, t he 

inoculant can be  us ed f or s eed c oating, f or di pping s eedlings, di rect a pplication t o t he 

furrow, or as foliar application (Reddy and Saravanan, 2013). 

Over t he last t hree d ecades, n umerous m iracles P GPB w ere p roposed, n ever 

formulated to any product and practically forgotten apart from the paper describing their 

discovery. Despite the limited understanding of PGPB-plant interactions, a few numbers 

of t hese b acteria ar e n evertheless u sed co mmercially as adjuncts to ag ricultural 

production (Lucy et al., 2004). Very recently, Glick (2012) addressed a number of issues 
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for the extensive commercialization of PGPB strains such as (i) screening of those traits 

that a re m ost im portant f or efficient functioning a nd s ubsequent selection of  P GPB 

strains w ith a ppropriate b iological characteristics, (ii) c onsistency a mong r egulatory 

agencies i n di fferent countries regarding w hat s trains can be  applied to t he soil 

environment, (iii) a  be tter understanding of  the pros and cons of us ing rhizospheric vs . 

endophytic bacteria, (iv) selection of efficient PGPB s trains that properly de liver under 

specific environmental c onditions (e.g., c ool a nd w arm weather, s aline a nd dr ought 

conditions), (v) development of effective delivery methods of PGPB to plants in various 

settings ( e.g. i n the field vs . in th e greenhouse), (vi) a  b etter u nderstanding o f the 

potential interactions between the host plant, PGPB and AM fungi. 

 

1.7. Outline of the thesis 

This t hesis i s s tructured i n s ix c hapters. C hapter 1 de scribes t he background a nd 

objectives of the research and provides a general introduction on plant growth-promoting 

bacteria (PGPB), their colonizing niches and mechanisms of actions and their application 

under normal and drought stress conditions. This chapter ends with the practical aspects 

of bacterial formulation and co mmercialization, and w ith so me co mmercially av ailable 

products.  

Chapter 2  shows results f rom ex periments ad dressing t he cap ability of p lant 

growth promotion and colonization by selected bacterial endophytic strains isolated from 

maize roots. A range of different lab assays in regard to potential plant growth promotion 

was performed and strains were evaluated for improving growth of five maize cultivars 
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under a xenic and na tural s oil conditions. We f ound t hat strains ha d the pot ential t o 

improve maize s eedling gr owth unde r a xenic c onditions. Enterobacter sp. strain FD17 

showed hi ghest po tential t o pr omote gr owth a nd yi eld of  maize gr own unde r n atural 

conditions. This study s uggested t hat in vitro plant gr owth-promoting tra its a nd the 

potential of maize seedling growth promotion by ba cterial endophytes could be used for 

the s election of  po tential inoculant s trains subjected for further testing as b io-inoculant 

under field conditions. 

Chapters 3 and 5 describe the effect of  i noculation of  bacterial e ndophytes 

Burkholderia phytofirmans strain PsJN and Enterobacter sp. F D17 on gr owth, w ater 

status and photosynthetic activity of two maize cultivars under drought stress imposed at 

vegetative stage an d f lowering st age, r espectively. I n these ch apters p lant g rowth 

promotion and colonization potential of selected endophytic strains (PsJN and FD17) on 

two maize cu ltivars were ev aluated. The in oculant s trains efficiently c olonized m aize 

seedlings and were recovered from root, shoot and leaves of both irrigated and stressed 

plants. Results revealed that bacterial inoculation minimized the drought stress-imposed 

effects si gnificantly increasing shoot biomass, root b iomass, leaf ar ea, chlorophyll 

content, pho tosynthesis, and phot ochemical e fficiency of  P SII. I n c hapter 3, b acterized 

seedlings showed higher leaf relative water content (30%) compared to control, whereas 

43% h igher l eaf d amage i n t erms of r elative membrane p ermeability w as o bserved i n 

non-inoculated pl ants unde r dr ought s tress. O ur da ta s uggest that endophytic bacteria 

could be  efficiently used t o reduce the e ffects of  dr ought stress on gr owth and 

photosynthesis of maize. 
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In C hapter 4, we i nvestigated t he potential of endophytic bacteria Burkholderia 

phytofirmans PsJN to ameliorate the effects of drought stress on growth, physiology and 

yield of  w heat ( Triticum aestivum L.) u nder natural f ield conditions. The p lants w ere 

exposed t o dr ought s tress a t di fferent s tages of  gr owth ( tillering s tage a nd f lowering 

stage) by skipping the respective irrigation. Inoculation of wheat with PsJN significantly 

diluted t he adverse e ffects of  d rought on relative water c ontents a nd CO2 assimilation 

rate thus improving the photosynthetic rate, water use efficiency and chlorophyll content 

over t he un -inoculated c ontrol. Inoculation r esulted i n b etter gr ain y ield ( up t o 21 and 

18% higher, respectively) than the respective un-inoculated control. Based on our results 

we conclude that application of  PsJN is effective to improve physiology, relative water 

content and biomass of wheat under reduced irrigation. The improved plant physiological 

and antioxidant activity ultimately leads to enhanced crop yield and quality. 

It is described that the L-tryptophan (L-TRP) - dependent biosynthesis of indole-

3-acetic a cid ( IAA) improves p lant gr owth pr omotion a nd c olonization of  m aize by 

Burkholderia phytofirmans PsJN in C hapter 6. Results r evealed t hat PsJN i noculation 

supplemented w ith L -TRP (10-5 M) ga ve t he most pr omising r esults a nd s ignificantly 

increased pl ant he ight, phot osynthesis, c hlorophyll c ontent, r oot bi omass a nd s hoot 

biomass compared t o c ontrol. The i noculant strain colonized more efficiently to maize 

seedlings in the presence of exogenously applied L-TRP. The results imply that substrate 

(L-TRP) - derived IAA biosynthesis in the rhizosphere by PsJN inoculation could be  a  

useful approach for improving the growth, photosynthesis and nutrient content of maize.  

In Chapter 7, a summary is given of the major findings of the thesis. Concluding 

remarks and future prospects complete this chapter. 
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1.8. Objectives of the thesis 

This Ph.D. thesis focuses on the characterization of beneficial endophytic bacteria with 

their potential to promote plant growth and abiotic (drought) stress tolerance. Aims were 

as follows:  

 Characterization of potential plant-beneficial traits of the isolated endophytes  

 Screening of s elected e ndophytic strains f or pl ant gr owth pr omotion a nd 

colonization capacity to different maize cultivars under gnotobiotic conditions. 

 Evaluation of the most promising isolate for improving growth and yield of maize 

cultivars under natural soil conditions 

 To evaluate t he pot ential of  endophytic s trains Burkholderia phytofirmans PsJN 

and Pantoea sp. FD17 for improving growth, photosynthesis and water content of 

two maize cultivars under drought stress conditions. 

 To e valuate t he po tential of  Burkholderia phytofirmans PsJN f or i mproving 

physiology, antioxidants, growth and yi eld of  wheat unde r drought s tress i n t he 

field. 

 To s tudy t he s ynergistic e ffect of  t he a mendment of  L -TRP an d t he asso ciated 

IAA synthesis by Burkholderia phytofirmans PsJN for improving growth and the 

strain’s colonization of maize plants. 

 Developing i noculation strategies f or e fficient c olonization by  selected bacteria 

(previously found highly effective for enhancing crop yield) for the prosperity of 

agriculture industry. 
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Abstract 

With t he ai m t o sel ect p owerful microbial st rains t o b e used f or t he en hancement o f 

maize y ield an d r esistance t o ab iotic an d b iotic st resses, we t ested f ive en dophytic 

bacterial strains previously isolated from maize roots. A range of different lab assays in 

regard t o p otential pl ant gr owth pr omotion w as pe rformed a nd s trains w ere further 

evaluated f or i mproving gr owth of  five maize cu ltivars u nder ax enic and natural s oil 

conditions. Endophytic c olonization w as a n additional c omponent i n our  selection 

process as it is of high importance for an inoculant strain to efficiently colonize the plant 

environment. All strains had the potential to improve maize seedling growth under axenic 

conditions. Enterobacter sp. s train FD17 showed both the hi ghest growth pr omoting 

activity und er a xenic c onditions a s w ell a s colonization c apacity. F D17 w as t herefore 

selected for further plant tests in a net house, in which two different maize cultivars were 

grown in large pots until ripening and subjected to out-door climatic conditions. Results 

showed that inoculation significantly increased plant biomass, number of leaves plant-1, 

leaf ar ea, and gr ain yi eld up to 39,  14 , 2 0, 4 2%, re spectively, a s compared t o the un-

inoculated control. Similarly, inoculation also improved the photochemical efficiency of 

photosystem II (PSII) of maize plant and reduced the time needed for flowering. We also 

confirmed that strain FD17 is able to colonize the rhizosphere, roots and stems. Based on 

rigorous t esting Enterobacter sp. strain FD17 showed hi ghest po tential t o pr omote 

growth and health of maize grown under natural conditions. This study suggested that in 

vitro plant growth promoting traits and potential of maize seedling growth promotion by 

bacterial e ndophytes c ould be  us ed f or t he s election of  pot ential i noculant s trains 

subjected for further testing as bio-inoculant under field conditions. 
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Introduction 

The exponential growth of the world´s population led to an increasing demand on food 

production, which i s accompanied by an increasing demand on f ertilizers. This has not  

only cau sed an  ex treme r ise i n t he price o f f ertilizers, but will l ead to a n una voidable 

world s hortage of  e .g. phos phate w ithin de cades (Vance 2011) . We f ace t he same 

problem f or w ater and gl obal w arming makes t he situation e ven w orse. Innovative 

agricultural management systems are needed to fulfill the future global demand for food, 

feed, and fiber products while minimizing negative atmospheric, soil, and water quality 

impacts (Hayati et al. 2011; Lambin and Meyfroidt 2011). 

The us e of  bi ological inoculants based on plant g rowth-promoting ba cteria 

(PGPB) appears to be a promising alternative to chemicals. Consequently, over the years, 

the ut ilization of  P GPB, us ually e ither r hizosphere ba cteria or  e ndophytes, as b io-

fertilizers and/or bio-pesticides has received increasing attention. These microorganisms 

may n ot o nly en sure the av ailability o f essen tial n utrients to p lants b ut al so en hance 

nutrient use e fficiency (Khalid et a l. 2009). Endophytic bacteria may in future be  even 

more i mportant t han r hizosphere ba cteria i n p romoting pl ant gr owth promotion and 

nutrition, because they escape competition with rhizosphere microorganisms and achieve 

a more intimate contact with plant tissues. 

Proposed mechanisms by w hich PGPB may stimulate plant growth and nutrition 

include b iological n itrogen f ixation ( BNF), s ynthesis of  phytohormones, e nvironmental 

stress relief, synergism with other plant-microbe interactions, inhibition of plant ethylene 
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synthesis, as well as increasing availability of  nut rients l ike phosphorus, iron and other 

micro-elements, and growth enhancement by v olatile compounds (Hardoim et al . 2008; 

Compant et al . 2010; Mitter et al . 2013 ). H owever, t he expression of  s uch ba cterial 

activities under laboratory conditions does not necessarily guarantee the same beneficial 

effects in association with plants grown under na tural conditions (Fuentes-Ramirez and 

Caballero-Mellado 2005; Smyth et al. 2011). 

The i dentification an d selection o f ef fective P GPB, which ar e ef fective w hen 

applied onto plants grown in natural soils, can be time consuming, laborious and costly. 

The selection procedure usually involves the collection of  plant-associated bacteria and 

subsequent screening u nder va rious e nvironmental conditions. U sually s creenings a re 

performed in a bottom-up approach, starting with multiple lab assays and tests performed 

under gnotobiotic conditions. Selected strains are then tested in the greenhouse followed 

by field evaluation (Khalid et al. 2004; Hynes et al. 2008). In many studies bacteria have 

been isolated and screened for few plant growth-promoting capacities in the lab, typically 

for I AA, A CC de aminase, P s olubilization or antibiotic p roduction (Penrose a nd Glick 

2003; Khalid et al. 2004; Hynes et al. 2008; Bashan et al. 2013). However, many of these 

strains then failed to be  s uccessful when a pplied ont o p lants gr own i n non-sterile s oil. 

Strains m ay ei ther f ail t o successfully co lonize o r b eneficial activities m ay n ot b e 

expressed in asso ciation w ith plants gr own unde r gr eenhouse or  under f ield conditions 

(Smyth et al. 2011). 

The ai m o f t he p resent st udy w as t o se lect a  b acterial s train, w hich h as t he 

potential t o e nhance pl ant pe rformance i n t he f ield a nd w hich pot entially w orks w ith 

different p lant g enotypes. W e th erefore tested f ive b acterial s trains, w hich w ere 
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previously i solated a s r oot e ndophytes f rom maize ( Prischl et al . 2 012) a nd s ubjected 

them to a rigorous testing in the lab addressing a multitude of characteristics, gnotobiotic 

plant t ests w ith five m aize varieties as well as plant co lonization characteristics. 

Enterobacter sp. st rain FD17 w as s elected as most p romising st rain and f urther tested 

with two maize cultivars grown in a net house, in which plants were exposed to natural, 

climatic conditions. 

 

Materials and methods 

Endophyte strains used in this study 

Previously bacterial en dophytes w ere i solated f rom t he m aize r oots b y Prischl et al . 

(2012). Based on IAA pr oduction (qualitative t est) and ACC-deaminase activity, f ive 

isolates - Caulobacter sp. F A 1 3, Pantoea sp. F F 34 , Sphinogobium sp. FC 42,  

Pseudomonas sp. FB 12, and Enterobacter sp. FD17, were characterized in this study and 

tested i n detail i n r egard t o pl ant gr owth pr omotion a nd c olonization. T o c onfirm t he 

genus assi gned b ased on 1 6S r RNA g ene analysis ( Prischl et al . 2012) , s train 

Enterobacter sp. FD17 was further characterized by partial sequence analysis of the gyrB 

gene (Yamamoto and Harayama 1995; Brady et al. 2008). Sequencing was done making 

use of  t he Sanger sequencing s ervice of  t he c ompany A GOWA ( Berlin, G ermany). 

Retrieved sequences were visualized with sequence alignment editor package of BioEdit 

and identified by BLAST analysis. 

Nucleotide sequence accession number 

The sequence determined in this study was deposited in the GenBank database with the 

accession number KF147850. 



Chapter 2: Beneficial effect of endophytic bacteria on maize growth and yield             Muhammad Naveed 
 

76 
 

Functional characterization of the endophytic strains 

Phenotypic and physiological characterization 

Bacterial strains from overnight grown cultures in TSA broth were streaked on TSA agar 

plates and incubated at 30oC. After 24 h, the color and shape of colonies were noted. Cell 

motility and shape of single colony was observed under light microscope (Nikon, Japan). 

The pH limits for bacterial growth was determined adjusted to pH values between 

5 a nd 12  i n t riplicates. T he d ependence of ba cterial gr owth o n different salt 

concentrations was determined in the same medium containing 1-6% NaCl. Furthermore, 

the ability to growth in methanol/ethanol as sole C source was analyzed.   

Bacterial capacity to aggregate formation may positively affect their dispersal and 

survival in the plant environment and adsorption to plant roots. The extent of aggregation 

formation was measured in six replicates following the method of Madi and Henis (1989) 

with s ome modifications. A liquots of  l iquid c ulture containing aggregates were 

transferred to glass tubes and allowed to stand for 30 min. Aggregates settled down to the 

bottom of  e ach tubes, a nd the s uspension w as m ostly c omposed f ree of  c ells. T he 

turbidity o f each su spension w as m easured at 5 40 n m ( ODs) w ith a microplate re ader 

(Synergy 5; BioTek Instrument Inc., Winooski, USA). Cultures were then dispersed with 

a t issue h omogenizer for 1  min a nd th e to tal tu rbidity (O D) w as m easured. T he 

percentage of aggregation was estimated as follows: 

% aggregation = (ODt – ODs) x 100 / ODt 

Motility assays ( swimming, swarming and twitching) were pe rformed following 

the m ethods of  Rashid and K ornberg ( 2000). Swim pl ates ( LB m edia c ontained 0.3% 

agarose) were inoculated in  trip licates with bacteria f rom an overnight culture on TSA 
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agar p lates grown at 30oC with a  sterile to othpick. F or s warming, plates (N B media 

contained 0.5% agar and glucose) were inoculated with a sterile toothpick. Twitch plates 

(LB br oth containing 1% D ifco gr anular a gar) w ere s tab i noculated w ith a  sharp 

toothpick to the bottom of petri dish from an overnight grown culture in TSA agar plates. 

Biofilm formation w as analyzed u sing overnight gr own bacterial c ulture in 96 

well microtiter plates by staining with 1% crystal violet (CV) for 45 min. To quantify the 

amount of  b iofilm, CV was destained with 200 µl of  100% ethanol. The absorbance of  

150 µ l of  t he de stained C V, which w as tra nsferred in to a n ew microtiter p late was 

measured at 595 nm (modified from Djordjevic et al. 2002). 

Biochemical characterization 

Biochemical t ests such as oxidase, catalase, gelatin hydrolysis and casein hydrolysis of 

the selected strains were performed. Oxidase and catalase activities were tested with 1% 

(w/v) t etramethyl-p-phenylene d iamine a nd 3%  ( v/v) h ydrogen pe roxide s olution, 

respectively. Gelatin and casein hydrolysis was performed by streaking bacterial strains 

onto a  T SA p lates f rom th e s tock culture. A fter in cubation, tric hloroacetic a cid (TCA) 

was applied to the plates and made observation immediately for a period of at least 4 min 

(Medina and Baresi 2007). 

Quantification of auxin production 

Auxin production by bacterial isolates both in the presence and absence of L-tryptophan 

(L-TRP) was determined colormetrically and expressed as IAA equivalent (Sarwar et al. 

1992). Two days old bacterial cells grown (28oC at 180 rpm) in TSA broth supplemented 

with 1% L-TRP solution were harvested by centrifugation (10, 000 g f or 10 min). Three 
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mL of the supernatants were mixed with 2 m L Salkowski´s reagent (12 g L-1 FeCl3 in 

429 m l L-1 H2SO4). T he m ixture w as i ncubated a t r oom t emperature f or 30 min f or 

colour development and absorbance a t 535 nm  was measured us ing spectrophotometer. 

Auxin concentration produced by bacterial isolates was determined using standard curves 

for IAA prepared from serial dilutions of 10-100 µg mL-1.   

Assays for phosphorus solubilization and siderophore production 

Bacterial s trains w ere e valuated f or th eir a bility to  s olubilize p hosphates 

(organic/inorganic P ). Aliquots ( 10 µ L) o f o vernight b acterial g rowth c ulture i n T SA 

medium w ere s pot i noculated on to NBRI -PBP ( Mehta a nd N autiyal 2001) a nd 

calcium/sodium phyt ate a gar m edium ( Rosado et al . 1998) . S olubilization o f 

organic/inorganic phosphates was de tected by t he formation of  a  c lear zone a round the 

bacterial gr owth s pot. Phosphate so lubilization act ivity w as al so d etermined b y 

development of  c lear zone a round ba cterial gr owth on P ikovskaya a gar m edium 

(Pikovskaya 1948) . Bacterial i solates w ere assayed f or si derophores p roduction o n t he 

Chrome a zurol S  (CAS) a gar m edium d escribed by S chwyn a nd N eilands ( 1987) a s 

positive for siderophore production. 

Assays for exopolysaccharide, NH3 and HCN production 

For e xopolysaccharide ( EPS) a ctivity (qualitative), s trains w ere g rown on W eaver 

mineral media e nriched w ith gl ucose a nd pr oduction o f E PS w as assessed v isually 

(modified fro m Weaver et al . 1975). T he E PS pr oduction w as m onitored as f loc 

formation (fluffy material) on the plates after 48 h of incubation at 28 ± 2oC. Strains were 

tested f or t he pr oduction of  a mmonia ( NH3) in pe ptone w ater as de scribed by 
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Cappuccino and Sherman (1992). The bacterial isolates were screened for the production 

of hydrogen cyanide (HCN) by inoculating King’s B agar plates amended with 4.4 g L-1 

glycine (Lorck 1948). Filter paper (Whatman no. 1)  saturated with picrate solution (2% 

Na2CO3 in 0 .5% p icric a cid) w as p laced in  t he lid  o f a  p etri p late in oculated w ith 

bacterial isolates. The plates were incubated at 28 ± 2oC for 5 days. HCN production was 

assessed by the colour change of yellow filter paper to reddish brown. 

Assays f or p oly-hydroxybutyrate ( PHB) a nd n -acyl-homoserine lactone ( AHL) 

production 

The bacterial isolates were tested for PHB production (qualitative) following the viable 

colony s taining m ethods us ing N ile red a nd S udan bl ack B  ( Juan et al . 1 998; 

Spiekermann et al . 1999) . The LB plates with overnight bacterial g rowth were f looded 

with 0.02% Sudan black B for 30 min and then washed with e thanol (96%) to remove 

excess strains from the colonies. The dark blue coloured colonies were taken as positive 

for P HB pr oduction. Similarly, L B pl ates a mended w ith N ile r ed ( 0.5 µ L mL-1) w ere 

exposed t o U V l ight ( 312 n m) a fter a ppropriate ba cterial gr owth t o de tect P HB 

production. Colonies of  P HA-accumulating s trains sh owed f luoresce u nder u ltraviolet 

light. The bacterial st rains w ere t ested f or A HL production f ollowing t he m ethod 

modified from Cha et al. (1998). The LB plates containing 40 µg ml-1 X-Gal were plated 

with reporter strains (A. tumefaciens NTL4.pZLR4). The LB plates were spot inoculated 

with 10 µ L of bacterial culture and incubated at 28 ± 2 oC for 24 h. P roduction of AHL 

activity is indicated b y a  di ffuse bl ue z one s urrounding t he t est spot of  c ulture. 

Agrobacterium tumefaciens NTL1 (pTiC58ΔaccR) was used as positive control and plate 

without reporter strain was considered as negative control. 
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Enzyme hydrolyzing activities 

Bacterial h ydrolyzing a ctivities due t o amylase, cellulase, ch itinase, l ipase, pectinase, 

protease an d x ylanase were scr eened o n d iagnostic p lates af ter incubation at 28oC. 

Amylase ac tivity w as d etermined o n ag ar p lates following t he pr otocol Männistö and 

Häggblom (2006). Formation of an opaque halo around colonies indicated lipase activity. 

Cellulase an d x ylanase activities w ere assay ed o n p lates c ontaining ( per l iter) 5  g  o f 

carboxymethyl cellulose or  bi rch wood xylan, 1 g of  peptone and 1 g of  yeast extract. 

After 10 da ys of  i ncubation, t he pl ates w ere f looded w ith gr am’s i odine s taining and 

washing with 1M NaCl to visualize the halo zone around the bacterial growth (modified 

from Teather and Wood 1982). Chitinase activity of the isolates was determined as zones 

of c learing around c olonies following t he m ethod of  C hernin et a l. ( 1998). Protease 

activity w as d etermined u sing 1% skimmed milk a gar plates, while l ipase activity was 

determined on pe ptone agar medium. Formation of halo zone around colonies was used 

as indication of activity (Smibert and Krieg 1994). Pectinase activity was determined on 

nutrient agar supplemented with 5 g L-1 pectin. After 1 w eek of incubation, plates were 

flooded with 2% hexadecyl trimethyl ammonium bromide solution for 30 min. The plates 

were w ashed w ith 1M  N aCl t o v isualize t he ha lo zone around t he bacterial gr owth 

(Mateos et al. 1992). 

Antagonistic activities against plant pathogenic bacteria, fungi and oomycetes 

The an tagonistic act ivities o f b acterial i solates w ere scr eened ag ainst plant p athogenic 

bacteria ( Agrobacterium tumefaciens, Pseudomonas syringae, Streptococcus 

pneumoniae), fungi (Fusarium caulimons, Fusarium graminarium, Fusarium oxysporum, 

Fusarium solani, Rhizoctonia solani, Thielaviopsis basicola) a nd oom ycetes 

http://en.wikipedia.org/wiki/Agrobacterium_tumefaciens
http://en.wikipedia.org/wiki/Streptococcus_pneumoniae
http://en.wikipedia.org/wiki/Streptococcus_pneumoniae
http://www.cals.ncsu.edu/course/pp728/Thielaviopsis/thielaviopsis_basicola.htm
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(Phytophthora infestans, Phytophthora citricola, Phytophthora cominarum). F or 

antibacterial assays, the bacterial isolates and pathogen were cultivated in TSA broth at 

30oC for 24 h. The bacterial isolates were spot-inoculated (10 µL aliquots) on TSA plates 

pre-seeded with 100 µL tested pathogen. The plates were incubated at 28oC for 48 h and 

clear zones of inhibition were recorded.  

Antagonistic a ctivity of  the ba cterial i solates a gainst f ungi and oom ycetes was 

tasted by the dual culture technique on potato dextrose agar (PDA) and yeast malt agar 

(YMA) m edia (Dennis a nd W ebster 197 1). A  s mall d isk (5  mm) o f ta rget 

fungus/oomycetes was placed in the center of petri dishes of both media. Aliquots of 10 

µL of overnight bacterial cultures grown in TSA were spotted 2 cm away from the center. 

Plates were incubated for 14 days at 24oC and zones of inhibition were scored. 

 

Effect of endophytic strains on maize germination 

Inoculants of t he se lected s trains w ere p repared in 50 mL  TSA br oth in 10 0 m L 

Erlenmeyer flasks an d i ncubated at  28 ± 2 oC f or 4 8 h  in  th e o rbital s haking incubator 

(VWR International, GmbH) at 180 r min–1. The optical density of the broth was adjusted 

to 0.5 measured at 600 nm using spectrophotometer (Gene Quant Pro, Gemini BV, The 

Netherlands) to obtain a uniform population of bacteria (108 - 109 colony-forming units 

(CFU) mL–1) in the broth at the time of inoculation. 

Maize seeds w ere surface-sterilized with 70%  e thanol (3  min), tre ated w ith 5 % 

NaOHCl for 5 m in, and followed by w ashing 3 times with sterile distilled water (1 min 

each time). The efficacy of surface sterilization was checked by plating seed, and aliquots 

of the final rinse onto LB plates. Samples were considered to be successfully sterilized 

http://en.wikipedia.org/wiki/Phytophthora_infestans
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when no c olonies were observed on the LB plates after inoculation for 3 days at 28oC. 

Surface-disinfected seeds o f d ifferent maize cu ltivars ( Helmi, Mo rignon, P elicon, Peso 

and Cesor) were immersed in the bacterial suspensions for 30 min. The bacterized seeds 

were deposited onto soft water-agar plates (0.8%, w/v agar) and plates were placed in the 

dark a t r oom t emperature ( 24 ±  2 oC). After 96 hrs the percentage o f germinated see ds 

was scored. Surface-sterilized seeds, but not bacterized (treated in TSA broth), served as 

the germination control.  

 

In vitro screening of efficient strains under axenic conditions 

A growth chamber experiment was conducted on maize to screen the selected strains for 

their growth promoting activity under gnotobiotic conditions. We used specially designed 

glass t ubes with be aded r im ( Duran gr oup, D URAN G mbH, M ainz, G ermany) for t he 

experiment. The glass tubes were covered with lid to generate fully axenic conditions (no 

exposure to a ny e nvironmental f actors). Bacterial inoculant p roduction a nd seed 

treatment w ere d one as  d escribed above. A s control, seeds were treated w ith sterilized 

TSA br oth. T reated seeds w ere p laced o nto w ater-agar pl ates f or ge rmination. A fter 5 

days, ge rminated s eedlings ( 3-5 cm  l ong) w ere t ransferred in t he st erilized g lass t ubes 

containing s terilized 20 ml M S (Murashige a nd S koog) m edium (Duchefa B iochemie, 

The N etherlands) (4.8 g L-1) and placed at  2 5 ± 2 oC s et a t a  16 h  l ight a nd 8 h d ark 

period, with a light intensity of 350 µmol m-2 s-1. Data regarding shoot / root length and 

biomass were recorded after 24 days. Colonization of inoculant strains was scored by re-

isolation of endophytes. One g of plant shoot was homogenized with a pestle and mortar 

in 4 ml of 0.9% ( w/v) NaCl s olution. T he num ber of  c ultivable e ndophytes i n m aize 

http://en.wikipedia.org/wiki/Murashige_and_Skoog_medium
http://en.wikipedia.org/wiki/Murashige_and_Skoog_medium
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shoot, ex pressed i n C FU p er g ram ( fresh w eight), w as d etermined b y sp reading s erial 

dilution up to 10-4 (0.1 mL) of  homogenized surface-sterilized plant material onto TSA 

(DIFCO L aboratories, Detroit, Mi chigan) ag ar m edium. F our r eplicates f or e ach 

treatment w ere s pread on t he a gar pl ates a nd i ncubated for 5 da ys at 28°C . Twenty 

colonies per treatment were randomly selected and their identity with the inoculant strain 

was confirmed by restriction fragment length polymorphism (RFLP) analysis of the 16S-

23S rRNA intergenic spacer (IGS) region (Reiter et al. 2002). 

 

Net house experiment 

On the basis of the results from tests performed under axenic conditions, strain FD17 was 

selected for further ev aluation i n a pot  t rial, i n w hich plants w ere gr own i n large 

containers exposed to natural environmental conditions. 

Maize p lants w ere g rown i n soil c ollected from agricultural (maize) fields in 

Fischamend, Lower Austria, Austria. The soil was silty clay loam and had the following 

characteristics: 12% sand, 61% silt, 27% clay, pH  6.5, 3.3%  total c arbon, 0.18% total 

nitrogen, 0.13 mg g-1 available phosphorus, 0.066 mg g-1 extractable potassium. 

Surface-disinfected see ds o f t wo maize cu ltivars ( Morignon an d P eso) w ere 

immersed i n ba cterial suspension (prepared a s de scribed above) f or 1 h. F or t he un -

inoculated control, seeds were treated with s terilized TSA broth. Seeds were sown in a 

plastic t ray (wiped w ith e thanol) and 12 da ys ol d s eedlings w ere transferred into 

containers filled with 45 kg soil (2 plants in each container) and placed in a net house and 

exposed to natural environmental conditions.  
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Weather c onditions i.e. p recipitation, te mperature a nd relative humidity w ere 

recorded by ‘Zentralanstalt für Meteorologie und Geodynamik’ (ZAMG) during the crop 

growth period and described in Figure 1. There were three replicated and the pots were 

arranged in a co mpletely r andomized d esign. Recommended d ose o f NPK fertilizers 

(160-100-60 kg ha -1) were applied in ea ch co ntainer an d t ap w ater w as ap plied t o t he 

container for irrigation whenever needed. 

Data of photochemical efficiency of PSII was recorded at f lowering s tage us ing 

handy P EA ( Hansatech I nstruments L td. E ngland) in t he m id of  J uly w here day t ime 

temperature varied from 30-35oC. The PSII efficiency in terms of Fv/Fm was calculated 

from the data. Growth and yield contributing parameters were recorded at maturity. The 

plants were harvested 140 days after planting. 

Rhizosphere a nd e ndophytic c olonization of  r oots, st ems and l eaves by the 

inoculant s train w ere determined by pl ate c ounting us ing TSA pl ates. R oot, s tem a nd 

leave samples were washed, surface sterilized (as described above) and used for inoculant 

strain r ecovery ( colonization). F or this, s amples w ere c rushed i n 0.9 % ( w/v) N aCl 

solution, s haked with a pulsifier (Microgen Bioproducts L td., U K) for 30 s ec a nd 

different di lutions w ere s pread on TSA p lates. B acterial c olonies w ere co unted a fter 4 

days of incubation at 28 ± 2oC. The selected colonies were identified and confirmed by 

IGS region-based RFLP analysis. 

 

Statistical analyses 

The da ta of pl ant gr owth pa rameters a nd colonization were su bjected t o an alyses o f 

variance. The m eans w ere co mpared b y L east Significant Difference (LSD) t est (p <  
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0.05) to d etect statistical si gnificance among tre atment (S teel et a l. 1997). All of th e 

statistical analyses were conducted using SPSS software version 19 (IBM SPSS Statistics 

19, USA). 

 

Results  

Gyrase B sequence analysis of strain FD17 

The partial nucleotide s equences o f gyrB gene of s train F D17 r evealed 99%  i dentities 

with the Genbank entry CP002886.1, Enterobacter cloacae (987 bp).   

 

Functional characterization of endophyte isolates based on lab assays 

A range of  features known to contribute to plant growth promotion, s tress tolerance or  

biocontrol was t ested. The r esults o f ch aracterization ar e summarized i n T able 1 . A ll 

strains s howed IAA pr oduction (ranging f rom 1 .83 t o 10.33 µg mL -1 IAA-equivalent), 

NH3 and siderophore production (qualitative) but with variable degree of efficacy. Only 

strain FB12 was able to produce AHL. Three strains (FF34, FB12 and FD17) showed P-

solubilization a nd P HB pr oduction, w hereas o nly F B12 w as a ble t o pr oduce H CN. 

Likewise, s train FB12 showed pos itive for a ll biochemical characters mentioned in t he 

Table 1. S train FA13 produced EPS more efficiently compared to FC42 and FD17. All 

strains s howed lipase activity, w hile none  of t he st rain p roduced amylase an d p rotease 

activities. Pectinase activity was observed with strains FF34, FB12 and FD17. All strains 

were p ositive f or ce llulase and x ylanase activity except s train F F34. C hitinase was 

produced b y s trains F B12 a nd F D17. S train F D17 e xhibited be tter aggregate s tability, 

chemotaxis and biofilm formation as compared to other strains. Strains FB12 and FD17 
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showed a ntagonistic activity a gainst va rious b acterial pa thogens as c ompared t o other 

strains. All strains showed antagonism against different fungal pathogens and oomycetes 

but with variable degree of efficacy. Strain FD17 showed highest antagonism against F. 

caulimons, F. solani and P. citricola. 

 

Effect on maize germination 

Inoculation of maize seeds with endophytic bacteria increased the germination rate of all 

cultivars by 20-40% compared to the un-inoculated control (Fig. 2). Maximum increase 

was observed by inoculation with strain FD17 (40%) in maize cv. Morignon followed by 

strains FF34, FA13, FB12 and FC42. The minimum increase was recorded by inoculation 

with strain FB12 and strain FC42 in the maize cultivars Helmi and Cesor, respectively. 

 

In vitro screening of efficient strains under axenic conditions 

All strains significantly increased the seedling growth compared to the control (Table 2). 

For t hree c ultivars ( Peso, M orignon, C esor), s trains F D17 pe rformed best i n r egard t o 

root and shoot l ength p roduction (Table 2) , while for Helmi and Pelicon higher values 

were recorded w ith o ther s trains. The maximum r oot l ength f ormation w as f ound with 

cultivar Peso a nd s train FD17 ( 27.8 c m; c ontrol 19.25 c m). S train FB12 i nhibited root 

formation of  c ultivar Helmi, but  pr omoted r oot f ormation of  ot her c ultivars. T he 

maximum shoot length formation was observed with strain FD17 and cultivar Morignon 

(34.75 cm; control 27.75 cm). Again, some s trains did not  promote shoot formation of  

some cu ltivars, b ut h ad a p ositive effect o n o thers (Table 2 ). A ll s trains s ignificantly 

promoted bi omass pr oduction ( Table 3) . S train F D17 was b eneficial for a ll c ultivars, 
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whereas o ther s trains showed m ore cu ltivar-specific r esponses. Highest shoot bi omass 

was f ound w ith Morignon and s train F D17 (increase by  96%  c ompared to c ontrol 

treatment). Generally, cultivar Helmi showed low response to bacterial inoculation (Table 

3).  

Figure 3 shows that b acterial st rains ef ficiently co lonized all maize cu ltivars; 

viable cell numbers ranged from 1.20 x 10 4 to 2 .93 x 107 cells g -1 fresh plant material. 

Maximum colonization w as r ecorded by i noculation w ith s train F D17 in the shoot 

interior of  M orignon f ollowed by P eso. Strain F D17 w as able t o co lonize al l cu ltivars 

quite efficiently, whereas other strains showed more variable colonization characteristics. 

Peso was the only cultivar well colonized by all strains (Fig. 3). 

 

Net house experiment 

Based on t he r esults o btained under a xenic c onditions, strain FD17 w as sel ected for 

further evaluation for its performance under conditions close to those encountered in the 

field. The net house is a w ire construct without glass roof, but is covered by a  net only, 

which i s pe rmeable f or r ain. P lants e ncountered na tural climate c onditions. Data o f 

climate c onditions ( Fig. 1)  r evealed pr ecipitation r anges of  0 t o 42.9 mm, t emperature 

ranges of  4.6 t o 34.6 oC and r elative hum idity va lues of  50.1 t o 95.9 dur ing t he crop 

growth period. 

Inoculation with s train FD17 l ed t o a  significant in crease in  le af a rea of bot h 

cultivars (20% and 13%, respectively, Table 4). Similarly, biomass (leaf dry weight) was 

increased b y 27%  a nd 23%  in the c ultivars P eso a nd M orignon, r espectively, a s 

compared t o t he c ontrol. S imilarly r oot and plant d ry b iomass a nd plant h eight w ere 
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significantly en hanced as w ell as cob w eight (35% a nd 42%  i ncrease i n P eso a nd 

Morignon, respectively, as compared to control).  

Strain F D17 af fected plant p hysiological ch aracteristics su ch as i ncrease o f 

chlorophyll f luorescence (maximum in crease o f 9 % in  c ultivar P eso) a nd re ducing th e 

time needed for the onset of flowering (up to 10 days in cultivar Peso) (Table 4). 

Strain FD17 efficiently colonized rhizosphere, root, shoot and leaf interior of both 

maize cultivars and no significant differences in the viable cell number were encountered. 

Higher c olonization w as f ound i n t he r hizosphere a nd r oot i nterior a s compared t o t he 

shoot and leaf interior (Table 5). 

 

Discussion 

The use of PGPB is currently gaining worldwide interest as a promising alternative to the 

use of  potentially p olluting c hemical f ertilizers a nd p esticides, p articularly in organic 

production. PGPB may employ different mechanisms to enhance seed germination, root 

development or t o improve mineral nutrition and w ater ut ilization (Dobbelaere et a l. 

2003; Mitter et al. 2013). Generally, a bottom-up approach is employed to select strains, 

which a re p romising f or f ield a pplication. In itially, lab-based t ests o f v arious activities 

potentially involved in plant growth promotion are used, followed in greenhouse studies 

and in some cases b y field tests (Khalid et al . 2004; Smyth et al. 2011; Bulgarelli et al. 

2013). Often only few characteristics are tested in the lab and strains selected in the lab 

have in many cases proven not to show the expected success when tested on plants grown 

in non -sterile s oil ( Barret et al . 201 1). T his m ight be  due  to t he f act that a n inoculant 

strain needs to be able to establish in a h ighly competitive environment, a characteristic, 
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which is rarely addressed in initial screenings. They also might be poor plant colonizers. 

Furthermore, several mechanisms involved in plant growth promotion might be needed to 

confer t he beneficial e ffects an d / o r the d esirable a ctivities ( observed u nder l ab 

conditions) might only be expressed under specific conditions (reviewed for Azospirillum 

sp. by Bashan and de-Bashan 2010). 

In this study we rigorously tested several strains previously isolated as endophytes 

from maize ro ots (Prischl et al . 20 12). B ased on I AA pr oduction a nd A CC-deaminase 

capability, five bacterial st rains (used in the present study) were selected for rigorously 

testing their plant growth promotion potential in lab and plant assays as well as their plant 

colonization capacities (Table 1). Based on these numerous characteristics, we selected 

Enterobacter sp. strain FD17 and confirmed its plant growth-promoting effects with two 

maize c ultivars g rown in  regular ( maize) field soil and su bjected t o natural cl imatic 

conditions. 

The f ive e ndophyte s trains s howed highly va riable growth-promoting tra its and 

plant gr owth pr omotion e ffects w hen t ested i n l ab t rials a nd pl ant a ssays. All o f the 

isolates were able to produce IAA equivalent, but with variable efficiency in the presence 

and absence of L-TRP. Under axenic conditions, inoculation improved root-shoot length 

and biomass of  di fferent maize cultivars. I t has been described that root growth can be  

stimulated o r i nhibited de pending on t he c oncentration of  I AA pr oduced by ba cteria 

(Zúñiga et al . 2013) . T his i s a lso in l ine w ith our r esults, where s train F F34 s howed 

highest IAA production, but induced less root biomass than other strains producing less 

IAA. However, we have to be aware that we only have results of lab assays and have no 

information on in planta activities. Glick et al. (1998) introduced a model in which IAA 
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synthesis also plays a critical role in ACC synthesis, the immediate precursor of ethylene. 

Therefore, h igh c oncentrations of  I AA l ead t o hi gh l evels of  e thylene, d ecreasing r oot 

length (Strader et al. 2010). Recently, Bhattacharjee et al. (2012) observed an increase in 

plant b iomass of  r ice c ultivars due  t o I AA a nd A CC de aminase pr oduction by P GPB 

upon i noculation. The role o f A CC d eaminase i n d ecreasing e thylene l evels b y t he 

enzymatic hydrolysis of ACC into α-ketobutyrate and ammonia has been documented as 

one of the major mechanisms of PGPR in promoting root and plant growth (Glick et al. 

1998). I n our  s tudy, a ll s trains pr oduced A CC de aminase, w hich w as m ost a ctive i n 

Enterobacter sp. strain FD17 and might be needed to confer beneficial effects. 

Phosphorus i s ve ry i mportant f or nor mal pl ant gr owth a nd de velopment. T he 

inoculation with the microorganisms that have the ability to solubilize P could enhance 

the quantity of effective P and increase crop yields (Yao 2004). The strains used in this 

study ha ve t he a bility t o s olubilize t ricalcium p hosphate a nd di calcium phos phate a nd, 

therefore, could be effective for improving crop yield under natural conditions. This can 

be a ttributed t o t he release of  di fferent or ganic c ompounds i n t he rhizosphere by 

microorganisms may be important in the solubilization of various inorganic P compounds 

(Scervino et al. 2010). However, contrary to this, Collavino et al. (2010) reported that in 

vitro P solubilization by microorganisms was not necessarily associated to the promotion 

of plant growth. Very recently, Bashan et al. (2013) suggested that tricalcium phosphate 

(TCP), is relatively weak and unreliable as a universal selection factor for isolating and 

testing phos phate-solubilizing b acteria (P SB) f or e nhancing p lant g rowth. Out of  f ive 

strains, t hree w ere pos itive f or E PS a nd P HB pr oduction. A gain, s train F D17 s howed 

highest act ivities. Bacterial EPS and PHB have been shown to provide protection from 
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such environmental insults as desiccation, predation, and the effects of antibiotics (Gasser 

et al . 2009 ; Staudt et al . 2012) . They al so contribute to bacterial a ggregation, s urface 

attachment, and plant–microbe symbiosis (Laus et al. 2005). 

Bacterial s urvival a nd colonization in t he pl ant e nvironment are n ecessary f or 

plant gr owth a nd yi eld. R ecently, Zúñiga et a l. (2013) de scribed that t he c ell-to-cell 

communication (QS) system mediated by AHL is implicated in rhizosphere competence 

and c olonization of  Arabidopsis thaliana by B. phytofirmans PsJN. C hemotaxis 

(Motility), aggregate stability, and biofilm formation are important traits for root surface 

colonization (Danhorn and Fuqua 2007). It has been suggested that a prerequisite for the 

effective c olonization of  r oots i s pos itive c hemotaxis t owards r oot e xudates 

(Bhattacharjee et  al. 2012). A positive chemotaxis of selected strains therefore suggests 

that m aize s eed an d r oot exudates r elease compounds that at tract bacteria t owards t he 

plant leading t o c olonization. In t he pr esent s tudy, onl y F B12 s howed A HL-based Q S 

signaling, however, other communications might be  involved. Aggregation and biofilm 

formation w ere c ommon traits in  a ll te sted s trains. In  th e case o f motility, f our s trains 

were positive for swimming while FD17 only showed swarming. 

Volatile c ompounds s uch a s a mmonia and HCN produced by a  nu mber of  

rhizobacteria were reported to  play a n important ro le in b iocontrol (Brimecombe et al . 

2001). Production of ammonia was commonly detected in all selected isolates, however, 

only Pseudomonas sp. strain FB12 was able to produce HCN. Another important trait of 

PGPB, that may indirectly influence the plant growth, is the production of siderophores. 

They bi nd to t he available f orm of  i ron F e3+ in the r hizosphere, thus making it 

unavailable to the phytopathogens and protecting the p lant health (Ahmad et al . 2008) . 
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Siderophores a re know n f or m obilizing F e a nd making i t a vailable to t he p lant. In t he 

present i nvestigation, a ll isolates showed multiple PGP a ctivities including s iderophore 

production and antifungal activities against one or more test fungi. Additionally, strains 

FD17 and FB12 produced chitinase and various other hydrolytic enzymes, which might 

help bacterial cells for plant colonization as well as for antifungal activities. Furthermore, 

during plant invasion, bacterial cells may produce hydrolytic enzymes that are recognized 

by the plant, triggering the plant’s resistance system (Trotel-Aziz et al. 2008). 

Based on our  r igorous t esting, t aking va rious potential pl ant gr owth-promoting 

mechanisms into account as well as different plant genetic backgrounds and colonization 

ability, we selected strain FD17, which also performed well under conditions resembling 

the situation in the field. Soil is a complex system and various biotic and abiotic factors 

may influence the behavior o f particular s trains in this e nvironment. Further, i t is well 

known that various stress factors frequently impact the plant and thus alter the allocation 

of photosynthates in the rhizosphere that may lead to changes in below-ground microbial 

communities and their interaction with the plant (Compant et al . 2010). Flavonoids a re 

found within the plants that constitute a l arge part of root exudates (Cesco et  al . 2012). 

Plant r oot colonization by t he ba cteria i s c onsidered as a  pr imary s tep t owards t he 

successful initiation of  the plant–microbe interaction (Bais e t al. 2006). Colonization in 

turn de pends on ba cterial m otility t owards t he pl ant r oot r elease or  e xudates. Root 

exudates are a  r ich source of nutrients for PGPB that undergo chemotaxis and colonize 

the plant root surface (Bhattacharjee e t a l. 2012). Strain FD17 was able to successfully 

compete with the natural microflora and successfully colonized the plant environment in 

addition to promoting plant growth. 
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Endophytic bacteria have been isolated from roots, leaves, stems and fruits by a 

number of researchers. In the present study, endophytic bacteria have been isolated from 

the maize roots. However, l imited knowledge i s a vailable on pl ant s eed a s a  source of  

endophytic bacteria, an d t heir b eneficial ef fects o n p lant g rowth r arely b een d escribed 

under na tural c onditions. B acterial e ndophytes c an b e t ransferred f rom t he p lant 

environment to the seeds and may act as n atural biofertilizers to the new plantlets early 

from seed germination (Puente et al. 2009; Ruiza et al. 2011). 

Microbial inoculants on the basis of plant growth promoting or biocontrol agents 

have a g reat potential for su stainable crop p roduction a nd e cofriendly e nvironment 

management (Berg 2009) . In our  i nvestigation, t he e ndophytic s train F D17 i ncreased 

growth and yield parameters of both maize cultivars under natural conditions. Maize, one 

of the most important crop species (C4), is known to be susceptible to moderate drought 

and r elatively hi gh temperature, and C 4 phot osynthetic efficiency de clines w ith 

temperature at or above 35°C (Maiti 1996). In the present study, photosynthesis (Fv/Fm) 

was measured i n t he m id of  J uly w hen t emperature r eached up t o 35°C  a nd obs erved 

significant differences between the inoculated treatment and the control. It is  likely that 

endophytic bacteria w hile living inside p lant t issues evoked va rious phys iological 

processes to help plants to sustain photosynthesis and plant growth. Remarkable was also 

the ability of strain FD17 to influence the time needed for flowering again indicating the 

interaction between plant and microbe in regard to plant physiology. 

The agricultural resources that commonly limit crop yield increases include water 

and nutrients, especially nitrogen (N) and phosphorous (P) (Sinclair and Rufty 2012). The 

interactions between AM fungi and bacteria in soil are of significant importance. Perhaps 
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fortuitously, the mycorrhizal fungi that a re known to form associations with more than 

80% of plant species, often enhance nutrient and water uptake. PGPR are able to increase 

AM fungal development by a ffecting root colonization as well as by e nhancing plant N 

and P  upt ake ( Richardson e t a l. 2009). P roduction of  E PS by P GPB s ignificantly 

enhanced the attachment of bacteria to mycorrhizal roots and AM fungal structures that 

influence t he movement of  ba cteria i n t he r hizosphere ( Bianciotto e t a l. 2001 ). S oil 

microbes a re a ble t o p roduce pr oducts t hat e nhance t he a mounts of  r oot e xudates 

resulting i n t he a ctivation of  A M hyphae a nd he nce hi gher r ate of  r oot c olonization 

(Barea et al. 2005). However, further research is needed on the more detailed illustration 

of i nteractions be tween the hos t pl ant, A M f ungi a nd s oil bacteria by using di fferent 

molecular techniques to enhance ecosystem productivity. 

In t his s tudy, all the c ultivars tested r esponded di fferently t o i noculation w ith 

different endophyte isolates. Interestingly, one cultivar, Peso, was highly colonized by all 

strains, but  plant gr owth pr omotion w as onl y t o a  l imited e xtent c orrelated w ith hi gh 

colonization. H owever, s train F D17 w as ve ry e fficient i n c olonizing di fferent va rieties 

and w as a lso t he m ost efficient p lant g rowth p romoter. Efficient c olonization of  cv. 

Morginon b y s train F D17 i ndicates t he s pecific c ultivar c olonizing c apacity of  t he 

bacteria. Variety-specific effects on bacterial colonization are only poorly understood and 

the ge netic b asis f or t hese ef fects n eed t o b e el ucidated. Different c rop species and 

varieties m ight pr oduce di fferent types of  r oot exudates, w hich c ould trigger s pecific 

strains or taxa (Bais et al. 2006; Andreote et al. 2010). Also Pillay and Nowak (1997) and 

Montañez et al . (2012) reported that bacterization benefits depend on p lant species, the 

cultivar and gr owth c onditions. Also, i n t he pr esent s tudy, t he T SA was not  e ntirely 
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removed f rom t he ba cterial s uspension a s pr eviously de scribed by P illay a nd N owak 

(1997). I t m ight i nfluence t he indigenous ba cterial c ommunity a nd, thus i ndirectly ha d 

effects on plant. 

In conclusion, Enterobacter sp. strain FD17 has high potential to confer beneficial effects 

to f ield-grown maize a nd i t can b e a ssumed t hat pl ant g rowth promotion i s due t o a 

combination of  I AA, A CC de aminase a nd s iderophore p roduction a nd ot her nut rient 

providing a ctivities. However, m ulti-sites f ield tria ls w ith s train F D17 n eed to  b e 

performed combined with the development of an appropriate formulation and application 

technology to warrant successful performance in the field. 

 
 
Acknowledgements 

The a uthors gr atefully a cknowledge t he H igher E ducation C ommission (HEC) of 

Pakistan f or f inancial s upport. W e t hank A nton G rahsl f or he lp w ith t he net ho use 

experiment and D r. G ünter B rader f or pr oviding a reporter s train ( Agrobacterium 

tumefaciens NTL4. pZ LR4) a nd pos itive c ontrol ( Agrobacterium tumefaciens NTL1. 

pTiC58ΔaccR) for t he A HL a ssay. T he a uthors a lso thank P rof. Holger B ohlmann, 

Division of  P lant P rotection, U niversity of  N atural R esources and Applied S ciences, 

Vienna for providing fungal pathogen strains. 

 

References 

Ahmad F, Ahmad I , Khan MS (2008) Screening of free-living rhizospheric bacteria for 

their multiple plant growth promoting activities. Microbiol Res 163:173–181 



Chapter 2: Beneficial effect of endophytic bacteria on maize growth and yield             Muhammad Naveed 
 

96 
 

Andreote FD, da Rocha UN, Araujo WL, Azevedo JL, van Overbeek LS (2010) Effect of 

bacterial inoculation, plant genotype and developmental stage on r oot-associated 

and e ndophytic ba cterial c ommunities i n pot ato ( Solanum tuberosum). Antonie 

van Leeuwenhoek 97:389–399 

Bais HP, Weir TL, Perry LG, Gilroy S, Vivanco JM (2006) The role of root exudates in 

rhizosphere i nteractions w ith plants and ot her o rganisms. A nnu R ev P lant B iol 

57:233–66 

Barea J, Pozo M, Azcon R, Aguilar C (2005) Microbial co-operation in the rhizosphere. J 

Exp Bot 56:1761–1778 

Barret M, Morrissey JP, O’Gara F (2011) Functional genomics analysis of plant growth-

promoting rhizobacterial tra its involved in  rh izosphere c ompetence. Biol F ertil 

Soils 47:729–743 

Bashan Y , de-Bashan LE (2010) How t he pl ant g rowth-promoting bacterium 

Azospirillum promotes plant growth—A critical assessment. Adv Agron 108:77–

136 

Bashan Y, Kamnev AA, de-Bashan LE (2013) Indole acet ic acid and ACC deaminase-

producing Rhizobium leguminosarum bv. trifolii SN10 promote rice growth, and 

in the process undergo colonization and chemotaxis. Biol Fertil Soils 48:173–182 

Berg G  (2009) Plant-microbe i nteractions pr omoting plant gr owth a nd he alth: 

perspectives for controlled use of microorganisms in agriculture. Appl Microbiol 

Biotechnol 84:11–18 

Bhattacharjee RB, Jourand P, Chaintreuil C, Dreyfus B, Singh A, Mukhopadhyay SN 

(2012) Indole ac etic aci d an d A CC deaminase-producing Rhizobium 

http://link.springer.com/journal/374
http://link.springer.com/journal/374


Chapter 2: Beneficial effect of endophytic bacteria on maize growth and yield             Muhammad Naveed 
 

97 
 

leguminosarum bv. trifolii SN10 promote rice growth, and in the process undergo 

colonization and chemotaxis. Biol Fertil Soils 48:173–182 

Bianciotto V, A ndreotti S , B alestrini R , B onfante P , P erotto S  ( 2001) E xtracellular 

polysaccharides ar e involved i n t he at tachment o f Azospirillum brasilense and 

Rhizobium leguminosarum to arbuscular mycorrhizal structures. Eur J Histochem 

45:39–49 

Brady C , C leenwerck I , V enter, S N, V ancanneyt M, S wings J , C outinho T A ( 2008) 

Phylogeny and identification of  Pantoea species associated with p lants, humans 

and the natural environment based on multilocus sequence analysis (MLSA). Sys 

Appl Microbiol 31:447–460 

Brimecombe MJ,  D e Liej F A, Lynch J M (2001) The effect of  r oot e xudates on  

rhizosphere microbial populations. In: Pinton R, Varanini Z, Nannipieri P (Eds.) 

The Rhizosphere, Marcel Dekker, New York, pp 95–140 

Bulgarelli D, S chlaeppi K , S paepen S, V er L oren v an T hemaat E , Schulze-Lefert P 

(2013) Structure and functions of the bacterial microbiota of plants. Ann Review 

Plant Biol 64:807–838 

Cappuccino J G, S herman N (1992) Biochemical a ctivities o f m icroorganisms. In : 

Microbiology, A Laboratory Manual. The Benjamin /  Cummings Publishing Co. 

California, USA, pp 125–178 

Cesco S, Mimmo T, Tonon G, Tomasi N, Pinton R, Terzano R, Neumann G, Weisskopf 

L, Renella G, Landi L, Nannipieri P (2012) Plant-borne flavonoids released into 

the rhizosphere: impact on soil bio-activities related to plant nutrition. A review. 

Biol Fertil Soils 48:123–149 



Chapter 2: Beneficial effect of endophytic bacteria on maize growth and yield             Muhammad Naveed 
 

98 
 

Cha C, Gao P, Chen YC, Shaw PD, Farrand SK (1998) Production of acyl-homoserine 

lactone quorum-sensing signals by g ram-negative p lant associated bacteria. Mol 

Plant-Microbe Interact 11:1119–1129 

Chernin L S, Winson M K, T hompson J M, H aran S , B ycroft B W, C het I,  W illiams P , 

Stewart GSAB (1998) Chitinolytic a ctivity i n Chromobacterium violaceum: 

Substrate analysis and regulation by quorum sensing. J Bacteriol 180:4435–4441 

Collavino MM, Sansberro PA, Mroginski LA, Aguilar OM (2010) Comparison of in vitro 

solubilization activity of diverse phosphate-solubilizing bacteria native to acid soil 

and their ability to promote Phaseolus vulgaris growth. Biol Fertil Soils 46:727–

738 

Compant S, Clément C, Sessitsch A (2010) Plant growth-promoting bacteria in the rhizo- 

and e ndosphere of  pl ants: T heir r ole, c olonization, m echanisms i nvolved a nd 

prospects for utilization. Soil Biol Biochem 42:669–678 

Danhorn T , Fuqua C  (2007) Biofilm formation by plant-associated bacteria. Annu Rev 

Microbiol 61:401–422 

Dennis C, Webster J (1971) Antagonistic properties of species groups of Trichoderma. I. 

production of non-volatile antibiotics. Trans Brit Mycol Soc 57:25–39 

Djordjevic D, Wiedmann M , M cLandsborough LA (2002) Microtiter p late assay f or 

assessment of Listeria monocytogenes biofilm formation. Appl Environ Microbiol 

68:2950–2958 

Dobbelaere S , V anderleyden J , Okon Y (2003) Plant gr owth-promoting e ffects of  

diazotrophs in the rhizosphere. Crit Rev Plant Sci 22:147–149 



Chapter 2: Beneficial effect of endophytic bacteria on maize growth and yield             Muhammad Naveed 
 

99 
 

Fuentes-Ramirez LE, Caballero-Mellado J (2005) Bacterial biofertilizers. In: Siddiqui ZA 

(Ed.) PGPR: B iocontrol and b iofertilization, S pringer, Dordrecht, The 

Netherlands, pp 143–172  

Gasser I, Müller H , Berg G  ( 2009) Ecology a nd c haracterization of  

polyhydroxyalkanoate-producing m icroorganisms on a nd in p lants. FEMS 

Microbiol Ecol 70:142–150 

Glick B R, Penrose D M, J iping L (1998) A model f or t he l owering of  pl ant e thylene 

concentrations by plant growth – promoting bacteria. J Theor Biol 190:63–68 

Hardoim PR, van Overbeek LS, van Elsas JD (2008) Properties of bacterial endophytes 

and their proposed role in plant growth. Trends Microbiol 16:463–471 

Hayati D, R anjbar Z, Karami E (2 011) M easuring a gricultural sustainability. In : 

Lichtfouse E  ( Ed.) Biodiversity, bi ofuels, a groforestry a nd c onservation 

agriculture, Sustainable Agriculture Reviews, Springer-Verlag, The Netherlands, 

pp 73–100 

Hynes RK, L eung GCY,  Hi rkala DLM, Nelson L M ( 2008) I solation, s election, a nd 

characterisation of beneficial rhizobacteria from pea, lentil, and chickpea grown in 

western Canada. Can J Microbiol 54:248–258 

Juan ML , Gonzalez L W, Walker GC (1998) A nove l s creening m ethod f or i solating 

exopolysaccharide deficient mutants. Appl Environ Microbiol 64:4600–4602 

Khalid A, Arshad M, Zahir ZA (2004) Screening plant growth promoting rhizobacteria 

for improving growth and yield of wheat. J Applied Microbiol 96:473–480 

Khalid M, A rshad M, S haharoona B , Mahmood T ( 2009) P lant gr owth pr omoting 

rhizobacteria and sustainable agriculture. In: Khan MS, Zaidi A, Musarrat J (Eds.) 



Chapter 2: Beneficial effect of endophytic bacteria on maize growth and yield             Muhammad Naveed 
 

100 
 

Microbial Strategies for Crop Improvement, Springer-Verlag, Berlin Heidelberg, 

Germany, pp 133–160 

Lambin EF, Meyfroidt P (2011) Global land use change, economic globalization, and the 

looming land scarcity. Proc Natl Acad Sci USA 108:3465–3472 

Laus MC, va n B russel A AN, K ijne JW (2005) Role of  c ellulose f ibrils a nd 

exopolysaccharides of  Rhizobium leguminosarum in a ttachment t o and infection 

of Vicia sativa root hairs. Mol Plant-Microbe Interact 18:533–538 

Lorck H (1948) Production of hydrocyanic acid by bacteria. Physiol Plant 1:142–146 

Madi L , Henis Y (1989) Aggregation i n Azospirillum brasilense Cd: c onditions a nd 

factors involved in cell-to-cell adhesion. Plant Soil 115:89–98 

Maiti R (1996) Sorghum Science. Science Publishers, Lebanon, New Hampshire, pp 352 

Männistö MK, Häggblom MM (2006) Characterization of psychrotolerant heterotrophic 

bacteria from Finnish Lapland. Syst Appl Microbiol 29:229–243 

Mateos PF, Ji menez-Zurdo J I, C hen J , S quartini A S, H aack S K, M artinez-Molina E , 

Hubbell DH,  Da zzo FB (1992) Cell-associated p ectinolytic an d cellulolytic 

enzymes i n Rhizobium leguminosarum biovar trifolii. Appl Environ M icrobiol 

58:1816–1822 

Medina P , Baresi L  (2007) Rapid i dentification of  ge latin a nd c asein hydr olysis using 

TCA. J Microbiol Methods 69:391–393 

Mehta S, Nautiyal CS (2001) An efficient method for screening phosphate solubilization 

bacteria. Curr Microbiol 43:57–58 



Chapter 2: Beneficial effect of endophytic bacteria on maize growth and yield             Muhammad Naveed 
 

101 
 

Mitter B, B rader G , A fzal M , C ompant S , N aveed M , T rognitz F , Sessitsch A  ( 2013) 

Advances in elucidating beneficial interactions between plants, soil and bacteria. 

Adv Agron 121:381-445. 

Montañez A, Blanco AR, Barlocco C, Beracochea M, Sicardi M (2012) Characterization 

of cultivable putative endophytic plant growth promoting bacteria associated with 

maize cultivars (Zea mays L.) and their inoculation effects in vitro. Appl Soil Ecol 

58:21–28 

Penrose DM, Glick BR (2003) Methods for isolating and characterizing ACC deaminase-

containing plant growth-promoting rhizobacteria. Physiol Plantarum 118:10–15 

Pikovskaya RI (1948) Mobilization of  phos phorus i n s oil i n c onnection w ith t he vi tal 

activity of some microbial species. Mikrobiologiya (in Russian) 17:362–370 

Pillay VK,  No wak J  (1997) Inoculum de nsity, t emperature a nd ge notype e ffects on  

epiphytic a nd e ndophytic c olonization a nd i n v itro gr owth promotion o f to mato 

(Lycopersicon esculentum L.) by a ps eudomonad ba cterium. Can J Microbiol 

43:354–361 

Prischl M, H ackl E, P astar M , P feiffer S , Sessitsch A  (2012) Genetically m odified B t 

maize lines containing cry3Bb1, cry1A105 or cry1Ab2 do not affect the structure 

and functioning of root-associated endophyte communities. Appl Soil Ecol 54:39–

48 

Puente ME, Li CY, Bashan Y (2009) Endophytic bacteria in cacti seeds can improve the 

development of cactus seedlings. Environ Exp Bot 66:402–408 



Chapter 2: Beneficial effect of endophytic bacteria on maize growth and yield             Muhammad Naveed 
 

102 
 

Rashid M H, K ornberg A (2000) Inorganic p olyphosphate i s n eeded f or s wimming, 

swarming, and twitching motilities of Pseudomonas aeruginosa. Proc Natl Acad 

Sci USA 97:4885–4890 

Reiter B, P feifer U , S chwab H, Sessitsch A  ( 2002) Response of  e ndophytic b acterial 

communities i n po tato p lants to  in fection with Erwinia carotovora subsp. 

atroseptica. Appl Environ Microbiol 68:2261–2268 

Richardson A , B area J-M, M cNeill A , P rigent-Combaret C  ( 2009) Acquisition of  

phosphorus and ni trogen i n t he rhizosphere and plant g rowth pr omotion by  

microorganisms. Plant Soil 321:305–339 

Rosado AS, De Azevedo FS, da Croz DW, Van Elas JD, Seldin L (1998) Phenotypic and 

genetic di versity of  Paenibacillus azatofeixans strains is olated f rom th e 

rhizophere soil of different grasses. J Appl Microbiol 84:216–226 

Ruiza D, A garas B, de W errab P, Wa ll LG, Valverde C (2011) Characterization an d 

screening of plant probiotic traits of bacteria isolated from rice seeds cultivated in 

Argentina. The J Microbiol 49:902–912 

Sarwar M, Arshad M, Martens DA, Frankenberger WT Jr (1992) Tryptophan dependent 

biosynthesis of auxins in soil. Plant Soil 147:207–215 

Scervino JM, Mesa MP, Mónica ID, Recchi M, Moreno NS, Godeas A (2010) Soil fungal 

isolates p roduce di fferent or ganic a cid pa tterns i nvolved i n phos phate s alts 

solubilization. Biol Fertil Soils 46:755–763 

Schwyn B, Neilands JB  (1987) Universal chemical ass ay f or t he d etection and 

determination of siderophores. Anal Biochem 160:47–56 



Chapter 2: Beneficial effect of endophytic bacteria on maize growth and yield             Muhammad Naveed 
 

103 
 

Sinclair, TR, and Rufty TW (2012) Nitrogen and water resources commonly l imit crop 

yield increases, not necessarily plant genetics. Global Food Sec 1:94–98 

Smibert R M, K rieg NR (1994) Phenotypic characterization. In : Gerhardt P , M urray R, 

Wood W, Krieg N (Eds) Methods for General and Molecular Bacteriology, ASM 

Press, Washington, DC, pp 615 

Smyth EM, McCarthy J, Nevin R, Khan MR, Dow JM, O'Gara F, Doohan FM (2011) In 

vitro analyses are not reliable predictors of the plant growth promotion capability 

of bacteria; a Pseudomonas fluorescens strain that promotes the growth and yield 

of wheat. J Appl Microbiol 111:683–692 

Spiekermann P, Re hm BHA, Kalscheuer R, B aumeister D , Steinbuchel A  ( 1999) A 

sensitive, vi able-colony s taining m ethod us ing N ile r ed f or di rect s creening of  

bacteria that accumulate polyhydroxyalkanoic acids and other storage compounds. 

Arch Microbiol 171:73–80 

Staudt AK, Wolfe LG, Shrout JD (2012) Variations in exopolysaccharide production by 

Rhizobium tropici. Arch Microbiol 194:197–206 

Steel R GD, T orrie JH, Dicky DA  (1997) Principles an d p rocedures o f st atistics: A  

biometrical approach. 3rd ed. McGraw-Hill Book Int. Co., Singapore 

Strader L C, C hen G L, Bartel B  (2010) Ethylene di rects a uxin t o c ontrol ro ot c ell 

expansion. Plant J 64:874–884 

Teather R M, W ood P J (1982) Use of  c ongo r ed-polysaccharide i nteractions i n 

enumeration a nd c haracterization o f c ellulolytic b acteria in  th e b ovine ru men. 

Appl Environ Microbiol 43:777–780 



Chapter 2: Beneficial effect of endophytic bacteria on maize growth and yield             Muhammad Naveed 
 

104 
 

Trotel-Aziz P , C ouderchet M , B iagianti S , A ziz A (2008) Characterization o f n ew 

bacterial b iocontrol a gents Acinetobacter, Bacillus, Pantoea and Pseudomonas 

spp. m ediating g rapevine r esistance ag ainst Botrytis cinerea. Environ E xp Bot 

64:21–32 

Vance C P ( 2011) P hosphorus as a  c ritical m acronutrient. I n: Hawkesford M J, 

Barraclough P  ( Eds) T he Mo lecular an d P hysiological B asis o f N utrient U se 

Efficiency in Crops. John Wiley & Sons, Inc., Iowa, USA, pp 229–264 

Weaver PK, Wall JD, Gest H (1975) Characterization of Rhodopseudomonas capsulata. 

Arch Microbiol 105:207–216 

Yamamoto S , H arayama S  (1995) PCR a mplification a nd direct s equencing of  gyrB 

genes with universal primers and their application to the detection and taxonomic 

analysis of Pseudomonas putida strains. Appl Environ Microbiol 61:1104–1109 

Yao T (2004) Associative nitrogen-fixing bacteria in the rhizosphere of Avena sativa in 

an a lpine re gion: I II. Phosphate-solubilizing po wer a nd a uxin pr oduction. A cta 

Prataculturae Sinica 13:85–90 

Zúñiga A, Poupin M J, D onoso R, L edger T , Guiliani N , G utiérrez R A, González B  

(2013) Quorum s ensing a nd i ndole-3-acetic acid d egradation p lay a r ole i n 

colonization and plant growth promotion of Arabidopsis thaliana by Burkholderia 

phytofirmans PsJN. Mol Plant-Microbe Interact 26:546–553 



Chapter 2: Beneficial effect of endophytic bacteria on maize growth and yield             Muhammad Naveed 
 

105 
 

Table 1 Physico-chemical and growth-promoting characteristics of maize endophytes 

  
Characteristics Caulobacte

r sp. (FA13) 
Pantoea sp. 

(FF34) 
Sphinogobiu
m sp. (FC42) 

Pseudomonas 
sp. (FB12) 

Enterobacter 
sp. (FD17) 

Phenotypic and physiological characterization 
Colony colour Gray Yellow Yellow Gray Creamy 

white 
Colony 
morphology 

Round Round Round Round Round 

Bacterial growth conditionsa 
NaCl  
2% + + + + + 
6% - + - - + 
pH 
5 + + + + + 
12 + - - + + 
Motility / chemotaxisb 
Swimming + + - ++ +++ 
Swarming - - - - + 
Twitching + + - + + 
Biofilm formation 
OD (600 nm) 0.92±0.04 0.59±0.02 0.95±0.08 0.57±0.08 0.95±0.04 
Biofilm (595 nm) 0.23±0.02 0.22±0.03 0.08±0.01 0.08±0.04 0.83±0.06 
Aggregate 
stability (%) 

35.91±2.57 26.07±0.88 32.61±2.13 36.38±1.48 40.22±1.99 

Biochemical characterizationa 
Catalase + + + + + 
Oxidase - - - + - 
Casein - - - + - 
Gelatin - + - + + 
Methanol + - - + - 
Ethanol + - - + - 
Growth promoting characterizationb 
ACC-deaminase  + + + ++ +++ 
Auxin production (IAA equivalent, µg mL-1) 
without L-TRP 1.74 ±0.18 10.33 ±0.35 4.89 ±0.78 1.63 ±0.65 7.54 ±1.02 
with L-TRP 16.13 ±1.05 95.34 ±2.14 38.41 ±1.78 7.26 ±1.05 12.30 ±0.98 
P-solubilization (inorganic/organic P) 
Ca3(PO4)2 - ++ - + +++ 
CaHPO4 - ++ - + +++ 
Ca(H2PO4)2 - ++ - ++ +++ 
Ca-phytate - ++ - ++ +++ 
Na-phytate - ++ - ++ +++ 
Exopolysaccharid
e 

++ -  + - + 

HCN production - - - + - 
NH3 production + + + + + 
Siderophore 
production 

+++ + + ++ +++ 
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AHL - - - + - 
PHB - + - + + 
Enzyme hydrolyzing activityb 
Amylase - - - - - 
Cellulase + - + + ++ 
Chitinase - - - + + 
Lipase ++ + + +++ ++ 
Pectinase - + - + + 
Protease - - - - - 
Xylanase + - +++ + ++ 
Antagonistic activities against plant pathogenic bacteria, fungi and oomycetesb 
Anti-bacterial activity 
A. tumefaciens - - - ++ + 
P. syringae - - - +++ + 
S. aureus - - - + - 
Anti-fungal activity 
F. caulimons ++ + + ++ +++ 
F. graminarium + + + + ++ 
F. oxysporum + ++ + ++ ++ 
F. solani ++ + ++ ++ +++ 
R. solani + + + ++ ++ 
T. basicola + + + ++ + 
Anti-oomycete activity 
P. infestans + + + ++ ++ 
P. citricola + + + ++ +++ 
P. cominarum + + + ++ ++ 
Results are obtained from 4-6 replicates 

a -, absent; +, present 

b +, low efficiency; ++, medium efficiency; +++, high efficiency 

http://en.wikipedia.org/wiki/Agrobacterium_tumefaciens
http://en.wikipedia.org/wiki/Staphylococcus_aureus
http://www.cals.ncsu.edu/course/pp728/Thielaviopsis/thielaviopsis_basicola.htm
http://en.wikipedia.org/wiki/Oomycete
http://en.wikipedia.org/wiki/Phytophthora_infestans
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Table 2 Effect of inoculation with selected bacterial endophyte on root and shoot length of different maize cultivars under axenic 

conditions 

Strain / Maize cv. Root length (cm) Shoot length (cm) 
Helmi Peso Pelicon Morignon Cesor Helmi Peso Pelicon Morignon Cesor 

Control 18.52 i-k 19.25 g-i 15.50 l-n 16.50 k-m 14.25 n 14.77 n 25.12 jk 24.25 kl 27.75 hi 23.25 lm 
Caulobacter sp. 
FA13 

26.37a-c 25.25 b-d 25.75 a-d 19.25 g-i 20.00 gh 26.50 ij 33.75 a-d 31.50 e-g 32.92 b-e 30.50 g 

Pantoea sp. FF34 26.55 ab 22.50 ef 16.50 k-m 16.75 j-m 17.25 i-l 28.60 h 28.87 h 28.32 h 32.12 d-g 32.50 c-f 
Sphinogobium sp. 
FC42 

18.67 h-j 26.75 ab 27.50 a 17.50 i-l 15.50 l-n 22.50 m 31.15 fg 33.92 a-c 32.15 d-g 32.40 c-f 

Pseudomonas sp. 
FB12 

14.75 mn 24.00 de 24.37 c-e 21.00 fg 21.40 fg 15.25 n 32.45 c-f 33.75 a-d 32.50 c-f 32.27 c-f 

Enterobacter sp. 
FD17a 

24.67 b-d 27.85 a 22.50 ef 21.57 fg 21.45 fg 26.35 ij 34.37 ab 32.15 d-g 34.75 a 32.82 c-f 

Means sharing similar letter(s) in a column for each parameter do not differ significantly at P = 0.05 

The data is average of 4 replicates 

aEfficient strain selected for containment experiment 
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Table 3 Effect of inoculation with selected bacterial endophyte on root and shoot biomass of different maize cultivars under axenic 

conditions 

Strain / Maize cv. Root biomass (g) Shoot biomass (g) 
Helmi Peso Pelicon Morignon Cesor Helmi Peso Pelicon Morignon Cesor 

Control 0.81 ij 0.86 gh 0.68 k 0.76 jk 0.57 l 0.77 p 1.16 kl 0.87 no 1.01 m 0.79 op 
Caulobacter sp. 
FA13 

1.08 g 1.28 ef 1.04 g 1.26 ef 1.06 g 1.05 m 1.63 e 1.62 e 1.74 d 1.36 hi 

Pantoea sp. FF34 1.39 cd 1.56 a 0.95 h 0.95 h 0.89 gh 1.30 ij 1.77 cd 1.09 lm 1.44 gh 1.34 i 
Sphinogobium sp. 
FC42 

1.24 ef 1.24 ef 1.20 f 1.10 g 1.07 g 1.08 lm 1.69 de 1.59 ef 1.75 d 1.51 fg 

Pseudomonas sp. 
FB12 

0.91 h 1.46 bc 1.10 g 1.29 ef 1.06 g 0.91 n 1.76 d 1.32 ij 1.92 ab 1.52 fg 

Enterobacter sp. 
FD17a 

1.46 bc 1.57 a 1.31 de 1.49 ab 1.26 ef 1.24 jk 1.86 bc 1.63 e 1.98 a 1.52 fg 

Means sharing similar letter(s) in a column for each parameter do not differ significantly at P = 0.05 

The data is average of 4 replicates 

aEfficient strain selected for containment experiment 
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Table 4 Effect of inoculation with endophytic strain FD17 on physiology, growth parameters 

and yield of two maize cultivars grown in pots in field soil and exposed to natural climatic 

conditions (net house experiment) 

 
Parameters / Treatment Peso Morignon 

Un-inoculated Inoculated with 
FD17a 

Un-inoculated Inoculated with 
FD17a 

Fv/Fm 0.69 c 0.75 b (8.69) 0.73 bc 0.79 a (8.22) 
Time to onset of 
flowering (days) 

65.33 b (18.78) 55.00 a  70.67 d (6.54) 66.33 bc 

Plant height (cm) 192.33 d 208.00 ab (8.15) 196.69 cd 213.68 a (8.64) 
No. of leaves plant-1 12.33 c 14.00 ab (13.54) 13.17 bc 14.67 a (11.39) 
Leaf area (cm2) 494.26 d 556.27 bc (12.55) 512.39 cd 617.11 a (20.44) 
Leaf dry weight (g) 22.21 c 28.16 b (26.79) 28.09 b 34.56 a (23.03) 
Plant dry biomass (g) 114.18 c 153.77 b (34.67) 160.46 b 223.14 a (39.06) 
Root dry biomass (g) 17.26 c 24.34 b (41.02) 19.73 c 28.28 a (43.34) 
Cob weight (g) 115.28 c 155.83 b (35.18) 123.71 c 176.23 a (42.45) 
Means sharing similar letter(s) in a row for each parameter do not differ significantly at P = 0.05 

The data are based on 3 replicates 

Values in brackets are % increase over control 

aEnterobacter sp. strain FD17 
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Table 5 Colonization of strain FD17 in rhizosphere, root, stem and leaves of two maize 

cultivars (net house experiment) 

  

Maize cv. / Plant 
compartment 

Rhizosphere 
(cfu g-1 dry wt) 

Root interior 
(cfu g-1 dry wt) 

Shoot interior 
(cfu g-1 dry wt) 

Leaf interior 
(cfu g-1 dry wt) 

Peso 4.07 × 104 a 3.39 × 104 a 1.63 × 103 b 1.16 × 102 c 
Morignon 9.85 × 104 a 8.59 × 104 a 3.72 × 103 b 6.23 × 102 bc 
Means sharing similar letter(s) in a column/row do not differ significantly at P = 0.05 

The data are based on 3 replicates 
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Figure 1 Weather conditions data during the crop growth period obtained from ZAMG, 

Austria 
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Figure 2  Effect of  i noculation w ith s elected bacterial e ndophyte on ge rmination of  

different maize cultivars under axenic conditions. Data is average of three replicate ± SE 
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Figure 3 Persistence of selected endophytic strains in the shoot interior of different maize 

cultivars under axenic conditions. Bars sharing similar letters do not differ significantly at 

P = 0.05 
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Abstract 

Drought is one of the major environmental stresses that adversely affects crop growth and 

productivity w orldwide. The e ffect of  i noculation of  two ba cterial e ndophytes 

Burkholderia phytofirmans strain PsJN and Enterobacter sp. F D17 on gr owth, w ater 

status and photosynthetic activity of two maize cultivars under drought stress conditions 

was i nvestigated. Plants were ex posed t o d rought s tress by w ithholding ir rigation at 

vegetative growth s tage ( 45 da ys a fter pl anting). The i noculant s trains e fficiently 

colonized maize s eedlings a nd w ere r ecovered f rom r oot, s hoot a nd l eaves o f bot h 

irrigated an d st ressed p lants. Drought s tress had dr astic e ffects on gr owth, leaf w ater 

content and p hotosynthesis o f m aize seed lings. Our re sults r evealed th at b acterial 

inoculation minimized t he dr ought stress-imposed ef fects si gnificantly increasing shoot 

biomass, root biomass, leaf area, chlorophyll content, photosynthesis, and photochemical 

efficiency o f P SII. S imilarly, b acterized seed lings sh owed h igher l eaf r elative w ater 

content (30%) compared to control, whereas 43% higher leaf damage in terms of relative 

membrane p ermeability was obs erved i n non -inoculated plants unde r dr ought s tress. 

Strain PsJN was m ore ef ficient t han F D17 in te rms o f influencing gr owth a nd 

physiological s tatus of  t he s eedlings unde r drought s tress. Our d ata su ggest that maize 

plants c an be pr otected f rom i nhibitory e ffects of  t he dr ought s tress by t he ha rbored 

bacterial e ndophytes. A lthough t he de gree of  pr otection d epends on t he t ype of  t he 

bacterial strain and the plant genotype. 

 

Key words: Endophyte, Burkholderia phytofirmans, Enterobacter, drought stress, maize 
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1. Introduction 

Plants face various biotic and abiotic stresses in hostile environmental conditions. Among 

these, dr ought i s a  m ajor a biotic f actor t hat a dversely a ffects c rop gr owth a nd 

productivity worldwide. Drought is expected to cause serious plant growth problems for 

more than 50% of the arable lands by 2050 (Vinocur and Altman, 2005). Global warming 

will i ncrease t he s everity a nd f requency of  dr ought i n the f uture l eading t o a  po ssible 

decrease in gl obal f ood pr oduction. At t he s ame t ime a st eadily i ncreasing h uman 

population which could hit 9 b illion by 2050 d emands an increase in food supplies. The 

situation will in future be even more severe as desertification will further increase and the 

current a mount of  a nnual l oss of  a rable area may dou ble by t he e nd of  t he c entury 

because of global warming (IPCC, 2007). 

Modern a gro-biotechnological s trategies ar e b eing t ested t o enhance drought 

stress tolerance in plants such as the generation of transgenic plants with introduced novel 

genes or  with altered expression levels o f t he ex isting g enes (Lu e t a l., 2013) . 

Development of  dr ought-tolerant varieties th rough g enetic e ngineering a nd p lant 

breeding, coupled w ith natural r esource m anagement i s a lso a promising a nd effective 

approach t o i mprove agricultural p roductivity and w ater u se ef ficiency ag ainst drought 

and water shortage (Warren, 1998). However, the complexity of abiotic stress tolerance 

mechanisms makes t he t ask of  i ntroducing ne w t olerant v arieties ve ry di fficult (also a 

long dr awn procedure), and ge netically m odified pl ants a re not  w ell a ccepted in s ome 

regions of the world (Wahid et al., 2007). 

On t he one  ha nd, p lants possess natural p rotection sy stems that act against 

different stresses, but  on t he ot her ha nd, t hey a lso interact with a v ariety of  soil 
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microorganisms t hat can  al leviate t he st ress sy mptoms (Marulanda et a l., 2 006). 

Microbial communities are able to develop a range of activities that are very important in 

maintaining biological b alance a nd s ustainability in  s oil p articularly under st ress 

conditions (Kennedy et a l., 1995;  Kavamura et a l., 2013) . I n st ressed ar eas, p lants are 

more dependent on m icroorganisms that are ab le t o enhance their metabolic activity t o 

combat stress (Kavamura et al., 2013). Rhizobacteria that exert beneficial effects on plant 

growth and development are referred to as plant growth promoting rhizobacteria (PGPR). 

PGPR are beneficial native soil bacteria that colonize the rhizosphere or plant roots and 

result in increased plant growth and yield (Kloepper et al., 1989). PGPR are adapted to 

adverse conditions and protect plants from the deleterious effects of drought stress, thus 

increasing crop productivity in arid or semiarid areas (Marulanda et al., 2007; Kavamura 

et a l., 2013;  K asim e t a l., 2013) . Several PGPR are r eported t o i nduce drought s tress 

tolerance in so me p lants such as w heat, m aize, su nflower, su garcane an d g reen g ram 

(Sandhya et a l., 2009 , 2010;  Moutia et a l., 2010;  Vardharajula et a l., 2 011; 

Saravanakumar et a l., 2011; Kasim et a l., 2013) . Endophytic bacteria may in future be 

even m ore i mportant than r hizosphere b acteria, b ecause t hey escap e c ompetition with 

rhizosphere microorganisms and achieve more intimate contact with plant tissues. 

Maize (Zea mays L.) is the third most important food c rop globally in  terms of 

sources of  e nergy a nd pr otein i n hum an nut rition. It is a  C4 c rop w ith a  hi gh r ate of  

photosynthetic activity, leading to high grain and biomass yield. Climate change and the 

use of  marginal land f or crop production r equire t he development of innovative 

management sy stems adapted t o stressful e nvironments, pa rticularly dr ought stress. 

Annual yi eld l osses du e t o dr ought average around 15%  of  potential y ield ( Edmeades, 
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2008). Climate change and population growth suggest that the production of major crops 

(maize, b arley, w heat e tc.) will m ove to  m arginal a reas, mainly w ith w ater d eficit 

(Edmeades, 2008). 

We t herefore evaluated the pot ential of  two e ndophytic ba cterial s trains, 

Burkholderia phytofirmans strain P sJN an d Enterobacter sp. F D17, for improving 

physiology and growth of maize under drought stress. B. phytofirmans PsJN is among the 

best s tudied pl ant gr owth pr omoting e ndophytes. It c olonizes t he rhizosphere a nd 

endosphere, and promotes growth, and enhances abiotic and biotic s tress tolerance in a 

variety of  crops a nd ve getables (Mitter e t a l., 2013) . Recently, w e f ound t hat B. 

phytofirmans PsJN efficiently colonizes maize plants upon seed inoculation and enhances 

germination, gr owth and f lower ons et (unpublished da ta). Enterobacter sp. F D17, w as 

previously isolated from maize by Prischl et al. (2012), is able to improve germination, 

growth a nd yield of  di fferent m aize c ultivars u nder a xenic a nd na tural s oil c onditions 

(Naveed et al., 2013). Our results suggest that microbial inoculation assuaging stresses in 

plants can be utilized in agriculture in an environmentally friendly manner. 

 

2. Materials and methods 

2.1. GUS labeling of Enterobacter sp. FD17 

The Enterobacter sp. FD17 was tagged with the glucuronidase A (gusA) gene following 

the pr otocol d escribed by Wilson et a l. ( 1995) a nd us ing t he c onstruct pCAM110 in 

which gusA is under control of the ptac promoter. Briefly, wild-type strain FD17 and E. 

coli (pCAM110 plasmid) was grown in 5  ml LB medium at 28 ±  1°C until t he opt ical 

density of 0.6, at λ 600 nm. One mL bacterial cells were pelleted by centrifugation (14, 
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000 rpm, 10 min), washed three t imes with ice-cold distilled water, and resuspended in 

100 and 1000 µL of saline buffer (0.85% NaCl). The cell suspension 100 µL of each was 

mixed and the mixture was spread on the selective plate and incubated overnight at 28 ± 

1°C. Bacterial co lonies carrying th e gusA marker w ere selected o n M9 me dium [ 11 g 

Na2HPO4.12H2O, 3 g KH2PO4, 0.5 g N aCl, 1 g N H4Cl, 0.24 g M gSO4, 11.1 m g, 1 m l 

Fe-EDTA s olution, 1  ml t race el ements so lution (Alef, 1994)  c ontaining succinate, 

acetate and citrate (SAC), each at a concentration of 2 g, dissolved in one litre], amended 

with 5-bromo-4-chloro-3-indolyl-β-D-glucuronide (XGlcA) (100 μg mL-1), i sopropyl-β-

D-galactopyranoside (IPTG) (100 μg mL-1) and spectinomycin (100 μg mL-1) (Sigma, St. 

Louis, M o.). Then the ba cteria w ere e xamined by us ing a n opt ical s tereomicroscope 

(model SZCTV; Olympus) and an optical microscope (model BH2; Olympus).  

Burkholderia phytofirmans PsJN is one of the best studied bacterial endophyte so 

far, originally isolated from surface-sterilized Glomus vesiculiferum-infected onion roots, 

and reported for growth promotion of various horticultural crops (Frommel et al., 1991; 

Nowak et al., 1995).  

2.2. Labeling stability and bacterial growth comparison 

Stability of t he c hromosomal i ntegration of  t he gusA marker i n s train F D17 was 

determined by growing in LB liquid medium for over 10 ge nerations and then plating a 

dilution series on LB medium with or without the appropriate antibiotic. Furthermore, the 

colony a nd cell m orphologies a nd gr owth p atterns of  t he ge netic derivatives were 

compared to those of the FD17 wild-type strain in LB medium and M9 minimal medium 

with 5% glucose (Sambrook et al., 1989). 
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2.3. Inoculum preparation and bacterial growth 

Strains FD17::gusA10 and PsJN::gusA10 (Compant et al., 2005) were cultured in 250 mL 

LB broth containing s pectinomycin [ 100 µg mL-1] at 28 ±  1oC f or 48 h i n an orbital 

shaking i ncubator ( VWR International GmbH, A ustria) at 180 r  m in–1. T he opt ical 

density of the culture was measured at λ 600 nm using a spectrophotometer (Gene Quant 

Pro, Gemini BV, The Netherlands) and adjusted to 0.5 to obtain a uniform population of 

bacteria [108 - 109 colony forming units (CFU) mL–1] for inoculation. 

2.4. Plant material and growth conditions 

A pot experiment was conducted in the greenhouse at the AIT campus in Tulln/Austria 

[altitude (174 m) and latitude (48 ̊19ʹ N] to compare the effectiveness of selected bacterial 

strains for promoting growth and yield of maize under drought stress conditions. Maize 

plants w ere g rown in  agricultural f ield soil co llected from Tulln in Lower A ustria, 

Austria. S oil us ed in t he pots had t he f ollowing physic-chemical characteristics: sand, 

32%; silt, 38%; clay, 30%; pH, 7.28; total carbon, 2.4%; total nitrogen, 0.23%; available 

phosphorus, 40 mg 100 g-1; extractable potassium, 19 mg 100 g-1. 

Maize seeds w ere surface-sterilized with 70% e thanol (3 min), tre ated w ith 2 % 

sodium hypochlorite ( NaClO) (5 min), a nd f ollowed by repeated washing w ith sterile 

distilled water (3 times for 1 min). The efficacy of surface sterilization was checked by 

plating s hoot and root, a nd a liquots of th e final rin se onto L B p lates. Seeds w ere 

considered to be successfully sterilized when no colonies were observed on the LB plates 

after in oculation f or 3 da ys at 2 8 ± 1 oC. Surface-disinfected seed s (cvs. Mazu rka and 

Kaleo, DOW AgroSciences, V ertriebsges.m.b.H N eusiedl am  S ee, A ustria) were 



Chapter 3: Endophytic bacteria induce drought tolerance                         Muhammad Naveed 
 

121 
 

incubated in bacterial suspension [prepared as d escribed above, (108 - 109 CFU mL–1)] 

for 2 hours. For the control, seeds were treated with sterilized LB broth. Three inoculated 

seeds (108 bacteria p er seed ) were s own i n pot s w ith c ylindrical s hape w ith di ameter 

27 cm and height 25 cm (Plastic Moram, China) containing 15 kg of soil and thinned to 

one pl ant after one  w eek of  ge rmination. The e xperiment w as c onducted du ring t he 

period of May to July 2011 i n the greenhouse. The average maximum temperature was 

20.6 - 27.6 oC ( day) a nd 10.7 - 15.7 oC (n ight). A verage re lative humidity in  th e 

greenhouse chamber was 30%. The photoperiod in the chamber was set to a  16 h  l ight 

and 8 h da rk. Pots w ere ar ranged i n a ch amber o f t he g reenhouse us ing a co mpletely 

randomized design with three replications of each treatment. Recommended doses of N, 

P, and K fertilizers (160-100-60 kg ha-1) were applied to each pot and equal amounts of 

tap water was applied to the pots to maintain optimal soil moisture depending on plant 

and s oil c onditions (upto 1000  ml). D rought s tress w as a pplied by s topping i rrigation 

after 45 da ys of  pl anting. A fter s topping i rrigation pl ants w ere obs erved f or s igns of  

wilting. When sh rinkage o f l eaves and st em w ere clearly visible p lants were harvested 

and soil moisture content of both normal and reduced irrigated pots was determined. 

2.5. Plant growth promoting trait measurement 

Plants w ere ha rvested 66 da ys a fter s owing a nd t he da ta of gr owth a nd phys iology 

parameters were recorded before and after harvesting the pots. 

Plant phys iological pa rameters w ere r ecorded a t midday ( between 10: 00 a nd 13: 00) of  

both irrigated and drought-stressed pots.  

2.5.1. Gaseous exchange measurement 
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Gaseous-exchange measurements i.e. [photosynthetic rate (net-rate of CO2 assimilation at 

light s aturation) (Asat)], stomatal conductance ( gs), transpiration rate ( E) and va por 

pressure d eficit ( VpdL) w ere measured w ith a L i-6400 por table phot osynthesis s ystem 

(Li-Cor, Inc. Lincoln, NE, USA) equipped with a CO2 cartridge to adjust and maintain a 

constant C O2 level of  400 µ mol m ol-1 air w ithin the leaf cu vette. G as ex change w as 

measured f rom t he t op third, f ully developed leaf of  e ach pl ant a t t he ambient l ight o f 

stressed and non-stressed plants. 

2.5.2. Chlorophyll fluorescence 

Maximum photochemical efficiency of photosystem I I ( PSII (Fv/Fm)) was calculated 

from c hlorophyll f luorescence da ta using ha ndy P EA ( Hansatech Instruments L td. 

England). Leaves were dark adapted for 30 min before the measurement. 

2.5.3. Leaf area and chlorophyll content 

Leaf area (3rd leaf from top) of irrigated and drought stressed plants was recorded using 

LI-3100C A rea Met er (Li-Cor, I nc., L incoln, N E, U SA). L eaf c hlorophyll c ontent w as 

determined by us ing Chlorophyll M eter (SPAD 502 P lus, M inolta, J apan). E ach l eaf 

sample was measured in at least six different areas. 

2.5.4. Relative water content and membrane permeability 

Flag l eaves w ere u sed f or m easuring t he relative w ater content (RWC) a nd re lative 

membrane p ermeability (R MP). Leaves w ere cut, sealed w ithin p lastic ba gs a nd 

transferred to laboratory. After measuring fresh weights, leaves were placed in distilled 

water for 24 h at 4ºC in darkness. After soaking, leaves were carefully blotted with tissue 

paper and fully turgid weight was measured. Dry weight was measured after oven drying 
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the leaf samples at 72°C for 24 h. Relative water contents were determined following the 

equation described by Teulat et al. (2003).     

 

For the RMP measurement, the leaves were cut into equal pieces and transferred to test 

tubes containing 20 ml of deionized distilled water. The test tubes were vortexed for 10 s 

and the solution was assayed for initial e lectrical conductivity (EC0). These tubes were 

kept a t 4 oC for 24 h  a nd t hen a ssayed f or E C1. The sa me samples were au toclaved at  

121oC for 20 min t o determine E C2. P ercent R MP was cal culated as following t he 

formula described by Yang et al. (1996) 

 

2.5.5. Agronomic parameters measurement 

Plant ag ronomic p arameters su ch as sh oot an d r oot f resh w eight w ere r ecord after 

harvest. Plant biomass (above and below ground) was determined after drying the whole 

plants at 72°C for 72 hours. 

2.6. Detection and enumeration of inoculant strains 

2.6.1. Rhizosphere colonization 

Rhizosphere soil was obtained by a gitating roots and sampling the soil still a ttached to  

the roots after plant harvesting. For the isolation of rhizosphere bacteria, soil slurry was 

prepared by mixing 5 g rhizosphere soil with 15 mL of 0.85% (w/v) NaCl solution and 

agitation ( 180 r pm) for 60 m in at 30 oC. A fter sedimentation of soil p articles, s erial 

dilutions up to 10-4 were plated onto selective LB medium containing spectinomycin (100 

μg mL-1), 5-bromo-4-chloro-3-indolyl-β-D-glucuronide (XGlcA) (100 μg mL-1), and 
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isopropyl-β-D-galactopyranoside (IPTG) (100 μg mL-1) as d escribed b y A fzal et a l. 

(2012). Plates were incubated at 28 ± 1oC for 3-4 days and blue colonies were counted to 

determine the average colonization value. 

2.6.2. Endophyte colonization of root and shoot tissues 

For the isolation of endophytes, 3 g of surface-sterilized roots were homogenized in 15 

mL 0.85% NaCl (w/v) solution using a sterile mortar and pestle. Similarly, 5 g shoots of 

each treatment w ere homogenized i n 15 m L 0.85 % Na Cl (w/v) solution. T he 

homogenized material was p ut i n st erile p lastic b ags an d su bjected t o o scillation i n a 

pulsifier (Microgen Bioproducts Ltd., UK) for 45 sec at room temperature. After settling 

of the s olid m aterial, s erial d ilutions u p to  10-3 were s pread on  selective LB medium. 

Plates were incubated at 28 ± 1oC for 48 hours and then transferred to 4oC for three days. 

Blue colonies were counted on e ach plate. Thirty blue co lonies o f each t reatment were 

randomly picked and the identity of isolates with the inoculant strain was confirmed by 

restriction f ragment l ength pol ymorphism ( RFLP) analysis of  t he 16S-23S r RNA 

intergenic spacer region (IGS) (Reiter et al., 2002). Isolates and applied inoculant strains 

had identical restriction patterns. 

2.6.3. Microscopy of endophytic colonization by Enterobacter sp. FD17 and B. 

phytofirmans PsJN 

Fresh pl ant organs ( roots, fourth internodes, a nd fifth leaves) r emoved f rom three six 

plantlets inoculated with either gusA marked strains PsJN and FD17, or  a  control (LB) 

were collected 60 days after inoculation. Samples were prepared for microscopy analysis 

as d escribed b y Compant et al . ( 2005), with s ome modifications. B riefly, pl ant or gans 

(stem and leaves) were incubated in staining solutions containing IPTG at 37oC for 48 h. 
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The samples were de-stained with 70% (v/v) e thanol solution to s top the r eaction. The 

samples w ere i mmersed i n et hanol at  room t emperature until the removal o f t issues 

chlorophyll. Stem sections of different tr eatments w ere c ut w ith a  m icrotome 

(LeicaVT1000S; Leica, Nussloch, Germany), collected on glass slides, examined with an 

inverted microscope (Axiovert 200 M, Z eiss, ht tp://www.zeiss.com/) w ith an  i ntegrated 

camera (AxioCam MRc5, Zeiss, http://www.zeiss.com/). 

2.7. Hydrogen peroxide (H2O2) localization in leaf tissues 

Hydrogen pe roxide (H2O2) generation i n l eaves w as q ualitatively detected by  the 

diaminobenzidine tetrahydrochloride (D AB) s taining method as d escribed b y 

Jambunathan (2012). Leaves were collected and incubated with 1 mg mL-1 DAB solution 

pH 3.8, followed by v acuum in filtration of  the l eaves at  n early 1 00–150 mbar f or 1-2 

min. Leaves were then incubated in plastic box for 5-6 h under high humidity conditions 

till brown precipitates were observed. The leaf chlorophyll was removed and de-stained 

with ethanol (96% v/v) under heating at 40°C. Leaf sections were cut, collected on glass 

slides, examined with Binocular microscope (Olympus, Japan), and photographed. 

2.8. Statistical analysis 

Data analyses for plant growth parameters and bacterial densities were done using SPSS 

software package ve rsion 19 ( IBM S PSS S tatistics 19, U SA). Comparisons be tween 

treatments were c arried out  by one -way an alysis o f v ariance ( ANOVA). D uncan’s t est 

was applied for ANOVA after testing homogeneity of variance (Steel et al., 1997).  
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3. Results 

3.1. Plant physiological parameters 

Inoculation w ith e ndophytic strains, P sJN a nd F D17, significantly i ncreased 

photosynthetic rate ( Asat) compared t o the respective c ontrol i n two maize c ultivars, 

Mazurka an d K aleo, under both irrigated and s tress conditions ( Table 1). M aximum 

response up to 75% compared to control was recorded by PsJN inoculation in case of cv. 

Mazurka un der dr ought s tress. I noculation w ith s train F D17 ga ve 53 % (Mazurka) and 

41% (Kaleo) increase in photosynthesis of both cultivars under drought stress conditions. 

Minimum response - 19% increase over control - was achieved by F D17 inoculation in 

Kaleo under normal i rrigation. PsJN inoculated plants had higher s tomatal conductance 

upon exposure to s tress; 87% increase in Mazurka and 60% in Kaleo, compared to the 

non-inoculated c ontrol. A lso F D17 i noculation r esulted i n i ncreased s tomatal 

conductance, i.e. 44% in Mazurka compared to the non-inoculated control under drought 

stress ( Table 1 ). Mi nimum r esponse – 14 a nd 19%  increase i n K aleo a nd M azurka, 

respectively o ver c ontrol - was a chieved by F D17 i noculation unde r no rmal i rrigation. 

Inoculation with s train P sJN u nder s tress c onditions increased tra nspiration ra te u p to  

84% in Mazurka and 53% in Kaleo compared to the control. Similarly, FD17 treatment 

gave 50% (Mazurka) and 44% (Kaleo) increase in transpiration rate under drought stress 

compared to the control (Table 1) . The data presented in Table 2 s how that inoculation 

increased the vapor pressure deficit (VpdL) compared to control in both cultivars under 

stress c onditions. I n ge neral, M azurka s howed minimum r esponse t o F D17 i noculation 

compared t o c ontrol u nder i rrigated a nd s tress c onditions. I n c ase of K aleo, F D17 



Chapter 3: Endophytic bacteria induce drought tolerance                         Muhammad Naveed 
 

127 
 

inoculation resulted i n 1.7 a nd 7%  i ncrease i n V pdL c ompared t o the c ontrol u nder 

irrigated and drought stress, respectively. 

The maximum P SII ef ficiency w as o bserved i n Mazu rka w hen i noculated w ith 

PsJN under normal condition compared to control (Table 2). PsJN inoculation increased 

PSII efficiency up to 10% in Mazurka compared to control under stress conditions. Kaleo 

showed minimum response to FD17 inoculation in regard to PSII efficiency compared to 

control under normal irrigation. Likewise, inoculation significantly increased chlorophyll 

content of both cultivars compared to control (Table 2). Inoculation with strain PsJN gave 

the h ighest increase in chlorophyll content, i .e. 22 a nd 19 % i n M azurka a nd K aleo, 

respectively, c ompared t o c ontrol in bot h c ultivars unde r s tress. F D17 i noculation 

resulted in 16 a nd 1 3% i ncrease i n c hlorophyll c ontent of  M azurka a nd Kaleo, 

respectively, compared to control under the same conditions. Minimum increase – 11 and 

12% i n c hlorophyll c ontent of  K aleo a nd M azurka, r espectively ove r c ontrol - was 

achieved by FD17 inoculation under normal irrigation. 

3.2. Relative water content and membrane permeability 

Data in Figure 1 shows the gravimetric soil moisture content in both normal (26-28% in 

Kaleo and Mazurka, respectively) and reduced irrigation (12-13% in Mazurka and Kaleo, 

respectively) a t the t ime of  ha rvest. I noculation s ignificantly i mproved R WC of  both 

cultivars un der nor mal a nd r educed i rrigation ( Table 2) . P sJN i noculation r esulted i n 

maximum increase in RWC of Mazurka (30%) compared to control under drought stress. 

While 27% increase in RWC of Kaleo, was observed by P sJN inoculation compared to 

control unde r s ame c onditions. F D17 i noculation i ncreased R WC i .e. 27 a nd 20%  of  

Mazurka and Kaleo, respectively compared to control under drought s tress. The data in 
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Table 2  sh ow t hat P sJN i noculation d ecreased relative m embrane p ermeability (RMP) 

ranges from 38-43% in Mazurka and 29-41% in Kaleo, respectively, compared to control 

under nor mal a nd r educed i rrigation. I ts m aximum de crease ( 43%) w as o bserved af ter 

PsJN i noculation i n M azurka unde r s tress c onditions c ompared t o c ontrol. I noculation 

with s train FD17 re sulted in  d ecrease R MP f rom 2 1% (K aleo) to 4 0% (M azurka) 

compared t o c ontrol u nder nor mal i rrigation. F D17 a lso de creased RMP i .e. 41%  

(Mazurka) and 33% (Kaleo) compared to control under drought stress. 

3.3. Agronomic trait measurement 

Inoculation of maize seeds with endophytic bacteria increased the number of leaves per 

plant, l eaf a rea, s hoot a nd r oot dr y w eight bot h unde r nor mal a nd r educed i rrigation 

(Table 3). Inoculation with strain PsJN increased the number of leaves in Mazurka (24%) 

and K aleo ( 16%), r espectively, c ompared t o c ontrol und er drought s tress. W hile F D17 

resulted in a 17 a nd 9 % i ncrease in num ber of  l eaves o f bot h Maz urka an d K aleo, 

respectively, compared to control under drought stress conditions. Likewise, inoculation 

increased the leaf area of both cultivars compared to non-inoculated control under normal 

and reduced irrigation (Table 3). PsJN inoculation increased leaf area i.e. 21 and 20% in 

Kaleo a nd M azurka, r espectively compared t o c ontrol u nder dr ought s tress. F D17 

resulted in 20 and 13% increase in the leaf area of both Mazurka and Kaleo, respectively, 

compared t o c ontrol u nder dr ought s tress. Data i n T able 3 show t hat i noculation 

significantly increased plant biomass compared to the control. However, the inoculation 

response w as m ore pr onounced u nder w ater stress c onditions compared to t he un -

inoculated control. Increased (48 – 66%) plant biomass was recorded in Mazurka when 

treated w ith s train P sJN c ompared t o c ontrol unde r nor mal a nd s tress c onditions, 
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respectively. S imilarly, PsJN i noculation ga ve 24-46% i ncrease in K aleo co mpared t o 

control under same conditions. FD17 inoculation resulted 42 and 32% increase in plant 

biomass, respectively, in Mazurka and Kaleo compared to control under drought s tress. 

Likewise, b acterial in oculation in creased root b iomass o f b oth c ultivars s ignificantly 

compared to control (Table 3). PsJN inoculation increased root mass, i.e. 70 and 58% in 

Mazurka a nd K aleo, respectively, compared t o c ontrol in bot h c ultivars unde r s tress 

conditions. Likewise, PsJN inoculation resulted in 47 a nd 40% increase in Mazurka and 

Kaleo, re spectively, c ompared to  control u nder n ormal i rrigation. FD17 i noculation 

increased root m ass i .e. 6 4% (Mazurka) and 3 4% ( Kaleo), r espectively, co mpared t o 

control under stress conditions. The minimum response (29-36% increase) was recorded 

in Kaleo and Mazurka, respectively, treated with FD17 compared to control under normal 

irrigation.  

3.4. Enumeration and microscopic localization of endophytic bacteria and ROS in 

plant tissues 

The inoculant s trains efficiently c olonized r hizosphere, root a nd shoot interior of  b oth 

maize cultivars, Mazurka and Kaleo, under normal and reduced irrigation (Fig. 2). Higher 

titers o f P sJN ( CFU g -1 dry w eight) w ere r ecovered t he rhizosphere ( 5.86 ×  10 5), r oot 

interior (5.44 × 105), and shoot interior (9.36 × 104) of Mazurka under normal conditions 

(Fig. 2 -4), a nd c ompare t o K aleo. I n t he case of  FD17, 3.28 ×  10 5 CFU g -1 DW 

rhizosphere, 3.06 ×  10 5 CFU g -1 DW r oot i nterior and 5.9 7 ×  10 4 CFU g -1 DW s hoot 

interior w ere r ecorded under nor mal c onditions. H owever, r elatively l ess C FU o f bot h 

strains were recorded in both cultivars under drought stress conditions. The percent viable 

cell num bers of  P sJN de creased i n the r hizosphere, r oot i nterior a nd s hoot i nterior of 
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Mazurka (2-26%) and Kaleo (5-23%) by drought stress. In the case of FD17, the decrease 

in viable cell numbers was more pronounced than with strain PsJN. Figures 3-4 show the 

localization of the inoculated strains in di fferent t issues of  maize plant. Figure 5 s hows 

the localization of H 2O2 in the inoculated and control plants under normal and reduced 

irrigation. Under drought conditions more H2O2 was found in control than in inoculated 

plants.  

 

4. Discussion 

In t he present s tudy, t wo ba cterial endophytic strains, Burkholderia phytofirmans PsJN 

and Enterobacter sp. FD17 w ere e valuated f or i mproving gr owth a nd phys iological 

parameters of two differentially adapted maize cultivars under drought stress conditions. 

PsJN c olonizes t he rhizosphere a nd e ndosphere, a nd pr omotes gr owth, a nd e nhances 

abiotic and biotic stress tolerance in a variety of horticultural crops, e.g. potatoes, tomato 

and g rapevines ( Mitter et a l., 2013) . V ery r ecently, N aveed e t al. (2013) r eported t hat 

FD17 efficiently colonizes the different cultivars of maize and enhances their growth and 

yield. 

Endophytes live in side plants f or at least p art o f th eir life cycle without being 

pathogenic. In contrast, some endophytes confer benefits to their plant host such as stress 

reduction, i ncreased r oot gr owth a nd nut rient a vailability (Hardoim e t a l., 2008). Plant 

growth a nd de velopment may be  reduced i n stress conditions du e t o impaired 

biochemical and physiological mechanisms. Such stresses may be relieved to some extent 

by the application of  microbial i noculants, which evoke various natural mechanisms to 

help pl ants to sustain t heir growth unde r s tress c onditions ( Yang e t a l., 2008; 
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Vardharajula et al., 2011). In the present study, we observed that endophyte inoculation 

improved maize p lant growth under dr ought s tress c onditions, w hich resulted i n better 

survival, root/shoot bi omass and w ater co ntent compared t o t he non -inoculated control 

(Tables 2 –3). Increase i n t he t otal root sy stem is t he m ost c ommonly reported pl ant 

response mediated by PGPB inoculation in various plant species (Lucy et al., 2004). This 

can be  c aused by microbial hor mone pr oduction, w hich i s c onsidered a s t he most 

plausible m echanism i n c ontrolling root g rowth and de velopment. Firstly, b acterial 

production of the hormone auxin in the root zone using tryptophan as a  precursor from 

root e xudates i s r esponsible f or r oot a rchitecture. Bacterial-induced alterations in r oot 

architecture might lead to an  increase in total root surface area, consequently improved 

nutrient and water uptake, which may have positive effects on plant growth as a  whole 

(Somers et  al ., 2004). Secondly, u nder dr ought s tress c onditions, the pl ant hor mone 

ethylene endogenously regulates plant homeostasis and results in reduced root and shoot 

growth. H owever, de gradation of  t he ethylene pr ecursor A CC by ba cterial ACC 

deaminase r eleases p lant st ress and rescues n ormal p lant g rowth ( Mayak et a l., 2004). 

Both strains used in the present study produce ACC deaminase, it is likely that the stress-

induced accelerated synthesis of ethylene was reduced by inoculant strains having ACC 

deaminase act ivity resulted i n l onger r oots, which might be  he lpful i n t he uptake o f 

relatively m ore w ater f rom d eep s oil (R eid a nd R enquist, 1997;  D odd e t a l., 2004). 

Mayak et al. (2004) also reported that inoculation with PGPR containing ACC deaminase 

confers resistance against drought stress in tomatoes and peppers. 

The inoculation of maize plants with the bacterium B. phytofirmans PsJN resulted 

in hi gher plant bi omass pr oduction, phys iology a nd vi tality in bot h va rieties when 
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compared t o Enterobacter sp. F D17 a nd t he un-inoculated c ontrol u nder nor mal a nd 

reduced i rrigation. Strain P sJN improved pl ant biomass a nd photosynthetic ra te of t he 

cultivar Mazurka up to 48 and 45%, respectively, compared to the control under normal 

irrigation. From nu merous r eports, it is  evident th at B. phytofirmans PsJN i s a h ighly 

efficient plant beneficial bacterium promoting growth in a wide variety of plants (Mitter 

et a l., 2013 ), how ever, t here i s evidence f or pl ant ge notype s pecific di fferences i n the 

intensity of the effects (Pillay and Nowak, 1997; Da et al., 2012). Interestingly, this also 

can b e see n f rom t he p resent d ata as cu ltivar Mazu rka r esponded b etter t o PsJN 

inoculation than c ultivar K aleo. The d ata o f n ot st ressed plants i ndicated a c orrelation 

between growth stimulation and number of viable PsJN cells in both cultivars. It is likely 

that bacterial ability to promote plant growth and to establish endophytic populations is 

very often dependent on the plant genotype (cultivar) and developmental stage. Nowak et 

al. (2007) assumed that plant genotype specific differences in the plant stimulating effects 

are due to differences in PsJN titers in highly and poorly responsive varieties. 

The r esponse o f p lants to w ater d eficit h as b een ev aluated b ased o n g enetic, 

biochemical, a nd m orpho-physiological traits. A mong ot hers, t he leaf ga s e xchange, 

relative water content (RWC), photochemical efficiency of PSII, chlorophyll content, and 

regulation of the electron transport have been used as indicators of plant stress (Golding 

and Johnson, 2003; Hura et al., 2007; Maccaferri et al., 2011; Bürling et al., 2013). In the 

present study, bacterial colonization improved physiological traits of both maize cultivars 

under drought stress compared to the control. PsJN inoculation improved photosynthesis 

(net-rate o f C O2 assimilation u nder lig ht s aturation) (75%), c hlorophyll c ontent ( 22%) 

and efficiency of PSII (10%) of the cultivar Mazurka compared to the control treatment. 
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These observations are in accordance with previous reports on the potential of endophytic 

bacteria having multiple beneficial traits in improving plant productivity and to enhance 

drought t olerance i n p lants ( Sandhya et a l., 2 010; Vardharajula et a l., 2011). Plant-

associated b acteria m ay also ex udate o smolytes su ch as p roline, g lycine b etaine, and 

trehalose in response to the stress, which along with other PGP attributes can possibly act 

synergistically with plant-produced osmolytes and stimulate the plant growth even under 

stressed conditions (Paul and Nair, 2008). 

The relative water content is a good indicator of water stress (Fisher, 2000) and in 

this study, we observed that drought caused a reduction in relative water content in both 

inoculated and un -inoculated p lants, how ever, i noculation s ignificantly i ncreased the 

relative w ater content c ompared to the un -inoculated controls. T his may be  due t o a  

reduction i n the inhibitory effect o f drought on r oots a nd t he d evelopment o f a more 

effective root s ystem in  th e in oculated p lants (D odd e t al., 2004). Drought s tress 

accelerated relative membrane permeability (RMP) in the inoculated a nd un -inoculated 

seedlings compared to normal irrigation. However, bacterial inoculation helped seedlings 

to maintain the RMP and reduced 43% leaf damage compared to un-inoculated seedlings 

under d rought s tress. A positive correlation between d rought s tress s ensitivity a nd 

membrane damage (EL) were observed by V ardharajula et al. (2011) and Sandhya et al. 

(2010), and the bacterial inoculation reduced the membrane damage in plants stressed by 

drought. In a ddition, reactive o xygen sp ecies ( ROS) su ch as su peroxide r adical (O 2
-), 

hydrogen peroxide (H2O2) and hydroxyl r adicals (OH) that cause l ipid pe roxidation of  

membranes (Sgherri et  al., 2000) are produced during abiotic stresses. In our  s tudy, the 

inoculation reduced t he H 2O2 induced damage compared t o control i n bot h cultivars 



Chapter 3: Endophytic bacteria induce drought tolerance                         Muhammad Naveed 
 

134 
 

under drought s tress (Fig. 5) . It is most p robable that bacterial colonization augmented 

plant d efense en zymes such as catalase, peroxidase, superoxide di smutase or phenolic 

compounds, to alleviate the oxidative damage elicited by drought. 

Soil texture is the only factor affecting the moisture content at permanent wilting. 

The soil moisture content at the time of permanent wilting might conceivably be affected 

by the plant species, environmental conditions and the soil texture. Various researchers 

described the soil moisture relation to plant growth, and reported that moisture content at 

permanent w ilting va ry f rom 1%  i n s and t o 25%  i n c lay a nd e ven hi gher i n s oils 

containing much organic matter (see Kramer, 1994; Zotarelli et al., 2010). In the present 

study, we observed soil moisture content in the range of 12-13% of the drought stressed 

pots d emonstrating the m oisture wilting s tage (F ig. 1 ). At h arvesting tim e, th e s oil 

moisture content was in the range of permanent wilting point, a lthough the plants were 

not dead. It is likely that some water was available to plants even though the soil was at 

the permanent wilting percentage.  

The occurrence and activity of  microbial inoculants are af fected by a v ariety o f 

environmental f actors f aced by t he pl ant. In t he pr esent s tudy, endophytic popul ations 

were more suppressed and viable cell numbers decreased in Mazurka than in Kaleo under 

stress c onditions, w hile in  th e la tter c ultivar th e v iability of e ndophytic b acteria were 

affected only to a limited extent (Fig. 2). The numbers of viable bacterial cells in stressed 

plants of  Mazurka were far below those in the cultivar Kaleo, but at  the same t ime the 

relative i ncrease i n pl ant gr owth a nd vi tality under dr ought w as m uch hi gher. Plants 

undergo a  nu mber of  metabolic a nd phys iological a lterations resulting in c hanged r oot 
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exudation during stress accl imation, which m ay i nfluence t he pe rformance of a n 

inoculant strain (Bais et al., 2006). 

Out of  t he t wo endophytic strains u sed in t his s tudy, B. phytofirmans PsJN 

performed relatively better. This may be attributed to its intensive root/shoot colonization 

ability (Fig. 2-4) compared to Enterobacter sp. FD17, which made it more competitive. 

Similar findings were also obtained in other studies where strains having good root/shoot 

colonization s howed more pr omising r esults than others ( Fernandez et  al ., 2012; 

Yandigeri et al., 2012). 

 

5. Conclusion  

We provide evidence that endophytic colonization of bacteria may induce better drought 

stress t olerance i n m aize. Based on ou r re sults we conclude that a pplication of  

Burkholderia phytofirmans strain PsJN is more efficient to improve physiology, relative 

water content and biomass of maize under drought conditions than Enterobacter sp. strain 

FD17. The i mproved plant physiology u ltimately l eads t o enhanced crop yield a nd 

quality. Thus, endophytic bacteria could be  efficiently used t o reduce the ef fects o f 

drought stress on growth and photosynthesis of maize. 
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Table 1  
Effect of endophyte inoculation on physiological parameters of two maize cultivars under drought stress conditions 
 
Treatment Mazurka Kaleo Mazurka Kaleo 

 NH2Oa DH2Ob NH2O DH2O NH2O DH2O NH2O DH2O 

 CO2 assimilation rate (Asat) (µmol CO2 m-2 s-1) Stomatal conductance (gs) (mol H2O m-2 s-1) 

Control 21.46±2.65cd 10.87±0.69g 22.80±2.18c 14.77±1.77f 0.120±0.02bc 0.024±0.01g 0.093±0.01cd 0.045±0.02fg 

PsJN 31.11±1.15a 19.06±1.61de 28.49±1.15ab 23.87±0.84c 0.160±0.01a 0.045±0.01ef 0.115±0.02b 0.073±0.01de 

FD 17 28.05±1.34ab 16.63±1.38ef 27.14±3.95b 20.75±0.83cd 0.143±0.01ab 0.034±0.01fg 0.106±0.01c 0.062±0.01ef 

 Transpiration rate (E) (mmol H2O m-2 s-1) Vapor pressure deficit (kPa) 

Control 2.14±0.50c 0.67±0.09f 2.06±0.42c 1.16±0.39e 2.43±0.08bc 2. 35±0.22bc 2.32±0.20bc 2.25±0.09c 

PsJN 3.30±0.17a 1.23±0.16de 2.99±0.15ab 1.77±0.21c 2.54±0.08ab 2.72±0.07a 2.45±0.05bc 2.55±0.02ab 

FD 17 2.72±0.31b 1.00±0.12e 2.70±0.32b 1.67±0.18cd 2.47±0.16bc 2.50±0.11b 2.36±0.16bc 2.40±0.12bc 

Means sharing similar letter(s) in a column for each parameter do not differ significantly at P = 0.05 

Data are average of three replicates ± standard deviation (SD) 

aNormal irrigation 

bReduced water application 
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Table 2  
Effect of endophyte inoculation on relative water content, relative membrane permeability, photochemical efficiency of PSII, 
and chlorophyll content of two maize cultivars under drought stress conditions 
 
Treatment Mazurka Kaleo Mazurka Kaleo 

 NH2Oa DH2Ob NH2O DH2O NH2O DH2O NH2O DH2O 

 Relative water content (%) Relative membrane permeability (%) 

Control 54.83±3.87e 43.50±1.62f 60.29±1.86cd 54.96±2.17e 10.52±1.79b 16.85±1.71a 10.20±1.37b 14.60±1.31a 

PsJN 60.31±1.09cd 56.66±2.59e 74.21±1.96a 69.88±2.32b 6.55±1.12d 9.55±0.92bc 7.29±1.92cd 8.62±1.35bcd 

FD17 61.32±2.56c 55.31±3.73de 70.02±1.92b 64.68±2.64c 6.29±1.20d 9.95±1.51bc 8.07±1.44bcd 9.74±0.80bc 

 Maximum photochemical efficiency (Fv/Fm) Chlorophyll content (spad value) 

Control 0.80±0.01cd 0.74±0.02e 0.80±0.02cd 0.76±0.03d 39.40±1.45e 36.27±0.40f 41.60±2.30de 38.07±1.05ef 

PsJN 0.84±0.01a 0.82±0.02bc 0.83±0.01ab 0.82±0.02bc 46.40±1.01b 44.13±0.85c 48.13±1.26a 45.13±0.68bc 

FD17 0.83±0.02ab 0.81±0.02c 0.82±0.01bc 0.81±0.02c 44.23±1.49c 42.83±1.04d 46.10±1.31b 43.17±0.86cd 

Means sharing similar letter(s) in a column for each parameter do not differ significantly at P = 0.05 

Data are average of three replicates ± standard deviation (SD) 

aNormal irrigation 

bReduced water application 
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Table 3  
Effect of endophyte inoculation on no of leaves per plant, leaf area, shoot and root dry weight of two maize cultivars under 
drought stress conditions 
 
Treatment Mazurka Kaleo Mazurka Kaleo 

 NH2Oa DH2Ob NH2O DH2O NH2O DH2O NH2O DH2O 

 No. of leaves per plant Leaf area (cm2) 

Control 10.66±0.54cd 9.67±0.58d 11.33±0.57bc 10.67±0.58cd 332.60±7.34c 309.94±7.24d 315.77±3.47d 294.10±5.63e 

PsJN 13.00±1.00a 12.00±0.43abc 13.00±1.00a 12.33±0.57ab 379.90±6.20a 370.57±6.40a 369.04±5.84a 356.38±7.53b 

FD17 12.33±1.52ab 11.33±0.58bc 12.67±0.57ab 11.67±1.15abc 377.46±9.23a 370.79±6.64a 348.91±3.19b 331.91±6.35c 

 Shoot dry matter (g) Root dry matter (g) 

Control 24.07±1.93ef 18.40±1.77g 26.63±1.83cd 21.70±1.57f 2.49±0.11d 1.41±0.11f 2.46±0.22d 1.55±0.12f 

PsJN 35.60±1.93a 30.57±1.66b 33.98±1.87ab 31.60±1.68b 3.66±0.23a 2.40±0.15d 3.45±0.12ab 2.45±0.08d 

FD17 32.00±1.91b 26.03±1.98cd 30.70±2.09b 28.67±1.77c 3.38±0.21bc 2.31±0.10d 3.16±0.15c 2.08±0.09e 

Means sharing similar letter(s) in a column for each parameter do not differ significantly at P = 0.05 

Data are average of three replicates ± standard deviation (SD) 

aNormal irrigation 

bReduced water application 
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Figure 1 . Gravimetric so il m oisture co ntent ( mass b asis % ) o f n ormal an d r educed 

irrigation at the t ime of harvest, (NH2O; normal irrigation, DH2O; drought s tress), data 

are average of three replicates ± standard deviation (SD) 
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Figure 2. Persistence of  s elected e ndophytic s trains in t he rhizosphere, r oot a nd shoot in terior o f d ifferent m aize c ultivars under 

normal a nd r educed irrigation ( NH2O; normal irr igation, D H2O; d rought s tress), d ata a re average o f t hree replicates ± standard 

deviation (SD) 
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Figure 3. Photographs of the sixth internode and leaf internal tissue of Zea mays L. plants 

inoculated with PsJN::gusA10 and FD17::gusA10. (A and G) Photographed of  the sixth 

leaf and stem of un-inoculated control or (B and H) inoculated with PsJN::gusA10, and 

(C and I ) FD17::gusA10 inoculated plant showing the b lue color in ve ins due  to gusA-

marked cel ls ( arrowheads). I nverse microscope i mage o f t he l eaf st omata o f un-

inoculated c ontrol (D) o r in oculated w ith (E) PsJN::gusA10, a nd ( F) F D17::gusA10 

inoculated plant, showing bacteria in the stomata and guard cell. (A-C) bars = 400 µ m; 

(D-F) bars = 20 µm; (G-I) bars = 400 µm 
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Figure 4. Photographs of  the sixth i nternode, leaf i nternal t issue and r oot section of 
PsJN::gusA10 a nd F D17::gusA10 inoculated Zea mays L. pl ants. ( A-D) I nverse 
microscope image of the stem, xylem/phloem and root of PsJN::gusA10 inoculated plants 
showing bl ue c olor due  t o gusA-marked cells ( arrowheads). (E-H) I nverse m icroscope 
image of  t he stem, xyl em/phloem a nd r oot of FD17::gusA10 inoculated pl ant showing 
blue color due to gusA-marked cells (arrowheads). (A-C) bars = 20 µm; (D and H) bars = 
200 µm; (E-G) bars = 20 µm 
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Figure 5. Photographs of  t he sixth leaf i nternal t issue o f P sJN::gusA10 a nd 

FD17::gusA10 inoculated Zea mays L. pl ants. ( A, D  a nd G ) P hotographed of un-

inoculated control showing the ROS (H2O2) production under normal and drought stress 

(arrowheads). (B, E  a nd H ) P hotographed of c v. M azurka a nd K aleo of P sJN::gusA10 

inoculated showing H2O2 production under normal and drought stress (arrowheads). (C, 

F and I) Photographed of cv. Mazurka and Kaleo of FD17::gusA10 inoculated showing 

H2O2 production under normal and drought stress (arrowheads). (A-I) bars = 500 µm 
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Abstract 

Plant growth promoting endophytic bacteria Burkholderia phytofirmans PsJN was used to 

investigate the potential to ameliorate the effects of drought stress on growth, physiology 

and yield of wheat (Triticum aestivum L.) under natural field conditions. Inoculated and 

uninoculated ( control) seeds of  w heat c ultivar Sahar 2006 was s own i n t he f ield. The 

plants were ex posed t o drought s tress a t di fferent s tages of  gr owth ( tillering s tage and 

flowering s tage) by s kipping t he r espective i rrigation. The r esults s howed t hat dr ought 

stress adversely affected the physiological, biochemical and growth parameters of wheat 

seedlings. I t d ecreased t he C O2 assimilation, st omatal co nductance, r elative w ater 

content, transpiration rate and chlorophyll contents in wheat. Inoculation of  wheat with 

PsJN s ignificantly di luted the adverse effects of  drought on r elative water contents and 

CO2 assimilation rate thus i mproving t he p hotosynthetic rate, w ater u se ef ficiency and 

chlorophyll content over the un-inoculated control. Grain yield was also decreased when 

plants were exposed to drought stress at the tillering and flowering stage, but inoculation 

resulted in better grain yield (up to 21 and 18% higher, respectively) than the respective 

uninoculated c ontrol. Similarly, i noculation improved t he i onic ba lance, a ntioxidant 

levels, and also increased the nitrogen, phosphorus, potassium and protein concentration 

in the grains of wheat. The results suggested that Burkholderia phytofirmans strain PsJN 

could be effectively used to improve the growth, physiology and quality of wheat under 

drought conditions. 

 

Key words: Physiology, growth stages, Burkholderia phytofirmans PsJN, drought stress, 

wheat 
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Introduction 

Plants are constantly exposed to a wide range of environmental stresses which limit plant 

productivity. Sustaining agricultural production under adverse environmental conditions, 

such as drought and high salinity, represents a  major challenge. Drought is expected to 

cause s erious pl ant gr owth pr oblems for more t han 50 % of  t he a rable l ands by  2050 

(Vinocur a nd Altman 2005). M oreover, w ith gl obal climate c hange, i .e., r ising 

temperature and altered soil moisture, there is potential for long-lasting droughts across 

the globe in the near future (Overpeck and Cole 2006). Beneficial soil microorganisms 

such a s ba cteria a nd/or A M fungi can a dapt t o s pecific e nvironmental c onditions a nd 

develop t olerance to s tressful c onditions. T he role of  these m icroorganisms i n pl ant 

abiotic s tress t olerance (such a s dr ought s tress) i s know n and ha s b een s tudied i n t he 

context of providing a biological understanding of the adaptation of living organisms to 

extreme environments (Marulanda et al. 2009). 

In or der t o maintain or  i ncrease c rop pr oductivity, it has b ecome necessary t o 

evolve e fficient low-cost t echnologies for ab iotic st ress management. Several st rategies 

have been suggested for controlling the negative effects of drought stress in plants where 

breeding for tolerant varieties and genetic engineering are the most explored approaches 

(Warren 1998) along with resource management practices (Venkateswarulu and Shanker 

2009). However, most of these techniques are time consuming and cost-intensive besides 

being not accepted well in some regions (Wahid et al. 2007). An alternative strategy is to 

induce stress tolerance by using beneficial microorganisms. Soil microorganisms with a 

potential for a lleviation of abiotic s tresses in  combination with p lant growth promotion 

would be extremely useful tools in sustainable agriculture.  



Chapter 4: Inducing drought tolerance in wheat through PsJN inoculation              Muhammad Naveed 
 

155 
 

Plant gr owth pr omoting r hizobacteria ( PGPR) a nd/ or  e ndophytes that c olonize 

the rhizosphere or plant interior enhance the plant growth by a variety o f mechanisms. 

They can exert a beneficial effect on plant growth and nutrition probably due to fixation 

of a tmospheric n itrogen ( BNF), s ynthesis of  phyt ohormones, s ynergism w ith ot her 

bacteria-plant i nteractions, i nhibition of  pl ant e thylene s ynthesis, as w ell as i ncreasing 

availability of nut rients l ike phos phorus, i ron and ot her micro-elements, a nd gr owth 

enhancement b y vol atile c ompounds ( Compant et al . 2 008; M itter et a l. 2013 ). It is  

accepted t hat t he r ole of P GPR i n c ontributing t o pl ant e stablishment, gr owth, a nd 

drought tolerance when growing under water-stress conditions is the result of the sum of 

nutritional, physiological, and cellular effects (Vardharajula et al . 2011; Saravanakumar 

et al. 2011; Kasim et al. 2013). 

Burkholderia phytofirmans PsJN is one of the most studied bacterial endophyte so 

far an d i s ab le t o est ablish r hizospheric and e ndophytic p opulations a ssociated w ith a  

variety of genetically unrelated plants. Originally isolated from surface-sterilized Glomus 

vesiculiferum-infected onion roots (Frommel et al. 1991), strain PsJN has been shown to 

colonize a  wide va riety of  pl ants [ (e.g. pot ato, t omato, pe at m oss a nd gr apevines 

(Compant et al . 2008) ] a nd it s timulates p lant g rowth a nd v itality in  many o f its  h ost 

plants unde r l ab a nd gr eenhouse c onditions. H owever, l ittle i s k nown a bout t he 

inoculation response of  P sJN t o h ost pl ant un der f ield c onditions. P resent s tudy w as 

conducted to e valuate the pot ential of  Burkholderia phytofirmans strain P sJN f or 

improving phys iology, gr owth a nd yi eld of  w heat unde r dr ought s tress a pplied a t 

different growth stages in the field conditions. 
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Materials and methods 

Bacterial inoculum and plant bacterization 

The ba cterial i noculum w as pr oduced by t ransferring a  l oop of  B. phytofirmans strain 

PsJN to 200 mL of LB liquid medium in a 500-mL Erlenmeyer flask incubated for 48 h 

at 28ºC and 150 rpm. The optical density of the broth was adjusted to 0.5 measured at λ 

535 n m us ing s pectrophotometer ( Gene Q uant P ro, G emini B V, T he N etherlands) t o 

obtain a uniform population of bacteria (108 - 109 colony-forming units (CFU) mL–1) in 

the broth at the time of inoculation. For inoculation, the obtained suspension of inoculum 

was mixed w ith s terilized p eat (2 00 ml k g-1 peat) a nd incubated f or 24 h a t 28 ±  1º C 

before being used for seed coating (seed to peat ratio 1.25:1 w/w). Wheat seed dressing 

was done with the inoculated peat mixed with 10% sterilized sugar (sucrose) solution in 

10:1 r atio. In t he c ase of  t he non inoculated control, t he seeds w ere coated w ith t he 

sterilized peat treated with sterilized broth and 10% sterilized sugar solution. 

Wheat ( Triticum aestivum L. cv . Saher) seed s w ere p rovided b y t he Wheat 

Research I nstitute, A yub A gricultural R esearch I nstitute, F aisalabad, P akistan. T he B. 

phytofirmans strain PsJN was obtained from the Culture Collection Section / Bioresource 

Unit, AIT - Austrian Institute of Technology GmbH, 3430-Tulln, Austria. 

Field experiment under drought stress 

A field trial was conducted at the Experimental Farm, Institute of Soil and Environmental 

Sciences, U niversity o f A griculture ( UAF), F aisalabad to assess  t he ef ficacy o f B. 

phytofirmans strain PsJN for improving growth and yield of wheat (Triticum aestivum L.) 
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under dr ought s tress du ring October t o April 2011-12. The soil s amples f rom the f ield 

were co llected f or an alysis o f v arious p hysicochemical ch aracteristics. T he so il was 

sandy clay loam (Typic Haplocambid) having pH 7.8; ECe, 2.11 dS m-1; organic matter, 

0.84%; total nitrogen, 0.06%; available phosphorus, 6.9 m g kg-1; extractable potassium, 

102 mg kg-1 and 36% saturation percentage. 

Seeds o f w heat w ere inoculated ( coated) w ith b acterial culture-injected pe at 

based-slurry. Inoculated and non-inoculated seeds were sown in the well-prepared field at 

120 kg ha -1 with a plot size of 10 m2. The seed was sown with Rabi drill and treatments 

were arranged in randomized complete block design with two factor factorial settings and 

four repeats. Recommended doses of NPK fertilizers at 120-90-60 kg ha-1 were applied as 

urea, di ammonium phosphate, a nd muriate of pot ash, r espectively. P hosphorus a nd 

potassium were applied as a basal dose, while nitrogen was applied in splits (at tillering 

and booting stage). Weather conditions i .e. precipitation and temperature were recorded 

by " Meteorological de partment, U AF" dur ing the c rop gr owth pe riod and de scribed i n 

Figure 1. Field was irrigated with canal water and rainfall contributed only 24.2 mm from 

October 2011 to April 2012. There were f ive i rrigations applied (normal irrigation; IN) 

during the crop growth period. The drought stress was applied by s kipping irrigation at 

tillering (IST) and flowering (ISF) growth stages of the crop. 

Data of plant physiology, water relations and antioxidant contents of flag leaves 

were r ecorded f rom n ormal irrigation (IN) and r educed i rrigation (IST & IS F) plots. 

Growth and yield contributing parameters were recorded after maturity. Grain and straw 

samples w ere a nalyzed f or ni trogen, phos phorus a nd pot assium c ontent (Ryan et al . 
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2001). 

 

Physiological and biochemical traits of plant 

Physiological measurements 

The plant physiological parameters were recorded at midday (between 10:00 and 14:00) 

of both irrigated and drought-stressed plots. Portable infra-red gas analyzer [IRGA (LCA-

4) Germany] was used (at 1200-1400 µmol m-2s-1 photosynthetic photon flux density) to 

measure transpiration rate (E), stomatal conductance (g s), CO2 assimilation rate (A) and 

sub-stomatal C O2 concentration (C i). F ully ex panded f lag l eaves w ere sel ected f or 

gaseous ex change m easurements. C hlorophyll c ontent w as measured us ing S PAD-502 

meter ( Konica-Minolta, Japan). R eadings w ere recorded w ith f our r epeats f rom each  

treatment. Water use efficiency (WUE) was derived by dividing photosynthetic rate (A) 

with transpiration rate (E). 

Relative water contents and electrolyte leakage 

Flag leaves were used for measuring the relative water content (RWC) and percentage of 

electrolyte l eakage. A fter m easuring t he f resh weights, l eaves w ere p laced i n d istilled 

water for 24 h a t 4ºC in darkness and the turgid weight was recorded. Dry weights were 

obtained a fter oven drying the leave samples a t 72°C for 24 h. R elative water contents 

were de termined f ollowing t he equation 1  described b y T eulat et al . (2003). F or 

electrolyte leakage, leaf discs were transferred in 5 mL deionized water and EC (R1) was 

recorded with EC meter (Jenway Conductivity Meter Model 4070) after 4 h incubation at 
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28 ± 1ºC and 100 rpm in orbital shaking incubator (Firstek Scientific, Tokyo, Japan). The 

same sa mples w ere au toclaved at 1 21oC for 20 m in t o de termine E C (R2). Electrolyte 

leakage (EL) w as m easured f ollowing t he pr otocol de scribed by J ambunathan (2010) 

using equation 2. 

  Equation 1 

  Equation 2 

Analysis of stress-related metabolites 

Total soluble sugars were measured by anthrone reagent (0.2%) following Sadasivam and 

Manickam (1992). A reaction mixture (10 mL) consisting of 200 µL leaf extract (1 g leaf 

homogenized i n de -ionized w ater), 1800 µ L D I w ater a nd 8 mL a nthrone r eagent w as 

heated f or 10 m inutes i n boiling w ater a nd cooled in ice b ath to  s top th e re action. 

Absorbance was measured at 630 nm and total soluble sugar concentration (µg mL-1) was 

calculated using glucose standard curve. 

Proline content was measured following Bates et a l. (1973). A reaction mixture 

consisting of leaf extract (1 g leaf homogenized with 3% sulphosalicylic acid), ninhydrin 

acid and glacial acetic acid was heated at 100°C for 1 h in water bath. The reaction was 

stopped by cooling in ice ba th a nd a bsorbance w as r ecorded a t 520 n m a fter m ixture 

extraction w ith toluene. Proline c ontent (µg m L-1) w as cal culated f ollowing standard 

curve of L-proline. 

Bradford (1976) method w as f ollowed t o m easure p rotein c ontents in gr een 
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leaves. A reaction mixture consisting of 200 µL leaf extract (1 g leaf homogenized in de-

ionized water), 1800 µ L DI water and 2 m L of Bradford reagent was incubated at room 

temperature for 10-20 minutes and spectrophotometric absorbance was measured at 595 

nm afterwards. Bovine serum albumin s tandard curve was used to calculate the protein 

concentration (µg mL-1). 

Enzymatic / non enzymatic antioxidant activity assays 

The en zymes were ex tracted b y h omogenizing f rozen f resh l eaf m aterial i n ice-cold 

solution containing potassium phosphate buffer (0.2 M, pH 7) having 0.1 mM EDTA. 

For glutathione reductase (GR) activity, increase in spectrophotometer absorbance 

at 412 nm was observed due to reduction of DTNB (5,5´-dithiobis (2-nitrobenzoic acid)) 

into TNB (2-nitro-5-thiobenzoic acid). Thirty microliters of enzyme extract [extracted in 

potassium phos phate bu ffer ( 50 m M, pH  7.8)  w ith 2  m M E DTA] was resuspended in 

three m illiliters reaction mixture c ontaining 0 .75 mM D TNB, 0 .1 mM NADPH a nd 1  

mM GSSG (oxidized glutathione). GR activity was calculated in µmol TNB min-1 g-1 leaf 

fresh w eight a t 25 ±  2 °C f ollowing S mith et al . (1988). Ascorbate p eroxidase ( APX) 

activity was determined by tracking the ascorbate reduction through H2O2 with decrease 

in spectrophotometer absorbance a t 290 n m (Nakano and Asada 1981). Two milliliters 

reaction mixture consisting of  20 µ L c rude l eaf extract, 660 µL ascorbic acid solution, 

660 µ L pot assium phos phate buf fer ( pH 7.0, 5 0 mM) a nd 660 µ L H2O2 was u sed t o 

measure APX activity. Decrease in absorbance was monitored for three minutes just after 

the addition of H2O2. Enzyme activity was calculated in the form of µmol ascorbate min-
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1 g-1 leaf fresh weight. For catalase (CAT), 2 mL of 200 times diluted enzyme extract in 

potassium p hosphate bu ffer ( 50 mM, pH  7.0)  a nd 1 mL of  10 mM H 2O2 was u sed 

following the method Cakmak and Marschner (1992). Decrease in absorbance at 240 nm 

due to H 2O2 loss was observed for 3 min. CAT activity was calculated in µmol H 2O2 

min-1 g-1 fresh weight at 25 ± 2°C. 

Lipid pe roxidation or  malondialdehyde ( MDA) c oncentration w as d etermined 

following the method d escribed by  J ambunathan (2010). A r eaction m ixture (2.5 mL) 

consisting o f le af e xtract (0 .5 mL, e xtracted in  0.1% T CA), tric hloroacetic acid (20%) 

and t hiobarbituric a cid (0.5%) w as heated a t 95 ºC f or 30 m inutes in a  f ume hood  and 

cooled in ice bath. Then absorbance was measured by spectrophotometer at 600 and 532 

nm. The concentration of MDA was calculated using Beer and Lambert’s law following 

the difference in absorbance (Abs at 532 – Abs 600). The concentration was expressed as 

µmol g-1 fresh weight of leaf. For total phenolics, 2 mL reaction mixture consisting of 20 

µL leaf extract, 300 µL Na2CO3 (1 N), 1580 µ L DI water and100 µL Folin Ciocalteu’s 

reagent (0.25 N) was incubated in the dark at room temperature for 2 h. Then absorbance 

was r ecorded a t 760  n m a nd c oncentration i n µg m L-1 was cal culated f ollowing gallic 

acid standard curve (Singleton et al. 1999). 

Mineral nutrients measurement 

Grain and straw (dry) samples (0.1 g) were ground and digested with sulphuric acid and 

hydrogen peroxide (2:1 ratio) following Wolf (1982), and final volume made upto 50 mL 

with d eionized w ater. N itrogen content was de termined with Kjeldhal m ethod. F or 
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phosphorus, the extracted material (5 mL) was mixed in 10 ml of Barton reagent and total 

volume w as made 50 m L. T he s amples w ere ke pt f or h alf a n hour  a nd phos phorus 

contents w ere m easured b y sp ectrophotometer ( Shimadzu, Jap an) a t λ 420 nm  us ing 

standard curve. The Barton r eagent was p repared as d escribed by Ashraf et al . (1992). 

Potassium content was recorded by flame photometer using a standard curve (Ryan et al. 

2001). 

Enumeration of B. phytofirmans PsJN in the rhizosphere and root  

The persistence of PsJN in the rhizosphere and root of wheat seedlings was monitored in 

a pot e xperiment. We used a g enetic v ariant o f t he b acterial st rain B. phytofirmans 

PsJN::gusA t hat ca rries a b eta-glucuronidase r eporter gene ( gusA) th at allows s pecific 

visualization of bacterial cells upon color formation. Wheat seeds were surface-sterilized 

with 70%  e thanol (3 min), t reated w ith 2%  s odium hy pochlorite (NaClO) ( 5 m in), 

followed by repeated washing with sterile distilled water (3 times for 1 min). The PsJN 

inoculated seeds were sown in the pot having 1 kg soil (collected from the natural field). 

Four moisture levels w ere us ed i .e. normal w ater, 75%  F C, 50%  F C a nd 25%  of  f ield 

capacity in the pots. The p lants were harvested 25 days af ter sowing and rhizosphere / 

root colonization was recorded. 

For the isolation of bacteria, 3 g rhizosphere soil and 1 g of surface-sterilized root 

material w as hom ogenized i n 5 m L of  0.85%  ( w/v) N aCl s olution. The m aterial w as 

shaken for 30 min at room temperature. After settlement of the material, serial dilutions 

up to 10-4 were plated onto selective LB medium containing spectinomycin (100 μg mL-
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1), 5-bromo-4-chloro-3-indolyl-β-D-glucuronide (XGlcA) (100 μg mL-1), and isopropyl-

β-D-galactopyranoside (IPTG) (100 μg mL-1). The plates were incubated at 28 ± 1oC for 

48 hours and then transferred to 4oC for three days. Blue colonies were counted on each 

plate and survival efficiency was calculated. 

Statistical analysis 

Two w ay an alysis o f v ariance ( ANOVA) w as u sed t o analyze the data an d 

Tukey’s t est w as u sed t o co mpare t reatment m eans u sing S tatistix 8 .1 so ftware ( Copy 

right 2005, A nalytical Software, USA). The means and standard er rors were calculated 

using Microsoft Excel 2010. 

Results 

Growth physiology and agronomic yield 

Skipping irrigation at the tillering (IST) or flowering (ISF) stage of wheat disturbed the 

growth a nd yi eld of  t he crop e ither i noculated or  un -inoculated (Table 1) . H owever, 

improvement in the growth has been observed with dilution of stress impact on the crop 

due to B. phytofirmans PsJN inoculation. A significant improvement in CO2 assimilation 

rate ( A) w as r ecorded with P sJN i noculation c ompared t o r espective c ontrol a t I ST 

growth stage whereas “A” was similar between respective inoculated and un-inoculated 

plants u nder n ormal ir rigations (IN) o r IS F. In oculation s howed i ncrement in  th e 

transpiration rate (E) of the crop during IN and skipped irrigation (IST or ISF) situations 

up t o 21, 2 7 a nd 21% , r espectively, ove r their respective co ntrols. When w ater u se 

efficiency ( WUE) was cal culated from A  a nd E  of  t he pl ants, t here w as no  
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significant difference between inoculation and control. Sub-stomatal CO2 concentration 

(Ci) c hanged due  t o w ater de ficit s tress a nd P sJN i noculation, w here 23, 16 a nd 18%  

increase w as r ecorded due t o i noculation a t IN, I ST a nd I SF s tages, r espectively, i n 

contrast to the un-inoculated control. Inoculation of PsJN improved stomatal conductance 

(gs) s ignificantly a bout 52 a nd 24% , r espectively, dur ing w ater de ficit at I ST a nd I SF 

stages with r espect t o the corresponding non -inoculated c ontrols. A lthough, “ gs” w as 

similar at  u nstressed an d w ater deficit st ressed t reatments w ith t he i noculation o f B. 

phytofirmans PsJN. More chlorophyll content in wheat plants was observed due to PsJN 

inoculation but water deficit reduced it in both inoculated and un-inoculated plants (Fig. 

2). About 11, 3 a nd 14% , increase i n c hlorophyll c ontent w as r ecorded w ith PsJN 

inoculation at I N, IST and I SF gr owth s tages, respectively, c ompared to the respective 

un-inoculated controls. 

As f or a s agronomic yi eld of  t he w heat c rop unde r reduced w ater s ystem, 

inoculation of  the plant gr owth pr omoting e ndophyte B. phytofirmans PsJN i ncreased 

1000 grain weight, straw and grain yields of the crop (Table 1). Under normal irrigation, 

inoculation enhanced up to 7, 19 and 18%, the 1000 grain weight, straw and grain yields 

respectively, over c ontrol. W ater d eficit a t IS T re duced th e g rain y ield a pproximately 

with 28 and 26% in un-inoculated and PsJN inoculated crops, respectively. On the other 

hand, with w ater l imitation th rough IS F, PsJN i noculation c aused 18, 16 a nd 23%  

increase in grain yield, 1000 gr ain weight and s traw yield respectively, over respective 

control treatment. 
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Enzymatic and non-enzymatic antioxidant activity 

Increase in  a ctivity of g lutathione re ductase (GR) was ob served due  to i noculation of  

endophyte P sJN ( Table 2). M aximum i ncrease (115%) i n GR w as r ecorded w ith PsJN 

inoculation under no w ater deficit conditions compared to respective control whereas in 

conditions of drought at IST stage, inocculation resulted in 77% more GR in the plants in 

contrast to the respective un-inoculated control. Stress at the ISF stage was relieved due 

to i noculation of  P sJN w ith a 58% in crease in  G R activity w ith re spect to the 

corresponding un -inoculated control. S imilarly, c atalase activity w as i mproved d ue to  

PsJN inoculation at normal as well as skipped irrigation systems compared to respective 

control treatments. However, maximum increase (about 78%) in catalase activity due to 

inoculation compared t o c ontrol was measured at  I SF stage. A scorbate p eroxidase 

activity was 3.2 fold higher in PsJN inoculated plants compared to control when drought 

was applied at the tillering growth stage of the crop (IST). Lipid peroxidation increased 

under stress and inoculation further improved malodialdehyde contents up to 81 and 40% 

at IST and ISF with respect to corresponding non-inoculated controls. 

Accumulation of  os molytes ( non-enzymatic an ti-oxidants) in f lag l eaf c hanged 

due to t he i noculation of  B. phytofirmans PsJN an d ap plication o f w ater d eficit stress 

during tillering or flowering growth stage of wheat crop (Table 2). Although changes in 

total so luble su gars ( TSS) r emained st atistically n on-significant f or dr ought or  

inoculation tre atments, even so, drought i ncreased T SS a nd i noculation de creased T SS 

compared to the respective non stressed or un-inoculated controls. Protein concentration 

in l eaves was enhanced due  t o endophyte inoculation and PsJN also eliminated 
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the impact of drought on the protein contents. Almost 11% more proteins were recorded 

in l eaves o f i noculated p lants co mpared t o respective c ontrol a t I SF w hereas 16% 

increased p rotein c ontent w ith i noculation w as not ed i n IST t reatment c ompared t o 

respective control. Proline and total phenolic contents were highest in both un-inoculated 

and inoculated plant leaves at IST in contrast to respective non-stressed plants. However, 

inoculation reduced the total phenolic and proline contents up to 15 and 41% respectively 

during this stage and about 33 and 34% respectively at ISF over respective un-inoculated 

controls. 

Mineral nutrition 

Improvement in the mineral nutrition of wheat was recorded due to B. phytofirmans PsJN 

inoculation in normal as well as water limited conditions (Table 3). Both wheat straw and 

grain acquired high amounts of nitrogen, phosphorus and potassium due to water deficit 

and endophyte inoculation but the drought treatment results remained almost similar for 

inoculated a nd un-inoculated pl ants w ith r espect t o t heir c orresponding c ontrols. 

However, m aximum gr ain N , K  a nd P  contents of  1.70, 0.19 a nd 0.2 1% r espectively, 

were found in plants inoculated with PsJN  and minimum values of 0.99, 0.14 and 0.14%, 

respectively, in the grains of non-inoculated crop plants. Straw nitrogen content was high 

(0.93%) in the inoculated plant subjected to ISF but maximum straw potassium (0.44%) 

was o bserved i n P sJN t reated p lant subjected t o I ST. M aximum phos phorus i n w heat 

straw was collected from the crop inoculated with PsJN and treated with IST. 
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Water relations 

Relative water c ontents RWC demonstrate the ge netic c apability of  the c rop pl ants t o 

combat or abide under water limited conditions where inoculation can be helpful (Fig. 3). 

Under normal irrigated conditions inoculated B. phytofirmans PsJN improved the RWC 

about 9%  c ompared t o un -stressed control. W ater deficit tre atments, I ST a nd I SF, 

reduced the RWC of un-inoculated control from 0.87 t o 0.73 and 0.78 respectively, but 

inoculated plant leaves demonstrated no change with respect to inoculated and unstressed 

plants. An i ncrease i n electrolyte l eakage ( Fig. 4) w as ob served due  to I ST a nd I SF 

treatment of wheat but inoculation of B. phytofirmans PsJN rescued plant growth under 

stress a nd reduced t he electrolyte leakage up to 5, 7 a nd 8% after IN, I ST a nd I SF 

treatment respectively, compared to the respective un-inoculated controls. 

Detection and enumeration of PsJN in the rhizosphere and root 

The inoculant s train (PsJN) e fficiently survived and colonized the rhizosphere and root 

interior of wheat seedlings (Fig. 5). The persistence of PsJN in the rhizosphere and root 

differed non s ignificantly at  n ormal w ater an d at 75% of  the field cap acity. However, 

relatively less CFU (colony forming unit) of PsJN was recorded at 50% of field capacity 

conditions compared to normal watering. The lowest CFU was recovered at 25% of field 

capacity f rom t he r hizosphere o f w heat seed lings. Overall, a s th e moisture s tress 

increased the inoculant strains preferred to colonize in the roots compared to soil. 
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Discussion 

In the changing climate, plants are constantly exposed to abiotic stress, such as drought, 

which is one of the most serious problems associated with plant growth and development 

affecting a gricultural de mands. I noculation w ith P GPR ha s been f ound effective unde r 

drought stress environment (Chanway and Holl 1994) to increase productivity. Beneficial 

plant–microbe (PGPR) interactions, impact of microbial inoculation on plant growth and 

differential mechanisms underlying growth promotion under stress conditions have been 

documented by various researchers (Saravanakumar et al. 2011; Kasim et al. 2013). 

In the present investigation, the potential of the endophytic bacteria Burkholderia 

phytofirmans strain P sJN f or i mproving phys iology, a ntioxidant a ctivity, g rowth and 

yield of  wheat was evaluated under drought s tress applied at di fferent growth s tages in 

field c onditions. P sJN was o riginally i solated as  a contaminant f rom Glomus 

vesiculiferum-infected oni on roots (Frommel et al . 1991). It s timulates plant g rowth in  

many of its host plants. Metabolic activities suggested to be involved in these functions 

include phytohormone p roduction, ACC deaminase activity and s iderophore production 

(Sessitsch et a l. 2005) . I mpact assessm ent o f en dophytic b acteria o n p lant g rowth 

promotion and unde rlying phys iological a nd bi ochemical m echanisms i s s carcely 

documented. T herefore, a n unde rstanding of  the interactions be tween hos t pl ant a nd 

endophytic bacteria having influence on pl ant growth, phys ico-chemical changes, y ield 

and drought stress tolerance is required. 

The e ffect of i noculation w ith P sJN on t he gr owth of  wheat pl ants e xposed t o 

drought s tress a pplied a t di fferent gr owth s tages ( tillering a nd f lowering s tage) w as 
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studied. The results revealed that in general, drought stress applied at any stage of growth 

had s trong ne gative e ffects on t he gr owth of uni noculated w heat pl ants, bu t t he 

magnitude of severity varied with the growth stage. Drought stress applied at the tillering 

stage had relatively stronger negative effects on shoot biomass and grain yield whereas 

drought stress applied at the flowering stages had a more negative effect on relative water 

content (RWC), e lectrolyte leakage (EL) and chlorophyll content. Similarly, changes in 

different pl ant phys iological a nd bi ochemical pr ocesses w ere obs erved due  t o dr ought 

stress that might have contributed to the growth and development processes of the wheat 

plants. This premise was supported by the fact that plants showed variable responses to 

water deficit faced in their various development periods (Mogensen et al. 1985; Gupta et 

al. 2001). Wheat, one of the most important crop species, is known to be susceptible to 

even mild or  moderate dr ought pa rticularly a t t he boot ing s tage; how ever, unf avorable 

soil water conditions at the beginning of the plant growth may also dramatically limit the 

biomass production and the photosynthetic ability of leaves and thus indirectly negatively 

affect the formation of reproductive organs and yield parameters (Mogensen et al. 1985; 

Gupta et al . 2001;  Kettlewell et al . 2010) . In the present s tudy, PsJN inoculations gave 

better re sponse to  wheat at  tillering st age an d r esulted in significant increase i n p lant 

biomass, photosynthesis and grain yield compared to control as was evident from the data 

documented in Tables 1–2. This might be  because of  the suppression of s tress-induced 

accelerated synthesis of e thylene by t he A CC-deaminase act ivity of P sJN i n t he 

inoculated plants. Sharp increases in ACC levels and consequently, ethylene synthesis in 

plants under drought stress conditions have been frequently reported (Mayak et al. 2004; 
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Zahir et al. 2008). Also, PsJN was previously reported as a potent root colonizers (also 

observed in our lab study, Fig. 5); it is highly probable that PsJN while living inside plant 

tissues evoked various physiological and metabolic processes to help the plants to sustain 

their gr owth unde r s tress c onditions (Vardharajula et al . 20 11; Theocharis et al . 20 12; 

Fernandez et al. 2012). 

The b eneficial influence o f b acterial i noculations w as al so apparent in te rms of 

improved phys iological a nd bi ochemical c hanges. U nder d rought s tress, t he 

photosynthetic activity in term of CO2 assimilation rate (A) was markedly reduced in the 

un-inoculated an d P sJN t reated plants w ithout disruption o f s tomatal c onductance (gs) 

while in the latter case, the photosynthetic rate was effected only to a limited extent. The 

cessation of  gr owth r esulting f rom dr ought s tress r educes t he c apacity f or e nergy 

utilization which, in turn, probably results in feedback inhibition of  photosynthetic rate 

(Wang et al. 2003). The PsJN inoculation increased photosynthetic parameters e.g. CO2 

assimilation, transpiration rate, and stomatal conductance under drought stress compared 

to control. Furthermore, bacterization affected chlorophyll content but not the water use 

efficiency (Fig. 2, Table 1). Effects on photosynthesis parameters have been described in 

the li terature f or o ther b eneficial plant–microbe i nteractions (Sandhya et al . 2 010; 

Vardharajula et al. 2011; Yandigeri et al. 2012). 

Drought stress is accompanied by the formation of reactive oxygen species (ROS) 

such as O 2, H 2O2, a nd OH (Mittler 2002), w hich d amage membranes an d 

macromolecules. Plants have developed several antioxidation strategies to scavenge these 

toxic c ompounds. E nhancement of  a ntioxidant de fense i n pl ants c an t hus i ncrease 
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tolerance to  different st ress f actors. A ntioxidants ( ROS sc avengers) i nclude en zymes 

such as ca talase, su peroxide d ismutase ( SOD), asco rbate p eroxidase ( APX) an d 

glutathione r eductase (GR), as well as n on-enzyme m olecules s uch as as corbate, 

glutathione, c arotenoids, a nd anthocyanins. A dditional c ompounds, s uch a s 

carbohydrates, sugars and phenolics, can also function as ROS scavengers (Wang et al . 

2003; Theocharis et al . 2012;  Fernandez et al . 2012 ). I n our  s tudy, PsJN i noculation 

showed hi gher a ntioxidant a ctivity of p lants c ompared t o c ontrol unde r dr ought s tress. 

However, phenolics and sugars contents decreased in the bacterized plants compared to 

control. Very recently, Chakraborty et al. (2013) reported increased antioxidant levels in 

drought-stressed wheat plants inoculated with beneficial bacteria. Contrary to our study, 

Fernandez et al. (2012) reported higher sugars content in PsJN treated grapevine plantlets 

under stress conditions. 

Drought-stressed p lants accumulate v arious m olecules su ch as p roline, g lycine, 

betaine etc., thereby protecting enzyme activity (Saravanakumar et al. 2011). Proline, the 

best-characterized stress-responsive molecule, is often synthesized by p lants in response 

to d iverse abiotic or b iotic st resses. Moreover, the accumulation of a co mpatible solute 

(e.g. pr oline) i s a n e nergy-consuming pr ocess i n a ddition t o t he a lready e xisting 

metabolic costs. We found that the proline concentration in p lant leaves increased with 

drought but  t hat i noculation w ith P sJN und er dr ought stress de creased t he proline 

content. I n the pr esent s tudy, t he pr oline c ontent w as hi gher i n t he P sJN-inoculated 

plantlets than i n t he non-bacterized p lantlets under st ress exposure; i n acco rdance with 

conclusions by T heocharis et al . (2012) that i ncrease in p roline content enhances t he 
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stress tolerance of PsJN treated grapevine plantlets. 

The relative water content (RWC) and lower electrolyte ion leakage (EL) in plants 

exposed to drought, has been considered indicative of a relative tolerance to water stress 

(Fisher 2000; Pereyra et al. 2006). In our study, RWC and EL declined in both inoculated 

and uninoculated seedlings under drought stress compared to normal irrigation. However, 

bacterial inoculation did help plants to maintain their RWC and EL during drought stress 

periods. The relatively higher water content and low EL as evident from Figures 3 and 4 

in t he i noculated s eedlings c ompared t o c ontrol unde r d rought s tress, i ndicate that 

endophyte inoculation gives tolerance to plants under reduced irrigation. This may be due 

to a reduction in the inhibitory effect of drought on roots and the development of a more 

effective root system for water uptake in the inoculated plants (Dodd et al. 2004; Zahir et 

al. 2008 ). Similarly, a  p ositive c orrelation b etween d rought s tress s ensitivity a nd 

membrane damage (EL) were observed by Vardharajula et al. (2011) and Sandhya et al. 

(2010), and the bacterial inoculation reduced the membrane damage in drought stressed 

plants compared to control. 

The b acterial i noculations w ere al so ef fective i n improving t he ni trogen, 

phosphorus, pot assium, a nd pr otein content of  va rious pl ant c omponents. U nder s tress 

conditions, nutrient (NPK) co ntents o f p lant t issues w ere i ncreased i n r esponse t o 

inoculation, most likely due to increased root growth that exploited more soil volume for 

efficient upt ake of  nut rients by t he pl ants, resulting i n more bi omass pr oduction. 

Enhanced nutrient concentrations in plant t issues were reported by ba cterial inoculation 

under stress conditions (Vivas et al. 2003; Nadeem et al. 2006). 
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Soil is a complex system and various biotic and abiotic factors may influence the 

behavior of particular strains in this environment. In our pot study, we used non-sterilized 

soil a nd obs erved t hat endophytic p opulation w as m ore s uppressed and t he viable cel l 

number dr opped more dr astically i n s oil t han i n r oot a t l ower moisture l evels w hile a t 

higher moisture levels, viability of endophytic bacteria seemed hardly affected (Fig. 5). It 

is w ell k nown t hat v arious st ress f actors f requently i mpact t he plant a nd t hus a lter t he 

allocation of photosynthates in the rhizosphere that may lead to changes in below-ground 

microbial communities and their interaction with the plant (Compant et al. 2008). Strain 

PsJN w as ab le t o su ccessfully co mpete w ith t he n atural microflora a nd s uccessfully 

colonized the pl ant environment (Fig. 5) i n addition to promoting pl ant growth. In our  

field investigation, the PsJN inoculation improved physiology and growth parameters of 

wheat unde r na tural f ield conditions. I t is likely t hat bacteria co lonization ( inside p lant 

tissues) evoked v arious p hysiological p rocesses to h elp the plants t o sustain 

photosynthesis and plant growth under natural soil condition.  

In c onclusion, B. phytofirmans inoculation modulates bi ochemical a nd 

physiological pa rameters of  wheat s eedlings unde r dr ought s tress c onditions. B ased on  

our r esults we c onclude t hat a pplication of  P sJN i s e ffective t o i mprove phys iology, 

relative water content and biomass of wheat under reduced irrigation. The improved plant 

physiological and antioxidant activity ultimately leads to enhanced crop yield and quality. 

Thus, inoculation with B. phytofirmans strain PsJN could be efficiently used to partially 

or completely eliminate the effects of drought stress on growth and yield of wheat. 
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Table 1  Growth physiology and yield of wheat with or  without PsJN inoculation when 

irrigations were not skipped (IN) or skipped at tillering (IST) or flowering (ISF) growth 

stages in field condition 

Quantities sharing similar letters are statistically similar to each other at p ≤ 0.01 

IN, Ir rigation n ormal; I ST, Irr igation s kipped a t tillering; IS F, I rrigation skipped a t 

flowering; HSD, Tukey's Honestly Significant Difference 

Data are average of four replicates ± Standard error (SE) 

 

Drought stress Uninoculated PsJN inoculated Uninoculated PsJN inoculated 

Photosynthetic rate (A) 

(µmol CO2 m-2 s-1) 

Transpiration rate (E) 

(mmol H2O m-2 s-1) 

IN 14.95±0.41 a 15.62±0.96 a 6.05±0.89 bcd 7.29±0.36 a 

IST 9.48±0.24 c 12.94±0.46 b 5.40±0.11 d 6.83± 0.12 abc 

ISF 12.19± 1.29 b 13.16±1.19 b 5.78±0.09 cd 7.00±0.25 cd 

HSD 1.31 1.16 

 Water use efficiency (WUE = A/E) Substomatal CO2 content, (Ci)(vpm) 

IN 2.47±0.14 a 2.15±0.13 ab 247±4.38 bc 304±5.29 a 

IST 1.76±0.05 b 1.90±0.08b 230±5.33 c 267±2.94 b 

ISF 2.14±0.04 ab 1.89±0.10 b 227±3.35 c 265± 4.91b 

HSD 0.46 24.91 

 Stomatal conductance (gs) 

(mol H2O m-2 s-1) 

1000 grain weight (g) 

IN 0.32±0.06 ab 0.38±0.02 a 39.22±1.13 b 42.05± 1.02a 

IST 0.25±0.01 c 0.38±0.02 a 34.56±0.46 c 39.68±0.80 b 

ISF 0.29±0.02 bc 0.36±0.01 a 35.37± 0.82c 41.08± 0.59ab 

HSD 0.07 1.90 

 Straw yield (Mg ha-1) Grain yield (Mg ha-1) 

IN 5.16±1.05 b 6.16± 1.06a 3.31±1.02 b 3.91±0.95 a 

IST 4.20±1.13 c 5.60±1.09 ab 2.38±0.82 c 2.87±0.87bc 

ISF 4.98±1.14 b 6.12±1.02 a 2.43±0.92 c 2.87±0.65 bc 

HSD 0.71 0.60 
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Table 2  Antioxidant a ctivity (enzymatic a nd non -enzymatic) of  w heat w ith or  w ithout 

PsJN inoculation when irrigations were not skipped (IN) or skipped at tillering (IST) or 

flowering (ISF) growth stages in field condition 

 

Drought stress Uninoculated PsJN inoculated Uninoculated PsJN inoculated 

Glutathione reductase (GR) 

(µmol TNB min-1 g-1 fw) 

Catalase (CAT) 

(µmol H2O2 min-1 g-1 fw) 

IN 4.00±0.23 e 8.61±0.29 cd 190±6.12 d 232±8.42 d 

IST 7.36±0.52 d 13.07±0.32 b 317±7.43 c 482±6.54 b 

ISF 9.79±0.85 c 15.48±0.98 a 332±5.98 c 590±6.72 a 

HSD 2.21 49 

 Ascorbate peroxidase (APX) 

(µmol ascorbate min-1 g-1 fw) 

Malondialdehyde (MDA) 

(µmol MDA g-1 fw) 

IN 46±0.36 e 63±0.63 de 1.44± 0.05d 3.03±0.03 c 

IST 95±1.08 d 405±1.22 a 3.66±0.13 c 6.63±0.22 a 

ISF 154± 1.17c 241± 0.98b 4.55±0.29 b 6.35±0.32 a 

HSD 42 0.71 

 Protein contents (µg g-1) Proline contents (µg g-1) 

IN 1.40±0.04 c 1.68±0.06 a 0.50±0.05 c 0.39±0.03 d 

IST 1.39±0.05 c 1.61±0.06 a 0.71±0.08 a 0.42±0.04 cd 

ISF 1.48±0.03 b 1.64±0.05 a 0.61±0.02 b 0.40±0.04 d 

HSD 0.08 0.09 

 Total phenolics (µg g-1) Total soluble sugars (µg g-1) 

IN 90.77±5.12 e 62.83±5.62 f 3.41±0.15 a 3.31±0.13 a 

IST 177.53±7.61 a 151.75±6.52 c 3.99±0.24 a 3.58±0.31 a 

ISF 162.50±5.28 b 109.57± 4.98d 4.03±0.54 a 3.45±0.43 a 

HSD 7.44 1.54 

Quantities sharing similar letters are statistically similar to each other at p ≤ 0.01 

IN, Ir rigation n ormal; I ST, Irr igation s kipped a t tillering; IS F, I rrigation skipped a t 

flowering; HSD, Tukey's Honestly Significant Difference 

Data are average of four replicates ± Standard error (SE) 
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Table 3  Mineral n utrition o f w heat s traw a nd grain w ith or w ithout PsJN i noculation 

when i rrigations were not  skipped (IN) or skipped a t t illering (IST) or f lowering (ISF) 

growth stages in field condition 

 

Drought stress Uninoculated PsJN 

inoculated 

Uninoculated PsJN 

inoculated 

Grain nitrogen (%) Straw nitrogen (%) 

IN 1.29±0.09 b 1.64±0.08 a 0.26±0.05 c 0.79±0.06 b 

IST 0.99±0.14 c 1.56±0.12 a 0.72±0.02 b 0.80±0.07 b 

ISF 1.19±0.08 b 1.70±0.10 a 0.74±0.02 b 0.93±0.05 a 

HSD 0.15 0.09 

 Grain potassium (%) Straw potassium (%) 

IN 0.14±0.01 c 0.20±0.02 a 0.27±0.01 d 0.37±0.02 ab 

IST 0.17±0.01 bc 0.19±0.01 ab 0.34±0.01 bc 0.44±0.03 a 

ISF 0.15±0.02 bc 0.18±0.01 ab 0.29±0.02 cd 0.41±0.01 a 

HSD 0.04 0.07 

 Grain phosphorus (%) Straw phosphorus (%) 

IN 0.14±0.01 b 0.21±0.02 a 0.15±0.01 c 0.20±0.02 bc 

IST 0.15±0.01 ab 0.19±0.01 ab 0.17±0.03 c 0.26±0.01 a 

ISF 0.16±0.02 ab 0.21±0.02 a 0.17±0.01 bc 0.21±0.02 ab 

HSD 0.07 0.05 

Quantities sharing similar letters are statistically similar to each other at p ≤ 0.01 

IN, Ir rigation n ormal; I ST, Irr igation s kipped a t tillering; IS F, I rrigation skipped a t 

flowering; HSD, Tukey's Honestly Significant Difference 

Data are average of four replicates ± Standard error (SE) 
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Figure 1  Weather c onditions da ta dur ing t he c rop gr owth pe riod obt ained f rom 

"Meteorological department" UAF, Pakistan 
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Note. Bars sharing similar letters are statistically similar at p ≤ 0.01. 
 
Figure 2 Chlorophyll contents of wheat flag leaf with or without PsJN inoculation when 

irrigations were not skipped (IN) or skipped at tillering (IST) or flowering (ISF) growth 

stages in field condition 
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Note. Bars sharing similar letters are statistically similar at p ≤ 0.01. 
 

Figure 3  Relative w ater c ontents o f w heat f lag le af w ith o r w ithout P sJN in oculation 

when i rrigations were not  skipped (IN) or skipped a t t illering (IST) or f lowering (ISF) 

growth stages in field condition 
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Note. Bars sharing similar letters are statistically similar at p ≤ 0.01. 
 

Figure 4 Electrolyte leakages of wheat flag leaf with or without PsJN inoculation when 

irrigations were not skipped (IN) or skipped at tillering (IST) or flowering (ISF) growth 

stages in field condition 
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 Figure 5  Survival e fficiency of  P sJN i n t he r hizosphere a nd r oot i nterior of  w heat 

seedlings ( NH2O, nor mal w atering; F C, f ield c apacity), data ar e a verage o f t hree 

replicates ± standard deviation (SD) 
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Abstract 

Drought stress is one of the major constraints hampering agricultural production owing to 

its impact on plant water status and photosynthetic pigments. The effect of inoculation of 

a plant-growth promoting bacterium Burkholderia phytofirmans strains PsJN on gr owth, 

water status and photosynthetic activity of two maize cvs under drought stress conditions 

was investigated. Drought stress induced by withholding irrigation had drastic effects on 

growth and photosynthesis of maize seedlings. However, seed bacterization of maize with 

B. phytofirmans PsJN improved plant (root/shoot) biomass, leaf chlorophyll contents and 

relative w ater s tatus upt o 62, 61, 21 a nd 2 9% ove r c ontrol unde r dr ought s tress 

conditions. Similarly, PsJN inoculation significantly increased photochemical efficiency 

of PSII and photosynthetic activity upto 9 a nd 68% of cv Mazurka compared to control 

under s tressed c onditions. C ontrary t o t his, i noculation de creased e lectrolyte l eakage 

compared to uninoculated seedlings under drought stress. The inoculant strain efficiently 

colonized maize s eedling a nd r ecovered f rom r oot, s hoot a nd l eaves of  i rrigated a nd 

stressed pl ants. I n c onclusion, our  study c learly de monstrates t hat ba cterial i noculants 

could be  us ed t o m inimize t he ne gative e ffects of  dr ought s tress on gr owth a nd 

photosynthesis of maize. 

 

Key w ords: Endophytic ba cteria, plant gr owth pr omotion, phot osynthesis, d rought 

tolerance, maize 
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1.  Introduction 

 

Drought is a potential major constraint to maize production in all areas where it is grown. 

Global w arming, de forestation, a nd ur banization w ill a ll i ncrease t he s everity a nd 

frequency o f dr ought i n t he f uture, l eading to a  pos sible de crease in gl obal f ood 

production at the same time that a steadily increasing human population which could hit 9 

billion by 2 050 de mands a n i ncrease i n f ood s upplies. In spite of  l imited a rable l and 

coupled w ith t he r ising c onsumer’s de mand o f hi gh quality food, free from chemicals, 

food pr oduction is on e of  t he m ajor gl obal c hallenges. Therefore, i t h as b ecome 

obligatory to i nvestigate t he w ays to m itigate the a dverse effect of  dr ought s tress a nd 

increase crop productivity within a finite natural resource basis. 

During the past couple of decades, plant growth-promoting rhizobacteria (PGPR) 

have r eceived w orldwide i mportance an d acceptance i n agricultural practice an d ar e 

promising a lternatives to a grochemicals ( fertilizers and p esticides). In t he late 19 70s 

Kloepper a nd S chroth i ntroduced t he t erm “plant g rowth pr omoting r hizobacteria 

(PGPR)” to  d escribe b acteria that colonize p lant ro ots a fter s eed in oculation a nd th at 

stimulate pl ant gr owth ( Kloepper a nd Schroth, 1978) . The PG PR are r eported to 

influence the gr owth, y ield, and n utrient uptake by a n a rray of  m echanisms. S ome 

bacterial st rains d irectly regulate pl ant phys iology by m imicking synthesis of  pl ant 

hormones, whereas others increase mineral and nitrogen availability in the soil as a  way 

to augment growth (Yasmin et al., 2007). 

Endophytes are per definition microorganisms – bacteria or fungi – that colonize 

living p lant t issue w ithout be ing p athogenic t o t he pl ant. E ndophytic bacteria m ay i n 
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future be even m ore i mportant than r hizosphere ba cteria i n p romoting pl ant gr owth 

because they escap e co mpetition w ith rhizosphere m icroorganisms an d ach ieve more 

intimate contact with the plant tissues. In addition, inherent nature of certain endophytes 

to pot entially co lonize plants i n a systematic manner p rovides a  n ovel ap proach as a  

delivery system to pl ant for va rious beneficial t raits (Döbereiner, 1992 ; Kobayashi and 

Palumbo, 2000; Fuentes-Ramirez and Caballero-Mellado, 2005).  

Burkholderia phytofirmans strain PsJN i s o ne o f t he b est st udied b acterial 

endophytes. O riginally i solated f rom s urface-sterilized Glomus vesiculiferum-infected 

onion roots (Frommel et al., 1991), strain PsJN has been shown to colonize a wide variety 

of plants [(e.g. potato, tomato, peat moss and grapevines (Compant et al., 2008)] and that 

it stimulates plant growth and vitality in many of its host plants.   

Therefore, the a im of  this s tudy was to investigate the effect of B. phytofirmans 

strain PsJN inoculation on gr owth, relative w ater st atus, chlorophyll fluorescence, a nd 

photosynthetic pigments of maize (Zea mays) under drought stress conditions. 

 

2. Materials and Methods 

The effect of Burkholderia phytofirmans strain PsJN inoculation on t he physiology and 

growth parameters o f maize cultivars Mazurka and Kaleo was t ested under g reenhouse 

conditions. We used a genetic variant of the bacteria strain B. phytofirmans PsJN::gusA 

(Compant et al., 2005) that carries a beta-glucuronidase reporter gene (gusA) that allows 

specific v isualization o f b acterial c ells u pon color f ormation. Mai ze seeds w ere k indly 

provided by DOW AgroSciences Vertriebsges.mbH Neusiedl am See, Austria.  

 



Chapter 5: PsJN colonization induced drought tolerance                                      Muhammad Naveed 
 
 

192 
 
 

2.1. Green house experiment and growth conditions 

Plants were grown in pots filled with local field soil. The soil was ground, passed through 

a 2 mm sieve and analyzed for various physico-chemical characteristics, i.e., sand, 32%; 

silt, 38% ; c lay, 30% ; p H, 7.28;  t otal c arbon, 2.4%; total ni trogen, 0 .23%; a vailable 

phosphorus, 40 mg/100 g; extractable potassium, 19 mg/100 g soil. Each pot was filled 

with 15 kg soil receiving nutrient inputs of NPK at 160, 100, 60 kg ha-1, respectively.  

For s eed i noculation, s urface-sterilized seed s w ere t reated w ith bacterial 

suspension of s train P sJN ( 108-109 CFU m L-1) unde r l ab c onditions. I n t he cas e o f 

uninoculated c ontrol, seeds w ere treated w ith s terilized LB br oth. I noculums were 

prepared by gr owing Burkholderia phytofirmans strain P sJN in  2 50 mL E rlenmeyer 

flasks containing LB media amended with spectinomycin [100µg mL-1]. The broth was 

inoculated with a  s ingle cell and incubated at 28 ± 2°C for 72 h i n a  shaking incubator 

(VWR International, GmbH, Austria) at 180 r min–1.  

Five maize seeds e ither inoculated with s train PsJN or  broth only were sown in 

each pot at equal distance. The pots of each treatment were arranged randomly, with three 

repeats at  a mbient l ight an d t emperature i n a  g reenhouse. T ap w ater w as u sed f or 

irrigation. After germination, uniform plant population was maintained by t hinning upto 

one plants pot-1. The drought s tress was applied by w ithdrawing water after 60 days of  

planting (flowering stage). The irrigation was first reduced and then completely stopped 

for a period of one week. 

  

2.2. Plant growth measurements 
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Data of plant growth parameters including plant height, shoot biomass and root biomass 

were recorded. Plant height was measured before harvesting. Shoot and root biomass was 

recorded by uprooting the plant and drying at 72oC after harvesting. 

 

2.3. Plant ecophysiology measurements 

The plant physiological parameters were recorded at midday (between 11:00 and 13:30) 

of f ully e xpanded l eaves ne ar the t op of  bot h i rrigated and dr ought-stressed p lants. 

Photosynthetic pi gments of 3 rd leaf f rom t op w ere m easured u sing a p ortable g as 

exchange sy stem ( Li-Cor 640 0, L incoln, N E, U SA). D uring measurements, t he l eaves 

were i lluminated w ith l amp l ight ( 1500 µ mol m-2 s-1 and maintained at a  re lative a ir 

humidity of  20 ±  2%  a nd a  l eaf t emperature 2 5 ±  2 oC. C hlorophyll f luorescence was 

measured of irrigated and drought-stressed plants using a portable PEA handy (Hansatech 

Instruments Ltd. England). Leaves were dark adapted for 30 min before measurement and 

the maximum photochemical efficiency of PSII (Fv/Fm) was calculated from chlorophyll 

fluorescence data. 

The leaf chlorophyll content was determined by us ing Chlorophyll Meter (SPAD 

502 Plus). Each leaf sample was measured at least six different areas of each treatment 

with three replicates. 

 

2.4. Electrolyte leakage and relative water content  

Electrolyte leakage (EL) was measured following the protocol Jambunathan (2010), and 

relative water contents were determined following the equations described by Mayak et  

al. (2004). 
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EL (%) = EC1 / EC2 x 100 

 

RWC (%) = (Fresh weight - Dry weight) / Fully turgid weight - Dry weight x 100 

 

2.5. Persistence of B. phytofirmans PsJN in the rhizosphere, root and shoot interior 

For the isolation of bacteria, 5 g rhizosphere soil and 3 g of  surface-sterilized root/shoot 

materials was homogenized in 15 mL of 0.85% (w/v) NaCl solution. The homogenized 

material was shaken with pulsifier for 45 sec at room temperature. After the settlement of 

materials, s erial d ilutions u p to  1 0-4 were pl ated ont o s elective L B m edium c ontaining 

spectinomycin (100 μg mL-1), 5 -bromo-4-chloro-3-indolyl-β-D-glucuronide ( XGlcA) 

(100 μg mL-1), and i sopropyl-β-D-galactopyranoside (IPTG) (100 μg mL-1). The pl ates 

were incubated at 28 ± 2 oC for 48 hours and then transferred to 4 oC for three days. Blue 

colonies w ere c ounted on e ach pl ate. T hirty bl ue c olonies of  e ach t reatment w ere 

randomly picked and the identity of isolates with the inoculant strain was confirmed by 

restriction f ragment l ength pol ymorphism ( RFLP) a nalysis of  t he 16S-23S r RNA 

intergenic spacer region (IGS) (Afzal et al. 2012). 

 

2.6. Microscopy of endophytic colonization in plant tissues 

Fresh plant organs (roots and leaves) were removed from inoculated and non-inoculated 

plant. Samples were then prepared for microscopy analysis as described by C ompant et 

al. ( 2005), with s ome m odifications. B riefly, plant s amples w ere di pped i n s taining 

solutions containing IPTG (100 μg mL-1) at 37 oC for 48 h. The samples were de-stained 

with 70% (v/v) e thanol solution to stop the reaction. Leaves and s tem sections of  plant 
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were c ut w ith a  m icrotome ( LeicaVT1000S; L eica, N ussloch, G ermany), c ollected on  

glass slides, examined with an inverted Microscope (Axiovert 200 Carl Zeiss, Germany), 

and photographed. 

 

2.7. Statistical analysis 

Data o f p lant g rowth p arameters a nd b acterial d ensities w ere su bjected t o an alysis o f 

variance (ANOVA) using SPSS software package version 19 ( IBM SPSS Statistics 19, 

USA). T he treatment means w ere co mpared b y D uncan’s multiple r ange t est at  5% 

probability. The means and standard errors were calculated using Microsoft Excel 2010. 

 

3.  Results 

 

Inoculation of maize s eeds w ith B. phytofirmans PsJN i ncreased p lant he ight of  bot h 

cultivars ranging from 14-24% as compared to control under irrigated and drought stress 

conditions (Table 1). Maximum increase was observed by inoculation (24%) in maize cv. 

Mazurka as compared to the respective control under drought stress.  

Inoculation increased chlorophyll content significantly as compared to control. Up 

to 2 1% i ncrease w as observed b y P sJN i noculation i n cv . Mazu rka u nder s tress 

conditions. The poorest response to bacterial inoculation was observed in cv. Kaleo under 

normal culture conditions (Table 1).  

Likewise, i noculation increased the c hemical ef ficiency o f P SII as compared to 

control. Significant increase in PSII efficiency was observed in cv. Kaleo under drought 

stress (Table 1). Inoculation with strain PsJN increased photosynthesis activity of plants 
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with the increase ranging from 18-68% as compared to control under normal and stressed 

conditions (Table 1). The maximum increase in photosynthesis (38%) was recorded in cv. 

Mazurka under stressed conditions. The weakest response (18%) to bacterial inoculation 

was observed in cv. Kaleo under normal culture conditions (Table 1).  

The data in Table 2 revealed that inoculation with strains PsJN increased relative 

water content ( RWC), el ectrolyte l eakage (EL) an d p lant biomass as compared t o t he 

controls. Maximum RWC was observed in cv. Kaleo under normal conditions. However, 

inoculation with strain PsJN resulted in the highest increase in RWC (29%) as compared 

to co ntrol i n cv . Ma zurka u nder st ressed co nditions. T he l owest i ncrease i n R WC was 

recorded in cv. Kaleo under normal conditions.  

Bacterial inoculation d ecreased E L i n bot h c ultivars (Table 2) . T he s trongest 

decrease was observed in cv. Kaleo under normal and stressed conditions.  

Inoculation with s train PsJN s ignificantly increased p lant b iomass (2 3-61%) of  

both maize cu ltivars over r espective control under normal and s tressed conditions. The 

strongest response to inoculation was observed in cv. Mazurka i.e. 43 and 61% increased 

biomass, respectively as compared to control under both conditions. The poorest response 

was observed in cv. Kaleo i.e. 23% increase in shoot biomass over control under normal 

conditions.  

Similarly, PsJN inoculation increased root biomass of both cultivars i .e. 38-62% 

as c ompared t o c ontrol unde r nor mal a nd s tressed c onditions ( Table 2).  C v. M azurka 

grown under drought stress conditions showed strongest response (62%) to the bacterial 

inoculation, whereas plants of  cv. Kaleo grown under normal water regime showed the 
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lowest i ncrease i n r oot biomass as co mpared t o t he as co mpared t o t he co rresponding 

control.  

B. phytofirmans PsJN e fficiently c olonized rhizosphere, r oot, s hoot a nd l eaf 

interior of both maize cultivars, Mazurka and Kaleo (Fig. 1, 2) . However, an about ten 

times higher viable cell number (CFU/g dry weight) was recovered for the rhizosphere 

and roots as compared to shoot tissue (Fig. 1). In general, we recorded a higher viable cell 

number in plants of cv. Mazurka than in cv. Kaleo. In stressed plants of both cultivars the 

number of viable PsJN cells was remarkably lower than in plants treated with a normal 

water regime. 

 

4.  Discussion 

  

In c hanging c limate, p lants ar e co nstantly ex posed t o ab iotic s tress, such as dr ought, 

which is one of the most serious problems associated with plant growth and development 

affecting agricultural demands. The management of drought-affected soils is essential to 

meet the ever increasing food demands. Inoculation with plant growth promoting bacteria 

(PGPB) has been found effective under drought stress environment (Chanway and Holl, 

1994) to  in crease p roductivity. G rowth p romotion by t he PGPB may be  attributed to  

multifarious mechanisms such as production of PGP hormones and other PGP activities 

(Glick, 1995). In the present investigation, plant growth-promoting endophytic bacterium 

was e valuated on the growth a nd phot osynthesis o f m aize cv s u nder d rought stress 

conditions.  
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The i noculation of  maize pl ants w ith t he ba cterium B. phytofirmans PsJN 

stimulated pl ant bi omass pr oduction, phys iology a nd vi tality i n bot h va rieties. From 

numerous r eports it is  e vident th at B. phytofirmans PsJN i s a h ighly ef ficient plant 

beneficial bacterium promoting growth in a wide variety of plants (Compant et al., 2008), 

however, there is evidence for plant genotype specific differences in the intensity of the 

effects (Da et al., 2012; Trognitz et al., 2008). Interestingly, this can be seen also from the 

present da ta. Cultivar Mazurka responded s tronger to inoculation with s train PsJN than 

cultivar K aleo i n bot h dr ought s tress a nd nor mal water c onditions, a nd t his w as more 

pronounced i n s tressed plants. N owak a nd c olleagues a ssumed t hat pl ant ge notype 

specific differences in the plant stimulating effects is due to differences in PsJN titers in 

highly a nd poorly r esponsive va rieties, w hich r each m uch hi gher l evels i n hi ghly-

responsive ge notypes (Nowak e t a l., 2007) . T he da ta of  not  dr ought s tressed pl ants 

indicate a c orrelation b etween st imulation an d P sJN t iters as we r ecorded a h igher 

number of  vi able P sJN c ells in M azurka t han i n K aleo. However, i n dr ought s tressed 

plants s train P sJN w as m ore su ppressed a nd t he vi able c ell num ber dr opped more 

drastically than in Kaleo, while in the latter cultivar the viability of strain PsJN seemed 

hardly effected. The number of viable PsJN cells in stressed plants of cv. Mazurka was 

far below that of cv. Kaleo but at the same time the relative increase in plant growth and 

vitality under drought was much higher.      

By comparing the performance of the two maize cultivars under drought stress we 

saw t hat cv . K aleo w as l ess n egatively af fected t han cv . Mazu rka. Overall b iomass 

production, photosynthesis and water content were higher and electrolyte leakage lower 

in plants of cv. Kaleo, indicating that cv. Kaleo was more resistant towards drought stress 
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in our  e xperiment a s c ompared t o c v. M azurka. I n general, i noculation w ith B. 

phytofirmans PsJN s ignificantly m inimized t he ne gative e ffects of  dr ought on m aize 

biomass production and physiology. Similar effects were observed when B. phytofirmans 

PsJN w as t ested f or i ts ab ility t o enhance ch illing resistance i n Vitis vinifera L. c v. 

Chardonnay (Ait Barka et al., 2006; Fernandez et al., 2012). The higher tolerance of PsJN 

colonized grapevine plantlets to chilling were related to alterations in photosynthesis and 

sugar metabolism. Recently, Theocharis and colleagues (2012) showed that cold stress-

related gene t ranscripts and metabolites increased ear lier and faster, and reached higher 

levels in PsJN-colonized Chardonnay grapevine plantlets than in control plants.  

In c onclusion, B. phytofirmans PsJN e fficiently c olonized m aize plants an d 

stimulated plant gr owth i n bot h c ultivars tested. Our s tudy c learly demonstrates th at 

bacterial inoculants could be used to minimize the negative effects of drought s tress on 

growth and photosynthesis of maize. 
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Table 1. E ffect of  Burkholderia phytofirmans strain P sJN on pl ant he ight, c hlorophyll c ontent, chlorophyll f luorescence a nd 

photosynthesis of maize under drought stressed conditions 

 
 Plant height (cm) Chlorophyll content (SPAD value) 

 Mazurka Kaleo Mazurka Kaleo 

 N H2O† D H2O‡ N H2O D H2O N H2O D H2O N H2O D H2O 

Control 182.53±3.50c 167.67±2.52d 179.98±3.82c 164.33±2.08d 39.03±1.53de 34.93±1.55f 40.60±2.31cd 36.90±1.31ef 

PsJN 208.67±3.05a 207.33±3.52a 205.33±2.30ab 202.33±2.07b 45.80±1.51a  42.10±0.85bc 44.47±0.93ab 44.13±0.68ab 

 Chlorophyll fluorescence (FV/Fm) Photosynthesis (µmoles CO2 cm-2 s-1) 

Control 0.780±0.01b 0.739±0.01c 0.796±0.02ab 0.754±0.01c 18.81±2.45c 10.73±1.12d 22.13±2.65b 17.44±2.26c 

PsJN 0.823±0.01a 0.802±0.02ab 0.817±0.01a 0.811±0.01 a 26.11±1.48a 18.03±1.56c 25.99±1.56a 23.54±1.19ab 

*Means sharing similar letter(s) in a column for each parameter do not differ significantly at P = 0.05 

Data are average of three replicates ± Standard Deviation (SD) 

†Normal irrigation 

‡Reduced water application 
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Table 2. Effect of Burkholderia phytofirmans strain PsJN on relative water content, electrolyte leakage, shoot dry matter and root dry 

matter on maize under drought stressed conditions 

 
 Relative water content (%) Electrolyte leakage (%) 

 Mazurka Kaleo Mazurka Kaleo 

 N H2O† D H2O‡ N H2O D H2O N H2O D H2O N H2O D H2O 

Control 52.17±2.67d 44.50±1.62e 64.96±2.06b 58.29±1.86c 8.06±1.74bc 12.06±1.33a 7.76±1.65bc 10.15±1.14ab 

PsJN 58.31±1.12c 57.31±2.59c 70.88±1.45a 67.88±2.32ab 6.29±1.21d 7.95±0.55bc 5.79±0.89d 7.02±1.47cd 

 Shoot dry matter (g) Root dry matter (g) 

Control 21.13±2.01de 18.40±1.77g 57.63±1.82de 22.07±1.50f 2.48±0.09b 1.53±0.11c 2.46±0.23b 1.63±0.07c 

PsJN 37.38±1.20a 29.57±1.66cd 33.98±1.47b 32.34±1.79bc 3.50±0.18a 2.47±0.13b 3.39±0.08a 2.56±0.08b 

*Means sharing similar letter(s) in a column for each parameter do not differ significantly at P = 0.05 

Data are average of three replicates ± Standard Deviation (SD) 

†Normal irrigation 

‡Reduced water application 
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Figure 1. Persistance of Burkholderia phytofirmans strain PsJN in the rhizospher, root interior 

and s hoot i nterior of  t wo maize c ultivars un der nor mal a nd w ater s tressed c onditions
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Figure 2. Photographs of the fourth leaf internal t issue of PsJN inoculated Zea mays L. 

plants. (A, B , F  a nd G ) P hotographed ( binocular m icroscope; O lympus, J apan) o f t he 

fourth leaf (tip and middle) and root of uninoculated control (A, D and F) or inoculated 

with PsJN: gusA10 (B, E and G), showing the blue color in veins due to gusA-marked 

cells ( arrowheads). I nverse m icroscope (Axiovert 2 00M; Z eiss, H allerbergmos, 

Germany) image of the leaf stomata of PsJN gusA inoculated plant, showing bacteria in 

the stomata and guard cell. 
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Abstract 

Burkholderia phytofirmans PsJN i s a w ell-known pl ant g rowth-promoting ba cterium, 

which e stablishes r hizospheric a nd e ndophytic c olonization i n di fferent pl ants. P sJN 

inoculation promotes gr owth of  di fferent h orticultural c rops. L -Tryptophan ( L-TRP) 

application may further i mprove i ts ef fectiveness d ue t o substrate (L-TRP)-dependent 

inoculum ( PsJN)-derived a uxins i n the r hizosphere. In t he pr esent study, substrate (L -

TRP) dependent response of  PsJN inoculation to maize growth and auxins biosynthesis 

was evaluated under pot conditions. In vitro auxin biosynthesis by PsJN was determined 

in t he a bsence a nd pr esence of  L -TRP, a  phy siological p recursor of  a uxins. S urface-

disinfected seeds were treated with peat-based inoculum and L-TRP solutions (10-4 and 

10-5 M). R esults re vealed th at L -TRP a nd P sJN i noculation w hen a pplied a lone 

significantly i ncreased the g rowth p arameters o f maize co mpared t o u ntreated co ntrol. 

However, PsJN inoculation supplemented with L-TRP (10-5 M) gave the most promising 

results and significantly increased plant height, photosynthesis, chlorophyll content, root 

biomass and shoot biomass up t o 18, 16, 45, 62  and 55%, respectively, compared to the 

un-inoculated control. Similarly, h igher values of N, P  and IAA content were observed 

with p recursor (L -TRP) – inoculum (PsJN) i nteraction. The inoculant st rain ef ficiently 

colonized maize seedlings and recovered from rhizosphere, root and shoot of plants. The 

results imply th at s ubstrate (L -TRP) - derived IAA bi osynthesis i n t he r hizosphere by  

PsJN i noculation c ould be a  us eful a pproach for i mproving t he gr owth, phot osynthesis 

and nutrient content of maize plant. 

Keywords: B. phytofirmans PsJN, L -tryptophan, pr ecursor-inoculum in teraction, 

endophytic colonization, maize 
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Introduction 

Beneficial plant-microbe interactions in the rhizosphere are primary determinants of plant 

health and soil fertility (Jeffries et al. 2003). The rhizosphere represents a highly dynamic 

space for interactions between plant roots and beneficial soil microorganisms (Bais et al. 

2006). In the rhizosphere, molecular communication between microorganisms and their 

plant ho sts pl ays a  f undamental r ole i n pa thogenesis and i n the e stablishment of  

beneficial i nteractions (M ark e t al. 2005). Endophytes c olonizing pl ants i nternally 

without ha rming t heir host m ay ha ve pr onounced pos itive effects on pl ant g rowth and 

health (Hardoim et al. 2008; Mitter et al. 2013a). Over the years, the utilization of plant 

growth-promoting bacteria (PGPB), usually either rhizosphere bacteria or endophytes, as 

bio-fertilizers a nd/or b io-pesticides h as r eceived i ncreasing at tention an d i s b ecoming 

popular f or a gricultural pr oduction. T hese m icroorganisms may no t onl y e nsure t he 

availability o f essential nutrients t o p lants b ut al so en hance n utrient u se ef ficiency 

(Khalid et al. 2009). 

Plant g rowth re gulators (P GRs) p lay a  v ital role in  c ontrolling p lant g rowth a nd 

development. A uxins a re a n i mportant c lass of  hor mones controlling many a spects of  

root development and a rchitecture, such as pr imary root g rowth, l ateral root formation, 

and r oot ha ir de velopment ( Fukaki a nd T asaka 2009) . D espite the f act t hat pl ants a re 

capable to synthesize auxins, they respond to exogenously applied auxins during certain 

growth phases (Frankenberger and Arshad 1995; Zahir et al. 2010a). 

Plant growth-promoting bacteria (PGPB) produce beneficial effects on plant growth 

through s everal m echanisms s uch a s ni trogen f ixation, i mproved nut rient u ptake, 

phytohormone pr oduction, a nd i nduction o f sy stemic r esistance ( ISR) ( Compant et al . 
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2008; M itter e t a l. 2013a). I t i s l ikely th at p lant g rowth-promoting e ffects e xerted by  

plant-beneficial b acteria a re due  to the ba cterial pr oduction of pl ant hor mones s uch a s 

indole-3-acetic acid (IAA), cytokinins and gibberellins (Bottini e t a l. 2004;  Lugtenberg 

and Kamilova 2009). About 80% of bacteria from rhizosphere are able to produce indole 

acetic a cid (IAA), in dicating a  p ossible ro le i n in teraction w ith th e plant (Patten a nd 

Glick 1996;  S paepen et a l. 2007) . L-Tryptophan ( L-TRP) i s co nsidered an  ef ficient 

physiological precursor of auxins in higher plants as well as for microbial biosynthesis of 

auxins (Davies 2004;  Khalid e t a l. 2006). In vitro studies have demonstrated that some 

microorganisms can produce small amounts of auxins in the absence of L-TRP, however, 

in i ts presence, the microbiota produce much greater quantities of auxins (Khalid et al . 

2004a; Zahir et al. 2010a). Exogenous application of L-TRP to soils has also been shown 

to s timulate s ynthesis of  a uxins, i nfluencing pl ant gr owth and de velopment pos itively 

(Khalid et al. 2004b; Zahir et al. 2010a, b). 

 Burkholderia phytofirmans strain PsJN, a n e fficient p lant g rowth-promoting 

bacterium was i solated f rom oni on r oots a nd r eported f or growth pr omotion of  

horticultural crops e.g. potatoes, tomato and grapevines (Frommel et al. 1991; Nowak et 

al. 1995; Ait Barka et al. 2000). In addition B. phytofirmans PsJN colonization enhanced 

protection against Verticillium sp. in tomato (Sharma and Nowak 1998), Botrytis cinerea 

and Pseudomonas syringae in grapevine (Ait Barka et al. 2002; Bordiec et al. 2011). So 

far, molecular mechanisms responsible for plant growth-promotion in PsJN such as due 

to the r eduction of  t he pl ant e thylene hor mone l evels b y 1 -aminocyclopropane-1-

carboxylic acid (ACC) has been described (Sun et al. 2009). Very recently, auxin (IAA) 

production a nd quor um s ensing have be en de scribed to be  putatively i nvolved i n plant 
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growth-promotion a nd c ell-to-cell co mmunication i n ef ficient colonization of  

Arabidopsis thaliana by strain PsJN (Zúñiga et al. 2013). The objective of this study was 

to s tudy, whether the amendment of L-TRP and the associated IAA synthesis by s train 

PsJN affect plant growth and the strain’s colonization of maize plants. 

 

Materials and methods 

The effect of Burkholderia phytofirmans strain PsJN inoculation on the physiology and 

growth parameters of maize was tested under wirehouse conditions. We used a g enetic 

variant of the strain B. phytofirmans PsJN::gusA (Compant et al. 2005) that carries a beta-

glucuronidase r eporter gene ( gusA) t hat al lows sp ecific v isualization of b acterial cel ls 

upon color formation. Maize (cv. Neelam) seeds were provided by the Maize Research 

Institute, Ayub Agricultural Research Institute, Faisalabad, Pakistan. 

Measurement of auxin production by PsJN 

Auxin production by B. phytofirmans PsJN, both in the presence and absence of L-TRP 

(Sigma, S t. Louis M O), was d etermined c olorimetrically i n te rms o f IAA e quivalents 

produced (Sarwar et al. 1992). Two days old bacterial cultures grown (28 ± 2oC at 180 

rpm) in  L B b roth supplemented w ith s terilized 1% L -TRP s olution w ere harvested by  

centrifugation. Control cultures, w hich d id n ot re ceive L -TRP w ere i ncluded. Three 

milliliters supernatants were mixed with 2 mL Salkowski's reagent (12 g L-1 FeCl3 in 429 

mL L -1 H2SO4). Mixture w ere incubated at room t emperature f or 30  m in f or c olour 

development a nd a bsorbance w as measured a t 535 nm  using a spectrophotometer 

(Nicolet Evolution 300 LC, Thermo Electron Corp., Madison, WI). Auxin concentration 
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produced b y b acterial i solates w as determined u sing st andard cu rve f or I AA p repared 

from serial dilutions of 10-100 µg mL-1. 

Bacterial inoculum and growth conditions 

Inoculum of the gusA marked strain PsJN was prepared in 250 mL Erlenmeyer flasks in 

LB broth containing spectinomycin antibiotic (100 µg mL-1). The broth was inoculated 

with strain PsJN::gusA and incubated at 28 ± 2oC for 48 h in the orbital shaking incubator 

(VWR International, GmbH, Austria) at 180 r min–1. The optical density of the broth was 

adjusted at 0.5 measured at λ 600 nm using spectrophotometer (Gene Quant Pro, Gemini 

BV, T he N etherlands) to obt ain a  uniform po pulation of  ba cteria (108 - 109 colony-

forming units (CFU) mL–1) in the broth at the time of inoculation. 

Seed bacterization and phytohormone treatment 

The carrier material was collected from the Changa Manga forest soil, Pakistan, sterilized 

at 20 p si p ressure a nd 121oC t emperature f or half an  h our and inoculated w ith b roth 

culture. Peat based inoculum was incubated at 28 ± 2oC by adding 10% sugar solution to 

increase the microbial populations. For inoculation, the desired suspension of  inoculum 

(108 - 109 CFU mL–1; 250 mL kg-1 peat) was mixed with sterilized peat and incubated for 

24 h at 28 ± 2ºC before being used for seed coating (seed to peat ratio 1.25:1 w/w). Maize 

seed d ressing w as prepared with t he i noculated pe at mixed w ith 10%  s terilized s ugar 

(sucrose) solution in 10:1 ratio. In the case of non-inoculated control, seeds were coated 

with the sterilized peat treated with sterilized broth and 10% sterilized sugar solution. For 

the phytohormone treatment, maize seeds were treated with L-TRP solutions (10-4 and 10-
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5 M) mixed slurry. For the combined treatment, L-TRP solution was mixed with bacterial 

culture at the time of inoculation. 

Wirehouse experiment 

A pot  e xperiment w as c onducted in t he w irehouse, S oil Bacteriology S ection, Ayub 

Agricultural R esearch I nstitute, F aisalabad, P akistan, to o bserve the efficacy o f P sJN 

inoculation along with two levels of L-TRP (10-4 and 10-5 M) for improving growth and 

photosynthesis of  maize. Soil used for t he experiment was collected f rom the field, a ir 

dried, thoroughly mixed, passed through 2 m m s ieve and analyzed for various physical 

and chemical characteristics. The soil was sandy clay loam having pH, 7.86; EC, 1.39 dS 

m-1; organic matter, 0.76%; total ni trogen, 0.035%; available phosphorus, 7.76 m g kg -1 

and extractable potassium, 119 mg kg-1. 

Maize s eeds w ere su rface-sterilized by di pping i n 70%  ethanol f or 2 min a nd 

treated with 5% NaClO for 5 min followed by washing 3 times with sterile distilled water 

(1 min each time). The efficacy of surface sterilization was checked by plating seeds and 

aliquots of  t he f inal r inse ont o L B pl ates. The e xperiment c ontained th e f ollowing 

treatments: 1) C ontrol, 2 ) P sJN inoculation, 3) L -TRP s olution ( 10-4 M), 4 ) L -TRP 

solution (10-5 M), 5) PsJN and L-TRP (10-4 M), 6) PsJN and L-TRP (10-5 M). Surface-

disinfected maize seeds were coated with PsJN / L-TRP treated slurry (described above). 

For t he co ntrol, seed s were co ated with st erilized L B b roth t reated sl urry. T hree seeds 

were sown in each pot containing 16 kg of soil and thinned to one plant after one week of 

germination. Pots were arranged in the wirehouse using a completely randomized design 

with three replications of each treatment. Recommended doses of N, P, and K fertilizers 

(160-100-60 kg ha-1) were applied to each pot and equal amount of tap water was applied 
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to t he po ts w henever needed. T he c rop w as ha rvested after 45 da ys a nd va rious 

physiological and agronomic parameters were recorded. 

Measurement of Physiology and growth parameters 

Physiological measurements 

Plant phys iological pa rameters w ere r ecorded a t midday ( between 10: 00 a nd 14: 00) of  

both tre ated and unt reated pl ants. P ortable i nfrared g as a nalyzer [ IRGA ( CI-340) 

Germany] w as us ed (at 1200 -1400 µ mol m-2s-1 photosynthetic phot on f lux de nsity) to 

measure tra nspiration r ate (E ), p hotosynthetic ra te (A ) and p hotosynthetically active 

radiation (P AR). F ully ex panded f lag l eaves w ere se lected f or measurements. L eaves 

were c rushed i n a cetone f or de termination of  c hlorophyll c ontent ( a a nd b)  a nd 

absorbance at λ 645 nm and 663 nm was noted on spectrophotometer after centrifuging at 

1000 rpm for 10 minutes (Arnon 1949). 

Agronomic trait measurement 

Plant agronomic parameters such as plant height, flag leaf length / width, shoot biomass 

and root biomass were recorded after harvesting the maize plants. Plant biomass (above 

and below ground) was obtained after drying the whole plants at 65°C for 72 hours. 

Post experiment soil analysis 

IAA equivalents from the rhizosphere soil of maize were determined after 15 and 30 days 

after pl anting ( DAP) us ing S alkowski’s r eagent a s de scribed by S arwar e t a l. ( 1992). 

Post-harvest soil and plant samples were analyzed for extractable P and soil N (Ryan et 

al. 2001).  
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Persistence o f B. phytofirmans PsJN::gusA i n t he rh izosphere, root and s hoot 

interior 

Rhizosphere soil was obtained by agitating roots and sampling the soil still a ttached to  

the r oots a fter ha rvesting. F or r hizosphere c olonization, soil s lurry was pr epared by 

mixing 5 g rhizosphere soil with 15 mL of 0.85% (w/v) NaCl solution and agitation (180 

rpm) for 30 min at 28oC. After sedimentation of soil particles, serial dilutions up t o 10-5 

were p lated o nto sel ective LB medium containing spectinomycin (100 μg mL-1), 5 -

bromo-4-chloro-3-indolyl-β-D-glucuronide (XGlcA) ( 100 μg mL-1), a nd i sopropyl-β-D-

galactopyranoside (IPTG) (100 μg mL-1). The plates were incubated at 28 ±  2oC for 3-4 

days and blue colonies were counted to determine the colonization value. 

For root / shoot colonization, 2 g o f surface-sterilized roots were homogenized in 

10 mL 0.85% NaCl solution by using a sterile mortar and pestle. Similarly, 3 g shoots of 

each t reatment w ere ho mogenized i n 15 mL 0. 85% N aCl s olution. T he hom ogenized 

material was placed in a shaker for 30 min at 28oC. After settling the solid material, serial 

dilutions up to 10-4 were spread on selective LB medium. The plates were incubated at 28 

± 2oC for 48 hours and then transferred to 4oC for three days. Blue colonies were counted 

on each plate and colonization was calculated. 

Microscopy of endophytic colonization in plant tissues 

Fresh plant organs (root and leaves) removed from three plantlets inoculated with strain 

PsJN::gusA and uninoculated plants were co llected 3 0 d ays af ter inoculation. S amples 

were prepared for microscopy analysis as described by Compant et al. (2005), with some 

modifications. Briefly, p lant o rgans (root and l eaves) were dipped in staining solutions 
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containing IPTG at 37oC for 48 h. The samples were de-stained with 70% (v/v) ethanol 

solution to stop t he reaction a nd the r emoval of  t issues chlorophyll. R oot a nd l eaf 

sections o f different t reatments w ere cu t, co llected o n g lass sl ides, e xamined w ith a 

binocular microscope (Olympus, Japan) and an inverted microscope (Axiovert 200 C arl 

Zeiss, Germany) and photographed. 

Statistical analysis 

The da ta of  pl ant gr owth pa rameters a nd colonization w ere s ubjected t o a nalyses of  

variance. T he m eans w ere co mpared b y L east Significant Difference ( LSD) t est ( p <  

0.05) to  d etect s tatistical s ignificance a mong tre atment (S teel e t a l. 1 997). A ll o f the 

statistical analyses were conducted using SPSS software version 19 (IBM SPSS Statistics 

19, U SA). The pe rcent i ncreases i n gr owth parameters a s w ell as  colonization were 

correlated against IAA equivalent using the Excel 2010. 

 

Results  

Results revealed that ex ogenously ap plied L -TRP a nd Ps JN::gusA inoculation 

significantly i ncreased t he phys iology a nd gr owth of  maize w hen t ested i n separate 

treatments. Combined application of PsJN::gusA inoculation and L-TRP further increased 

the growth of maize (Table 1-3). 

Agronomic parameters 

Data in Table 1 show that PsJN::gusA inoculation significantly increased the plant height, 

leaf length and width over control. PsJN inoculation along with L-TRP further increased 



Chapter 6: PsJN X L-Tryptophan interaction to improve maize growth              Muhammad Naveed 
 

217 
 

the p lant he ight, leaf length and leaf width by 18, 22 a nd 23%, respectively, compared 

with c ontrol (Table 1) . The c ombined t reatment of  P sJN::gusA and L -TRP ( 10-5M) 

resulted in a maximum increase, i.e. 55%, in shoot dry biomass compared to control. Up 

to 33 and 31% increase over control in dry biomass was observed by separate application 

of PsJN::gusA and L-TRP (10-5 M), respectively. PsJN::gusA inoculation increased root 

biomass up to 44% compared to the control treatment (Table 1). Maximum increase 62% 

in root b iomass was observed by PsJN::gusA inoculation and L-TRP (10-5M) treatment 

compared to control. Minimum increase in root biomass, i.e. 20% compared to control, 

was observed by L-TRP (10-4 M) treatment. 

Physiological parameters 

Data ( Table 1 ) sh owed t hat P sJN::gusA inoculation a nd L -TRP ( 10-5 M) a pplication 

increased p hotosynthesis by 5 a nd 11% , r espectively, compared t o c ontrol. C ombined 

application of PsJN::gusA and L-TRP (10-5 M) gave maximum increase in photosynthesis 

(16%) compared to control, whereas application of PsJN::gusA alone resulted in a  22% 

increase compared t o c ontrol ( Table 2) . Maximum i ncrease i n t ranspiration up to 34%  

was observed by P sJN::gusA inoculation supplemented with 10-5 M L-TRP compared to 

control. I n the c ase of  phot osynthetically active r adiation ( PAR), 15 % i ncrease was 

observed by combined treatment of PsJN::gusA and L-TRP (10-5 M) compared to control 

(Table 2). Separate PsJN::gusA inoculation and L-TRP (10-5 M) application increased the 

PAR by  7 and 8%  c ompared t o c ontrol, r espectively. Data i n Figure 1 show that 

combination of P sJN::gusA and L -TRP s ignificantly i ncreased t he c hlorophyll ( a, b)  

content of maize plants than when applied individually. Again, a maximum increase by 

17 and 45%, respectively, was observed by the combined application of PsJN::gusA and 
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L-TRP (10-5M). PsJN::gusA inoculation resulted in a 15 and 28% increase in chlorophyll 

a and b compared to the uninoculated control. 

IAA biosynthesis and mineral plant and soil analysis 

In vitro data of  I AA b iosynthesis (Table 3)  showed t hat PsJN pr oduced a uxin ( IAA 

equivalents) without L-TRP addition, however, IAA equivalents substantially increased 

when t he m edium w as s upplemented w ith L-TRP. PsJN pr oduced I AA e quivalents 

(11.78±1.99 μg mL-1) when L-TRP was amended. Similarly, data of the pot trial (Fig. 2) 

showed that PsJN::gusA inoculation and L-TRP treatment individually increased in vivo 

IAA concentration i n t he plant r hizosphere s oil c ompared t o the untreated c ontrol. 

PsJN::gusA inoculation s howed 22 and 16% i ncrease i n I AA c ontent 15 a nd 30 D AP 

compared to the control, respectively. L-TRP application increased IAA content up to 39 

and 3 1% a t bot h 15 and 30 D AP compared t o c ontrol. C ombined a pplication of  

PsJN::gusA and L-TRP (10-5M) gave maximum increase in IAA equivalents, which was 

55 and 50% at 15 and 30 DAP, respectively, compared to the control.  

Data re garding the pl ant mineral contents r evealed that sep arate P sJN::gusA 

inoculation or L-TRP increased N and P contents (Table 2). Maximum increase in shoot 

N and P contents up to 10 and 26% was achieved by combined application of PsJN::gusA 

and L-TRP (10-5 M). Likewise, PsJN::gusA supplemented with L-TRP (10-5 M) increased 

soil N and P contents by 16 a nd 8%, respectively, as compared to the untreated control 

(Table 2). 

A s ignificantly p ositive c orrelation ( r values) w as o bserved b etween so il I AA-

equivalent a nd m aize pl ant gr owth promotion c aused by P sJN i noculation a nd L -TRP 

amendment (Table 4). 
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Enumeration a nd mic roscopic localization o f P sJN::gusA in  th e r hizosphere, r oot 

and shoot interior 

The inoculant strain efficiently colonized the rhizosphere and interior of maize roots and 

shoots (Table 3). However, when supplemented with L-TRP, persistence of PsJN::gusA 

increased as compared to inoculation treatment alone in the rhizosphere and plant tissues. 

In the inoculation treatment, 2.30 × 105 CFU g-1 rhizosphere soil, 1.05 × 105 CFU g-1 root 

interior and 8.21 × 103 CFU g-1 shoot interior were recovered. However, more CFU of the 

inoculant s train g-1 dry weight w ere r ecovered f rom t he r hizosphere (9.20 × 105), r oot 

interior (5.83 × 105), and shoot interior (4.06 × 104) in the presence of L-TRP (10-5 M). 

Figure 3 s hows the localization of the inoculated s train in different t issues i .e. root and 

leaf of maize plants.  

 

Discussion  

Plant-associated m icroorganisms a re know n t o pl ay a  ke y r ole f or pl ant nut rition a nd 

health (Compant et al. 2008) and might be important components of future fertilizers and 

pesticides. Endophytes have the capacity to colonize the plant interior and may mediate 

more co nsistent ef fects, p articularly w hen ap plied as b io-fertilizers. B. phytofirmans 

strain P sJN is  a  p lant g rowth-promoting e ndophytic ba cterium, w hich colonizes t he 

rhizosphere and i nternal t issues of  i ts pl ant hos ts, a nd pr omotes gr owth a nd yi eld o f 

different cr ops t hrough multifarious m echanisms ( Sessitsch et  al . 2 005; Mi tter et al . 

2013b). In the present study, we demonstrated that L-tryptophan dependent biosynthesis 

of IAA by strain B. phytofirmans PsJN improves its ability to promote plant growth and 

colonization. 
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Endophytes l ive inside pl ants f or at l east pa rt of  t heir l ife c ycle w ithout be ing 

pathogenic. In c ontrast, some e ndophytes c onfer t o t he hos t be nefits su ch as i ncreased 

root growth and nutrient availability (Hardoim et al. 2008). In the present study, it was 

observed that PsJN inoculation improved maize plant growth and physiology, which was 

observed as b etter su rvival, root/shoot bi omass a nd nu trient c ontent c ompared t o t he 

uninoculated control (Tables 1–3). Increase in the total root system is the most common 

reported plant response mediated by P GPB inoculation in various plant species (Lucy et 

al. 2004). Several bacterial mechanisms have been proposed and hormone production is 

considered as the most plausible mechanism in controlling root growth and development 

(Mantelin and Touraine 2004). Production of phytohormones such as auxins in the root 

zone using L-tryptophan as a precursor from the root exudates by bacteria is responsible 

for ro ot a rchitecture ( Ludwig-Müller 2011). B acterial-induced a lterations in r oot 

architecture might lead to an increase in total root surface area, consequently improved 

nutrient and water uptake, which may have positive effects on plant growth as a w hole. 

This premise i s further supported by our  results showing that IAA production in strain 

PsJN i s m ostly d ependent o n t he presence o f L -tryptophan. When t ryptophan is not  

added, only very low levels of IAA are produced in the culture medium (Table 3). It has 

been reported that increasing amounts of L-tryptophan stimulate the secretion of IAA by 

PGPB, which is responsible for the phytostimulatory effect of bacteria on plants (Omay 

et al. 1993). Similarly, our results strongly indicate that the improvement of plant growth 

and de velopment i s, a t l east pa rtly, due  t o a uxin pr oduction, pa rticularly w hen L -

tryptophan i s a mended. A  s ignificantly pos itive c orrelation ( r) w as o bserved b etween 

plant growth promotion and soil IAA-equivalent (Table 4). These findings are supported 
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by t he w ork of  ot her r esearchers w ho e lucidated t he e ffect of  P sJN i noculation on  t he 

growth and development of various crops (Nowak et al. 1995; Ait Barka et al. 2000). A 

direct l ink b etween t he production of IAA b y Azospirillum and i mprovement i n w heat 

growth was demonstrated by Dobbelaere et al. (1999). 

In t he p resent s tudy, IAA s ecreted by a  ba cterium P sJN pr omoted r oot gr owth 

directly by stimulating plant cell elongation or cell division or indirectly by influencing 

bacterial A CC de aminase a ctivity. ACC de aminase pr oduced by B. phytofirmans PsJN 

(Sessitsch et al. 2005) is involved in the stimulation of root elongation, which might be 

helpful i n t he upt ake of r elatively more w ater a nd nut rients f rom deep s oil. ACC  

deaminase hydr olyzes plant A CC, t he i mmediate p recursor of  e thylene, a nd t hereby 

prevents the production of plant growth-inhibiting levels of ethylene (Sun et al. 2009). It 

is l ikely that I AA a nd A CC de aminase pr oduction by P sJN s timulate r oot e longation. 

Exogenous IAA is known to increase transcription and activity of ACC synthase, which 

catalyzes the production of ACC in plants (Patten and Glick 2002). ACC production in 

plant stimulates ACC deaminase activity in bacteria (Li and Glick 2001). 

  Auxins a re an i mportant c lass of  hor mones c ontrolling m any a spects of  pl ant 

development and root morphology. L-Tryptophan is considered an efficient physiological 

precursor of  auxins and i ts exogenous application to soils has been shown to influence 

plant growth and development positively (Arshad and Frankenberger 1997). As majority 

of rhizosphere microflora (≥80%) are able to produce phytohormones e.g. auxins, which 

directly enhance p lant growth. T here is  th e exciting p ossibility th at most b acteria a re 

capable of pr oducing gr owth r egulators c ontinuously, provided that pr ecursors of  

phytohormones are available in the rhizosphere (Bais et  al . 2006). Root exudates could 
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supply t he pool  of  precursors for r hizosphere ba cteria t o bi otransform. B ecause 

appreciable l evels of  I AA a re not  p roduced un less a n e xternal s ource of t ryptophan i s 

supplied to the rhizosphere bacteria, endogenous levels of  t ryptophan are not  sufficient 

for IAA production. There is likely a high demand for tryptophan by bacteria, as it is used 

to pr oduce many e ssential c ompounds s uch a s pr oteins a nd vi tamins (Martens an d 

Frankenberger 1993). In the present study, the exogenously applied L-tryptophan at 10-5 

M proved to be more effective in improving the growth parameters of maize compared to 

10-4 M L-tryptophan and the untreated control. The effect in modifying plant growth and 

development obs erved by L -tryptophan i n our  s tudy w as c oncentration-dependent. T he 

mechanism of action of L-tryptophan on pl ant growth may be attributed to direct uptake 

of these compounds by plant roots, a change in the rhizosphere microflora discouraging 

root pathogens or by microbial conversion of other plant-associated microorganisms into 

metabolites (such as IAA) resulting in a beneficial rhizosphere for plant growth (Sarwar 

and Frankenberger 1994; Khalid et al. 2006). 

Under natural soil conditions, it is assumed that concentration dependent effects of 

exogenous I AA on ba cterial gr owth m ay s erve a s a  s ignaling s ystem i n r egulating t he 

growth of plant-associated bacteria and IAA production by them (Kulkarni et al. 2013). 

The microbial pr oduction of  a uxin might ha ve i nvolved in c ommunication w ith hos t 

plants and alter auxin biosynthesis in the host (Zúñiga et al. 2013). This implies that the 

microbial auxin (IAA) is not only synthesized and secreted, but i t al so en ters host root 

cells i n s ufficient qua ntities a s t o a lter nor mal plant gr owth a nd de velopment. I n the 

present s tudy, combined application of  P sJN a nd L -tryptophan was f ound t o be  more 

effective an d sh owed maximum i ncrease of  pl ant g rowth. T he i mportance of  a uxin 
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production in ability of bacteria to promote plant growth has been demonstrated through 

inoculation studies using bacterial mutants (Barbieri and Galli 1993). Fewer studies have 

described th e ro le o f microbial a uxin ( IAA) i n pl ant gr owth pr omotion by us ing t heir 

mutants a nd molecular tools to  u nderstand its r ole in  th e b eneficial p lant in teractions 

(Patten and Glick 2002; Idris et al. 2007; Spaepen et al. 2008). However, the involvement 

of auxin in root growth promotion and colonization of  Arabidopsis thaliana by using a 

PsJN mutant h as b een described r ecently (Zúñiga et al . 2 013). B acterial-induced r oot 

growth i n t he p resence o f I AA cau ses s everal ch anges i n p hysical an d ch emical 

properties of the soil, which can affect the ability of bacteria to colonize the rhizosphere 

(Table 3). In our study, it is assumed that improvement in the plant growth might be due 

to L-tryptophan de pendent IAA bi osynthesis by P sJN i n t he r hizosphere, w hich might 

optimize the endogenous suboptimal plant hormone level, or improve mineral uptake by 

plant roots. Zahir et al. (2010a, b) reported the synergistic response of L-tryptophan and 

PGPB inoculation for improving growth and yield of mungbean as compared to separate 

application. 

PGPB maintain the symbiotic relationship with plants through their roots. Bacteria 

principally utilize amino acids and other nutrients released from plant roots as exudates. 

L-tryptophan present in the root exudates or applied exogenously serves as the precursor 

for IAA biosynthesis (Kulkarni et al. 2013). From the results of present study, it is likely 

that s timulated ba cterial I AA pr oduction i n the pr esence of  t he I AA pr ecursor L-

tryptophan in t he r hizosphere ( Fig. 2) m ight be involved in pl ant g rowth pr omotion, 

suggesting a  c lose symbiotic r elationship be tween the pl ants and colonizing PsJN. The 

ability to colonize pl ant r oots m ay de pend to s ome de gree on  t he capability o f t he 
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bacterium to synthesize IAA. Moreover, it has been proposed that bacterial IAA synthesis 

contributed to enhanced rhizosphere competence and plant interior colonization (Fig. 3, 

Table 3) by stimulation of the release of plant exudates (Lambrecht et al. 2000). 

We pr ovide t he e vidence t hat L-tryptophan d ependent IAA bi osynthesis by B. 

phytofirmans PsJN affects its ability to promote plant growth and colonization of maize 

plants. B ased on our  r esults w e conclude that combined a pplication o f P sJN a nd L -

tryptophan is m ore e ffective to i mprove pl ant phot osynthesis a nd b iomass t han t heir 

separate ap plication. O verall, th is study im plies th at the combined a pplication o f L -

tryptophan a nd strain P sJN is a n a ttractive approach f or i mproving t he gr owth a nd 

nutrient c ontent of  m aize pl ants. H owever, f urther f ield i nvestigations a re ne eded t o 

confirm its potential under natural soil environment. 
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Table 1 L-tryptophan dependent response of PsJN inoculation on the growth parameters and photosynthesis of maize 

Treatment Plant height 

(cm) 

Flag leaf width 

(cm) 

Flag l eaf l ength 

(cm) 

Shoot dr y 
biomass 
(g pot-1) 

Root dr y 
biomass 
(g pot-1) 

Photosynthesis  

(μ mole m-2 s-1) 

Control 70.3 d* 4.53 d 42.83 d 75.7 e 2.31 e 66.20 d 

PsJN Inoculation 76.0 c 4.87 c 48.17 c 100.3 c 3.32 bc 73.53 b 

L-TRP (10-4 M) 75.0 c 4.57 d 47.83 c 89.7 d 2.78 d 68.33 cd 

L-TRP (10-5 M) 75.3 c 4.90 c 48.83 bc 99.5 c 3.15 c 69.83 c 

PsJN + L-TRP (10-4 M) 79.0 b 5.20 b 49.83 b 109.0 b 3.52 b 73.93 ab 

PsJN + L-TRP (10-5 M) 83.0 a 5.53 a 52.50 a 117.4 a 3.74 a 76.47 a 

LSD  2.94 0.255 1.186 7.165 0.205 2.89 

*Means sharing similar letter(s) in a column for each parameter do not differ significantly at P = 0.05
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Table 2 L-tryptophan dependent response of PsJN inoculation on the physiology parameters and nutrient concentration of maize  

Treatment Transpiration  

(m mole m-2 s-1) 

Photosynthetically 
active radiation 
(μ mole m-2 s-1) 

Plant N-content 
(%) 

Plant P-content 
(%) 

Soil N 
(%) 

Available P 
(mg kg-1) 

Control 5.63 d* 670.97 d 1.117 e 0.208 d 0.032 d 7.55 d 

PsJN Inoculation 6.87 bc 716.53 c 1.177 c 0.225 c 0.035 bc 7.90 bc 

L-TRP (10-4 M) 6.03 d 705.40 c 1.153 d 0.224 c 0.034 c 7.79 c 

L-TRP (10-5 M) 6.73 c 721.63 c 1.173 c 0.225 c 0.035 bc 7.92 bc 

PsJN + L-TRP (10-4 M) 7.30 ab 745.47 b 1.200 b 0.249 b 0.036 ab 8.04 ab 

PsJN + L-TRP (10-5 M) 7.53 a 770.40 a 1.230 a 0.262 a 0.037 a 8.13 a 

LSD  0.469 16.43 0.017 0.010 0.001 0.143 

*Means sharing similar letter(s) in a column for each parameter do not differ significantly at P = 0.05
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Table 3 Persistence of PsJN in the rhizosphere, root and shoot interior of maize plant and in vitro auxin biosynthesis by PsJN 

Treatment Rhizosphere 

(CFU g-1 dry soil)  

Root interior 

(CFU g-1 dry weight) 

Shoot interior 

(CFU g-1 dry weight) 

In vitro auxin production by PsJN 

(IAA equivalent µg mL-1) 

Without L-TRP With L-TRP 

PsJN 2.30 × 105 b* 
1.05 × 105 b 8.21 × 103 d 

0.84±0.33† 11.78±1.99 

PsJN + L-TRP (10-4M) 7.10 × 105 a 3.95 × 105 b 3.04 × 104 c   

PsJN + L-TRP (10-5M) 9.20 × 105 a 5.83 × 105 ab 4.06 × 104 c   

*Means sharing similar letter(s) in a column for each parameter do not differ significantly at P = 0.05.  

Data is average of three replicate ± SD
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Table 4 Correlation (r) between growth parameters of maize and their percent increases 

and soil IAA equivalent values 

Plant Parameter IAA production IAA production 

15 DAP 30 DAP 15 DAP 30 DAP 

Plant height (cm) 0.90† 0.93† 0.79‡ 0.87‡ 

Flag leaf width (cm) 0.81 0.89 0.78 0.87 

Flag leaf length (cm) 0.95 0.95 0.84 0.91 

Shoot dry biomass (g pot-1) 0.90 0.93 0.74 0.84 

Root dry biomass (g pot-1) 0.85 0.88 0.61 0.73 

Photosynthesis ( μ mole m-2 

s-1) 

0.74 0.79 0.47 0.60 

Transpiration (m mole m-2 s-

1) 

0.84 0.88 0.64 0.75 

PAR (μ mole m-2 s-1) 0.93 0.96 0.85 0.92 

Chlorophyll (a) 0.87 0.82 0.61 0.73 

Chlorophyll (b) 0.92 0.92 0.76 0.85 

Plant N content (%) 0.90 0.93 0.76 0.85 

Plant P content (%) 0.89 0.94 0.86 0.92 

Soil N content (%) 0.92 0.94 0.77 0.86 

Available P (mg kg-1) 0.93 0.95 0.79 0.88 

Rhizosphere c olonization 

(CFU/ g dry weight) 

0.99 0.99 - - 

Root c olonization (CFU/ g 

dry weight) 

0.98 0.99 - - 

Shoot c olonization ( CFU/ g  

dry weight) 

0.98 0.99 - - 

†Correlation coefficient (r) between growth parameters / colonization of maize plants and 

IAA equivalent 
‡Correlation coefficient ( r) between % i ncrease i n growth p arameters over c ontrol and 

IAA equivalent 
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Figure 1. L-tryptophan dependent response of PsJN inoculation on the chlorophyll a and 

b content of maize plant, Data is average of three replicate ± SE 
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Figure 2 . L-tryptophan de pendent IAA pr oduction by PsJN i noculation in th e 

rhizosphere s oil of ma ize plant [15 a nd 30  d ays a fter p lanting (D AP)]. Bars sh aring 

similar letters for each parameter do not differ significantly at P = 0.05 
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Figure 3 . Photographs of the fourth leaf internal tissue of PsJN inoculated Zea mays L. 

plants. ( A, C and E) P hotographed ( binocular microscope) of  t he f ourth l eaf ( tip and 

middle) a nd r oot of  uni noculated c ontrol or inoculated w ith P sJN::gusA (B, D  and F), 

showing t he bl ue c olor i n ve ins d ue t o gus A-marked cel ls ( arrowheads). (G a nd H)  

Inverse microscope image of the leaf stomata of control and PsJN gusA inoculated plant, 

showing bacteria in the stomata and guard cell 



Chapter 7: General Conclusions and Future Outlook            Muhammad Naveed 

 

239 
 

Chapter 7 

General Conclusions 

 

There is a growing worldwide awareness for the need to increase food production to feed 

the rapidly expanding global human population. The conventional approach to increase 

agricultural productivity through massive inputs of chemical fertilizers is not sustainable 

because of  high costs and concerns about global warming, environmental pol lution and 

safety co ncerns. Also, t here i s a co nsiderable resistance in so me ar eas o f t he w orld i n 

using ge netically e ngineered c rops f or i ncreasing f ood production. The s earch f or 

microorganisms t hat i mprove s oil health and e nhance pl ant nut rition h as c ontinued t o 

attract attention due to the increasing cost of fertilizers and their negative environmental 

effects. The us e of  bi ological i noculants ba sed on P GPB a ppears t o be  a  pr omising 

alternative to chemicals. PGPB strains that are often used (singly or in mixture) include 

species o f g enera Bacillus, Pseudomonas, Azospirillum, Azotobacter, Trichoderma and 

Glomus; species of  ot her ge nera a re us ed but s omewhat l ess f requently. Various 

researchers r eported 5–20% increase i n yield o f different crops b y t hese i noculants. 

Endophytes ha ve t he c apacity t o colonize t he pl ant interior a nd m ay m ediate more 

consistent e ffects, p articularly w hen ap plied a s b io-fertilizers. Therefore, extensive 

utilization of e ndophytic m icrobes for i ncreasing pr oductivity of  f ood c rops i s a n 

attractive e cofriendly, co st-effective an d su stainable a lternative, which could p lay a  

significant role in feeding an ever-burgeoning world population. 

The first w ork pha se in t his P hD study w as a imed on t he i dentification of  a 

bacterial s train that has t he pot ential t o e nhance pl ant pe rformance i n t he f ield a nd 



Chapter 7: General Conclusions and Future Outlook            Muhammad Naveed 

 

240 
 

efficiently interacts with different plant genotypes. We selected five endophytic bacterial 

strains (FA13, FF34, FC42, FB12 and FD17) and a range of different lab assays in regard 

to potential plant growth promotion was performed and strains were further evaluated for 

improving gr owth of  five maize c ultivars u nder ax enic and natural s oil conditions. 

Endophytic colonization was an additional component in our selection criteria (which is 

rarely addressed in initial screenings) as it is of high importance for an inoculant strain to 

efficiently colonize the plant environment. The results showed that the inoculant strains 

had the potential to improve maize seedling growth under axenic conditions. Strain FD17 

showed both the hi ghest gr owth pr omoting a ctivity under axenic c onditions a s w ell a s 

colonization c apacity. Results of c ontainment study revealed that F D17 inoculation 

significantly increased plant biomass and grain yield up t o 39 and 42%, respectively, as 

compared t o the un-inoculated c ontrol. Inoculation also i mproved the photochemical 

efficiency o f phot osystem I I ( PSII) of maize p lant and reduced t he time ne eded f or 

flowering. Bacterial survival and colonization in the plant environment are necessary for 

plant gr owth a nd yi eld. In t his s tudy, all the c ultivars tested r esponded di fferently t o 

inoculation with di fferent e ndophyte i solates. Interestingly, c ultivar Peso was hi ghly 

colonized b y a ll s trains, but  pl ant gr owth pr omotion w as onl y t o a l imited e xtent 

correlated with high colonization. However, strain FD17 was very efficient in colonizing 

different varieties and was al so t he most ef ficient p lant g rowth p romoter. Our f indings 

further indicated that efficient colonization in the rhizosphere as well as in the root/shoot 

interior o f cultivar Morginon by s train F D17 in th e c ontainment tr ial indicated the 

specific cu ltivar co lonizing cap acity o f t he b acteria. The study s uggested t hat in vitro 

plant gr owth pr omoting t raits a nd pot ential o f maize s eedling gr owth pr omotion by 
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bacterial e ndophytes could be  us ed f or t he s election of  pot ential i noculant s trains 

subjected for further testing as biofertilizers under field conditions. 

Impact a ssessment of  endophytic bacteria on  pl ant gr owth pr omotion a nd 

underlying phys iological a nd bi ochemical mechanisms i s scarcely d ocumented under 

abiotic st ress. T herefore, a n unde rstanding of  the interactions be tween hos t pl ant a nd 

endophytic bacteria having influence on pl ant growth, phys ico-chemical changes, y ield 

and drought stress tolerance is required. 

The seco nd work p hase w as i ntended to assess the drought s tress r esilience of  

maize and w heat through e ndophytic c olonization by Burkholderia phytofirmans PsJN 

and Enterobacter sp. FD17 in the pot and field trials. Results of our pot trial revealed that 

bacterial i noculation minimized t he dr ought s tress-imposed ef fects s ignificantly 

increasing shoot biomass, root bi omass, leaf ar ea, chlorophyll c ontent, photosynthesis 

and phot ochemical e fficiency of  PSII up t o 66,  70, 21, 22, 75 a nd 10% , r espectively, 

compared to the un-inoculated control. Bacterized seedlings showed higher leaf relative 

water content (30%) compared to control, whereas 43% higher leaf damage in terms of 

relative m embrane p ermeability w as o bserved i n n on-inoculated pl ants unde r dr ought 

stress. The i noculant st rains ef ficiently co lonized m aize seed lings an d w ere r ecovered 

from r oots, s hoots and l eaves o f b oth i rrigated an d st ressed p lants. The da ta of not  

stressed plants indicated a correlation between growth stimulation and number of viable 

PsJN cells in both cultivars. Our findings also indicated that endophytic populations were 

more su ppressed an d v iable c ell numbers d ecreased i n M azurka than i n K aleo under 

stress conditions. It is likely that bacterial ability to promote plant growth and to establish 
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endophytic populations is very often dependent on the plant genotype and developmental 

stage. 

Burkholderia phytofirmans PsJN w as us ed t o i nvestigate t he po tential t o 

ameliorate the effects of drought stress on growth, physiology and yield of wheat under 

natural field conditions. The plants were exposed to drought stress at different stages of 

growth (ti llering s tage and f lowering s tage) by s kipping t he r espective i rrigation. PsJN 

inoculation gave better response to wheat at the tillering stage and resulted in significant 

increase i n pl ant bi omass, phot osynthesis a nd gr ain yi eld c ompared t o the control. 

Inoculation increased grain yield up to 21 and 18%, respectively, at both stages over the 

un-inoculated control. Drought stress is accompanied by the formation of reactive oxygen 

species (ROS), which damage membranes an d m acromolecules. Plants h ave developed 

several st rategies to cope with oxidative s tress. Enhancement of  a ntioxidant de fense i n 

plants can  t hus i ncrease t olerance to d ifferent s tress f actors. The f indings of  our  study 

revealed t hat PsJN i noculated plants showed h igher a ntioxidant a ctivity c ompared t o 

control under stress conditions. It is most probable that bacterial colonization augmented 

plant d efense en zymes such as catalase, peroxidase, superoxide di smutase or phenolic 

compounds, to alleviate the oxidative damage elicited by drought. Likewise, under stress 

conditions, nutrient (NPK) co ntents o f p lant t issues w ere i ncreased i n r esponse t o 

inoculation, most likely due to increased root growth that exploited more soil volume for 

efficient uptake of nutrients by the plants, resulting in more biomass production. 

These st udies suggested that endophytic bacteria could be  efficiently used t o 

reduce the effects of drought stress on growth and yield of maize and wheat. 
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L-Tryptophan is considered an efficient physiological precursor of auxins and its 

exogenous a pplication t o s oils has be en s hown t o i nfluence pl ant g rowth a nd 

development pos itively. In the t hird w ork pha se, we evaluated t he L-TRP-dependent 

response of  P sJN i noculation t o m aize gr owth a nd a uxin bi osynthesis unde r pot 

conditions. In vitro data revealed that PsJN produced auxin (IAA equivalents) without L-

TRP addition (0.84 μg mL-1), however, IAA equivalents substantially increased when the 

medium was supplemented with L-TRP (11.78 μg mL-1). In this study PsJN inoculation 

supplemented w ith L -TRP ( 10-5 M) s ignificantly i ncreased phot osynthesis, c hlorophyll 

content, root bi omass a nd s hoot bi omass up t o 16, 45, 62 a nd 55% , r espectively, 

compared t o the un-inoculated c ontrol. The i noculant strain c olonized more efficiently 

maize seedlings in the presence of  exogenously applied L-TRP. The ability to colonize 

plant roots may depend to some degree on the capability of the bacterium to synthesize 

IAA. M oreover, we proposed t hat ba cterial I AA s ynthesis c ontributed t o e nhanced 

rhizosphere competence and plant interior colonization by stimulation of the re lease o f 

plant exudates. The results imply that L-TRP-derived IAA biosynthesis in the rhizosphere 

by PsJN inoculation could be a useful approach for improving the growth, photosynthesis 

and yield of maize. 
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Future prospects and recommendations 

PGPB commercial p roducts a re i ncreasingly b eing u sed in sustainable agriculture, but  

there i s an urgent need f or i nvestigation i n o rder t o und erstand m ore i n de pth the 

molecular bases of PGPB-plant interactions. Exploitation of PGPB–plant interactions can 

result in the promotion of plant health and soil fertility, which can play a significant role 

in l ow-input s ustainable a griculture a pplications for bot h food a nd nonfood c rops. A n 

understanding of the mechanisms enabling these beneficial bacteria to interact with host 

plants will be essential to fully achieve the biotechnological potential of efficient plant-

bacterial p artnerships f or a wider range of  a pplications. For a  m ore c omprehensive 

development and utilization of microbial inoculants, there are several issues that need to 

be resolved in future research: 

• Rapid s creening a nd s election of  e ffectively a nd c ompetitively m ultifunctional 

bacterial s trains, which can be used in a  variety of  crops and efficiently interact 

with different plant genotypes. 

• As our  un derstanding of  t he c omplex e nvironment of  t he r hizosphere, 

mechanisms act ion of PGPB, and practical aspects of inoculant formulation and 

delivery increases, we expect new PGPB products. The success of bio-inoculants 

will de pend on our  a bility t o m anage t he r hizosphere t o enhance s urvival a nd 

competitiveness of  these b eneficial m icroorganisms. R hizosphere m anagement 

will re quire attention of so il an d cr op cu ltural p ractices as w ell as inoculant 

formulation and delivery methods. 

• Understanding of the ecology of PGPB improves, it should be possible to obtain a 

better unde rstanding of t he m echanisms t hat ar e i nvolved in pl ant growth 
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promotion and identify s ituations in which bioaugmentation with soil inoculants 

may be useful for increasing crop yields. 

• The lack of consistency in PGPB inoculation results in the field remains a major 

challenge f or t he u se o f t hese b acteria as biological f ertilizers. A dvances i n the 

understanding of t he molecular b asis o f t hese i nteractions may h elp i n t he 

establishment of successful plant-PGPB associations. 

• Genetic improvement of PGPB strains to enhance colonization and effectiveness 

may i nvolve a ddition of one  or  more t raits a ssociated w ith pl ant gr owth 

promotion and de velopment. G enetic m anipulation of  hos t c rops f or r oot-

associated traits to e nhance es tablishment an d p roliferation of be neficial 

microorganisms is being pursued. 

• Follow-up of the dynamics of  bacterial colonization of  plants. In this regard, an 

important question that must be resolved for most systems is whether PGPB are 

continuously c olonizing and pr omoting gr owth of  the de veloping r oots or 

alternatively, the major effects are at the early stages of root development. 

• Assessment o f o ptimal b acterial co ncentration. B acterial n umbers i n t he 

rhizosphere and on the root surface/ or root interior are very important.  Relatively 

high numbers (106–107 CFU per g of plant tissue) are needed when the beneficial 

effects ar e seeking as b iofertilizers [nutrients ( N, P , Zn a nd Fe) f ixation 

/solubilization /uptake]. On the other hand, relatively lower colonization numbers 

(103–105 CFU pe r g pl ant tissue) are necessary if t he main mechanism of pl ant 

growth pr omotion i s derived f rom t he pr oduction of  pl ant gr owth substances 
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(phytostimulation). This is an issue that should be further verified for the different 

PGPB-plant systems. 

• The relevance of  e ndophytic vs. rhizosphere colonization. T here i s a  ne ed t o 

deeply i nvestigate the relative advantages of e ndophytic c olonization and 

rhizosphere / root surface colonization. 

• Signal exchange between the bacterium and the plant. In recent years, the use of 

high-throughput t echniques c ontributed w ith s ignificant a dvances i n the 

elucidation of  signal molecule e xchange be tween ba cterial s ymbionts a nd t heir 

plant hosts.  

• Understanding t he r easons f or t he f ailures i n gr eenhouses a nd i n t he f ield 

conditions may lead to the isolation of improved strains. Application of PGPB for 

improving nutrition i n c rop pl ants i s s trongly c onnected t o our  be tter 

understanding of bacterial diversity, host specificity, mode of action, appropriate 

formulation and methods of application. 

• Recent ad vances o n w hole g enome seq uencing o f sev eral PGPB st rains an d of 

plants of agronomic importance will provide future basis for better understanding 

of PG PB–plant i nteractions a nd de velopment of  i mproved s trains a s e ffective 

biofertilizer for eco-friendly low-input sustainable agriculture.  

• Advanced u nderstandings ar e n eeded in t he ar ea o f PGPB-plant in teractions at 

different stages. Research is needed to understand which genes are turned on or  

turned off at the various stages of the interaction, by both the bacteria and the host 

plants. This knowledge could contribute with new ideas as to which traits could 

be enhanced or reduced for more efficient plant growth promotion and yield. 
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• We know  r elatively little a bout the phyt ohormone production in PGPB. 

Biosynthetic pa thways, e nzymes a nd ge nes r esponsible f or s ynthesis must be  

considered as the initial s tep to  understand the potential of bacterially produced 

phytohormones to r egulate the pl ant gr owth a nd de velopment i n a gricultural 

conditions. Only t he ph ysiological and molecular f unctionality of  a uxins (IAA) 

has b een described i n bot h, c hemically de fined m edium and pl ant–microbe 

interaction. For others e .g. cytokinins, gibberellins, A BA, ethylene, J As, 

polyamines and ni tric oxi de, w e onl y know about t he ab ility o f sev eral 

microorganisms to produce i t under defined conditions and only in few cases in 

plant–microbe interactions. Integration of both, microbial and plant models could 

be t he be ginning of  a  ne w unde rstanding a bout t he na tural p rocess potentially 

leading to a better understanding of the “plant-microbe physiology”. 

• PGPB survival p roperties. In vestigating the t raits (PHAs, EPS,  LPS, a ggregate 

stability a nd b iofilm f ormation etc.) that c ontribute to b acterial survival unde r 

adverse c onditions dur ing i noculant pr oduction, s torage, seeds inoculation and 

colonization of plants i s a lso ve ry important. It i s a lso n ecessary t o carry out  

studies to assess inoculum performance at different time points during storage. 

• Quality c ontrol o f bio-inoculants. T his is a very critical i ssue t hat s hould be 

assessed and demands collaborative efforts between the producing companies and 

research in stitutions. S ince t hese products (biofertilizers / biopesticides) are 

composed of living organisms, it is very important to confirm the bacterial strain 

at a ll s tages of  t he pr oduction a nd t o e nsure that high bacterial n umbers a re 

maintained until the product reaches the farmer’s hands. 
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• Future research is also needed to improve the endophyte - host plant interaction 

through endophyte molecular breeding. Compared with crop genetic engineering, 

the e ngineering of  e ndophytic b acteria s hould be  a  m uch e asier p rocess. T he 

genetic modification of endophytes with useful genes will impart new traits into 

host plants inoculated with these bacteria. 

 

Effective h arnessing o f the p ower o f b eneficial microorganisms f or a lleviating hum an 

food ne eds a ppears feasible a nd t he e xpanding research i nvolving m icrobial 

physiology/ecology/biochemistry, bi otechnology, ge nomics a nd pr oteomics a nd 

applications of  beneficial m icroorganisms should yi eld r ich di vidends i n t he f uture 

agriculture in a sustainable way. 
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