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Though chem ical inputs have created  devastating im pacts on  soil b io logical properties due 
to excessive and indiscrim inate use, they seem  necessary  for crop production. Long term  
application  o f  chem icals causes collapse o f  beneficial soil m icrobial com m unities, increase 
environm ental pollu tion  due to accum ulation o f  soil toxicities. As potato tuber is en tirely  an 
underground p lant part, there is a possib ility  to contam inate tubers w ith  num erous soil toxins. 
R hizosphere associated  beneficial m icrobial inoculants such  as biofilm ed b iofertilizers 
(B FB Fs) have em erged as an environm ental friendly  b iofertilizing  m ethod. Therefore, 
current study aim ed to  develop and assess B FB Fs as an am eliorator for crop productiv ity  o f  
potato  and to  im prove soil quality. In developing B FBFs, fungal-bacterial b iofilm s (FBBs) 
w ere first constructed  using beneficial m icroorganism s isolated from  the rh izosphere o f  
potato  crop cu ltivated  at R egional A griculture R esearch and D evelopm ent Center, 
B andaraw ela, Sri Lanka. Then, d ifferent com binations o f  the beneficial biofilm s were 
applied  to potato plants as biofertilizers (BFBF1 and B FBF2) in com bination  w ith chem ical 
fertilizers (CF). G row th  and biochem ical responses o f  potato plants, soil quality  am elioration  
and rh izorem ediation  o f  n itrosam ine and heavy  m etals by d ifferent B FB F and CF treatm ents 
w ere evaluated  under greenhouse and different agroclim atic  conditions for tuberization 
(B andaraw ela, B ibile and Padukka). Results show ed that treatm ent BFBF1 + 50%  CF 
increased tuber w eigh t at B andaraw ela and P adukka field sites com pared to recom m ended 
CF (100% ). BFBF1 + 50%  CF show ed the low est soil and plant tissue pFl, the h ighest soil 
organic carbon (SO C ) and m icrobial b iom ass carbon (M B C ), and the h ighest le a f 
ch lorophyll and tissue calcium  (C a2+) contents com pared to the 100%  CF at all three field 
sites. Further, soil C a2+ content w as significantly  enhanced by the sam e treatm ent com pared 
to  the 100%  CF at B andaraw ela and B ibile field  sites. In addition, internal sugar and starch 
contents w ere altered by BFBF1 + 50%  CF, inducing tuberization. The sam e treatm ent 
enhanced  rh izorem ediation  o f  soil nitrosam ines and  heavy m etals. Thus, it can be concluded 
that the exogenous, favorable biochem ical and  physiological conditions created by the 
BFBF1 induced internal biochem ical m echanism s, leading to enhanced  tuberization, w hile 
im proving  rhizo-rem ediation. Further, the clim atic requirem ents fo r potato  tuberization  have 
been com pensated  by  the b iofilm  m icrobial actions. The findings also confirm ed  that the CF 
can be reduced  by 50%  along w ith the developed B FB F, and  th is  is an enorm ous 
env ironm ental and econom ic gain that im proves soil health.
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C H A P T E R  1

O V E R V IE W  A N D  O B JE C T IV E S O F T H E  ST U D Y

1.1 O verv iew  o f  th e study

A pplication  o f  C hem ical F ertilizer (C F) in crop  p ro d u c tio n  has beco m e a com m on practice 

and m any  governm ents even  in  develop ing  countries reso rted  to  p ro v id e  heavy subsidies on 

fertilizers to  m eet the  escalating  food dem and. F ertilizers are natu ral o r m anufactured  

chem icals con tain ing  nu trien ts know n to im prove the  fertility  o f  soils. W hen crops are grow n 

under m odern  h igh -inpu t system s, substantia l am ounts o f  n u trien ts  are rem oved  from  the 

soil (T aiz  and  Z eiger, 2002). T hen, to p reven t defic iencies, nu trien ts  can be added back  to 

soil in  the fo rm  o f  fertilizers. In  the  last few  decades the ra te  o f  C F app lication  has 

trem endously  increased  g lobally  in  crop  p roduction  (A desm oye and  K loepper, 2009). Since, 

y ie lds o f  m ost crop p lan ts increased  linearly  w ith  the am oun t o f  fe rtilize r that they  absorb  

(L oom is and C onner, 1992), agricu ltural sector is strongly  d ep end ing  on fertilization  w ith  

m ineral nutrien ts. This is very  com m on practice  in  cu ltivation  o f  annual crops including cash 

crops, vegetab les and  potato  (Solarium tuberosum  L.).

The im portance  o f  potato  as one o f  the  w o rld ’s m ajo r staple crops is increasingly  being 

recogn ized , because it p roduces m ore dry  m atter and p ro te in  p e r hectare  than  the m ajor 

cereal crops. The nu tritional value o f  potato  tubers is a key  fac to r fo r its progressive 

p roduction , along  w ith  the econom ic benefits tha t po ta to  cu ltiva tion  can  bring to developing 

countries (V an  G ijessel, 2005; M cG regor, 2007). Potato  popu larly  know n as ‘The king o f  

v eg e tab le s’, is considered  as one o f  the m ost im portan t and lead ing  cash  crops in Sri Lanka 

a fter rice and  few  o ther crops like ch ilies, onion, m aize etc. P o ta to  cu ltiva tion  is an integral 

part o f  the up country  vegetab le  farm ing  system  because o f  its h igh  incom e generating 

po ten tia l. C urrently , in  Sri L anka around 6 ,000 hectares are cu ltiva ted  w ith  potato including 

B adu lla  (68% ) and N uw ara-E liya  (38% ) (W eerarathna, 2011). H ow ever, the  annual potato 

p ro d u c tio n  (approx im ately  70,000 M T) in Sri L anka is no t adequate  to  cater to the grow ing 

dem and  (140 ,000  M T) as a stap le  food (D epartm en t o f  A gricu ltu re , 2013). Further, a sharp 

decline  in po ta to  p roduction  has been  observed  recen tly  in Sri L an k a  due to the increased 

cost o f  p roduction  and  h igh  prices o f  farm  inputs like CF.

l
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G enerally  the  potato  crop  is considered  as a heavy  rem over o f  soil n u trien ts  and  rem oves 1.5 

tim es the am ount o f  n itrogen  (N ) and 4 to 5 tim es the am oun t o f  phosphate  com pared  to 

o ther vegetab le  crops ( B ansal and T rehan, 2011). T herefo re  as in  m o st agricu ltu ral crops, 

large am ounts C F inputs are usually  used  in potato  cropp ing  system s in o rd er to enhance the 

y ield. C F requ irem en t fo r potato  cu ltivation  is around 1000 kg  h a '1 and  from  that N  

requ irem en t is as h igh  as 330 kg h a '1 for an expected  y ield  o f  5000 kg ha"1 (D avies et al., 

2005b; L ang et al., 1999). Further, in tensive po ta to  cu ltiva tion  o n  the  steep  slopes o f  up- 

country  h ills  in  Sri L anka requires ex trem ely  h igh  levels o f  ag rochem ica ls  (fungicides and 

pestic ides) o th e r than  the  CF to  m ain tain  high y ields and pro fitab ility . A ccord ing  to D O A  

(Sri Lanka), 70 to 80%  o f  farm lands in W elim ada and N u w ara-E liy a  have soil phosphate  

levels exceed ing  the  agronom ic critical level (30-40 ppm ) w h ich  m eans that any further 

add ition  o f  phosphate  fe rtilizer to these  lands is an abso lu te  w aste, in econom ic term s, and 

crops do no t respond  to phosphate  beyond th is level (B andara  and  T hiruchelvam , 2008). 

H ow ever, farm ers do not fo llow  the doses and frequencies reco m m en d ed  in the instructions, 

bu t app ly  h igher doses m ore frequently , as they  believe that th is w ill increase yields. For 

instance, farm ers w ho grow  potato  use as m uch  as ten  tim es the  am ount o f  CF and o ther 

ag rochem icals recom m ended by  the  D epartm ent o f  A gricu ltu re  (D O A ), Sri L anka and the 

m anufactu rers in term s o f  enhancing  crop yield. This can  lead to reduced  crop  quality , 

increased  environm ental po llu tion  and ultim ately  deterio ra tion  o f  soil quality .

F ertilizer app lication  is requ ired  to replace crop land  nu trien ts tha t have been consum ed by 

prev ious p lan t grow th  w ith  the u ltim ate  goal o f  m ax im izing  p roductiv ity  and econom ic 

returns. B alanced  application  o f  C F m ay also  con tribu te  indirectly  to  an increase in  soil 

m icrob ial popu la tions by increasing  the quantity  o f  crop residues re tu rned  to the  soils (Rai 

et al., 2014). For sustainable crop production , in tegrated  use o f  chem ical and organic 

fe rtilizer has p roved  to  be h igh ly  beneficial (Seran, S rik rishnah  and A ham ed, 2010). 

H ow ever, excessive use o f  C F and agrochem icals in conven tional ag ricu ltu re  poses a  m ajor 

env ironm enta l th rea t g lobally  to the functions o f  en tire  ag roecosystem s includ ing  reduced  

crop p roductiv ity  by  co llapsing  the soil m icrob ial d iversity  (S enev ira tne , 2009). The 

re la tionsh ip  betw een  the soil m icroorgan ism s and  crop p roductiv ity  is very  critical because 

the  soil m icrob ial d iversity  increases the soil fertility . Soil bac te ria  are m ore sensitive  to 

chem ical N  fertilize r app lication  during  the p lan t grow th  cycle. L ong  term  and irregular CF 

and agrochem ical app lication  in  conventional agricu ltu re  also  a ffec t negatively  to  control 

aboveground  disease and  pests, possib ly  due to reduced  m icrob ia l d iversity  (Seneviratne,
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2009). F urther, th is  irresponsib le  and  harm fu l agricu ltu ra l hab its  con tribu te  to the 

accum ulation  o f  d ifferen t com pounds in soil (e.g . h eav y  m eta ls, n itro sam ines, m yco tox ins) 

w h ich  are harm ful for soil m icroo rgan ism s and cu ltiva ted  p lan ts, and  th en  fo r an im als and 

hum ans (S eran  et a l ,  2010). T he o ver ap p lica tion  o f  N  also  rep resen ts  an unnecessary  

econom ic  expend itu re  for farm ers lead ing  to increased  p ro d u c tio n  cost. T herefore, there is 

an u rgen t need  to reduce  the usage o f  synthetic  ag ro chem ica ls  and  CF and in  tu rn  increase 

the usage  o f  non-C F  w hile  m ain ta in ing  soil fertility  th ro u g h  susta inab le  agricu ltural 

practices.

S usta inab ility  in  agricu ltu re  w ithou t com prom ising  env iro n m en ta l quality , agro-ecosystem  

function  and  d iv ers ity  conserva tion  is am ong  the  m a jo r concerns o f  p re sen t day agricu lture 

w orldw ide . T o overcom e the env ironm ental p rob lem s resu lting  from  ex tensive  applications 

o f  C F , env ironm en ta l friend ly  inpu ts such as natu ral and b io lo g ica l fertilizers provide 

susta inab le  so lu tions to im prove soil fertility  and p lan t grow th . B iofertilize rs  are products 

con ta in in g  liv ing  cells  o f  d ifferen t types o f  m icroo rgan ism s, w h ich  have  the ab ility  to 

convert nu tritionally  im portan t e lem ents from  unavailab le  to availab le  form  through 

b io log ical process, such as N 2 fixa tion  and  so lub iliza tion  o f  p h o sp h ate  con tain ing  m inerals 

(N aru la  et al., 2000). B io logical fertilizers are cost e ffective, eco friend ly  and renew able  

sources o f  p lan t nu trien ts to supp lem ent chem ical fe rtilizers in susta inab le  agricu ltural 

system s.

A pplication  o f  rh izosphere  associated  beneficia l m icrob ia l in o cu lan ts  like p lan t grow th 

p rom oting  rh izobacte ria  (P G P R s) as b io -fertilizers has been  rea lized  as an a lternative op tion  

due to  th e ir p ro m isin g  ro le in susta inab ility . E v idence  show s tha t m ain tenance  o f  sustainable 

soil fertility  depends g reatly  on  the ab ility  to  harness the  benefits  o f  P G P R s (W u et al., 2013). 

B enefic ia l activ ities exerted  by  the m icrob ial inocu lan ts m ay  be co n sidered  in three basic 

m odes, i) as b io fertilizers and  soil am elio ra to rs to  im prove the  availab ility  o f  m ineral 

nu trien ts for p lan ts; ii) as phy tostim ula to rs  due to  the  p roduction  o f  phy tohorm ones, and iii) 

as b iocon tro l agen ts to p ro tec t p lan ts  against p hy topa thogen ic  o rgan ism s. S tudies suggested  

th a t P G P R -based  b io fertilizers  can be used  as effec tive  supp lem en ts  to  CF and can  reduce 

its u se  b y  m any  fold . PG P R s have been  show n to  increase  p lan t y ie ld s 10 to 30%  in m any 

non -legum e crops such  as potato , rad ish , and  sugar beet (K loepper et al., 1980a, b). In recen t 

years, s tud ies have  focused  on the  effects o f  m icrob ia l inocu la tion  as b io fertilize rs  on potato , 

inc lud ing  y ie ld  and quality  enhancem en t (D uffy  and  C assells, 2000; Y ao et al., 2002). For
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instance, ap p lica tion  o f  m icrob ia l b ased  b io fe rtilize rs  has been  rep o rted  to  increase  the 

p roduction  e ffic iency  o f  po ta to  seed  tubers from  m in itu b ers  and  red u ce  the p roduction  costs  

(D avod et al., 2011).

D irec t app lica tion  o f  m icrob ial com m unities  like b io film s has been  in troduced  recently , and  

observed  to  be m ulti-func tiona l and  m ore effective  than  con v en tio n al m icrob ia l b io fertilizers 

(S enev ira tne  et al., 2011). In so il, benefic ia l b ac te ria  like P G P R s, are frequen tly  found to 

form  m icro -co lon ies o r b io film -like  structu res on p lan t roo ts  (B an d ara  et al., 2006). B iofilm s 

are na tu ra lly  ex istin g  com plex  com m unities  o f  m u ltip le  m icrob ia l spec ies  (L ynch  et al., 

2003), exp ressing  enorm ous m etabo lic  activ ity  w ith  g rea t su rv iva l ab ility  under adverse 

env ironm en ta l cond itions (S tew art, 2002). D ifferen t types o f  b io film s can  be found naturally  

in  the  soil; bacteria l (inc lud ing  Actinom ycetes), fungal and  fungal- b ac te ria l b iofilm s (FB B s). 

T he F B B s are fo rm ed  on  ab io tic  su rfaces in  the  soil. In the  case o f  non-filam en tous fungi, 

bo th  b acte ria  and  fungi can  act as the  b io tic  su rface  (S en ev ira tn e  et al., 2006). It is also 

repo rted  th a t the  se lf-p roduced  ex tra  cellu lar po ly m eric  substances (E P S ) p lay  an im portan t 

ro le  in  th e  co lon ization  o f  bacteria l b io film s b y  n o n -filam en tous fungi. T hese b io film ed  

com m unities  cou ld  be harm fu l/pathogen ic  o r beneficia l (M orikaw a, 2006). H ow ever, 

beneficia l b io film s tha t is being  developed  in vitro  u sing  rh izo sp h ere  associated  beneficial 

m icroo rgan ism s, can  be used  effec tive ly  as b io fertilize rs , know n as b io film ed  b iofertilizers 

(B FB Fs), to enhance  p lan t grow th  inc lud ing  n o n -legum es and to am elio ra te  soil nu trien ts 

(S enev ira tne  et al., 2009). D evelopm ent o f  such  b io fe rtilize rs  p rov ides a  new  m ean in 

b io fertilize r research  to  address cu rren t issues aris ing  in the  ag ricu ltu re  (S enev ira tne , 2009).

H ow ever, the  po ten tia l negative  env ironm enta l im pacts re la ted  to  b io fertilize r inocu lation  

w ere a lw ays neg lected . S ince inocu la tion  consists  in  supp ly ing  h ig h  densities o f  v iab le  and 

effic ien t m icrobes fo r a rap id  co lon ization  o f  the  h ost rh izosphere , it w ou ld  induce at least a 

tran sien t pertu rb a tio n  o f  the equ ilib rium  o f  so il m icrob ia l com m unities . C hanges in 

m icrob ia l com position  m ay be undesirab le  i f  im portan t na tive  species are lost, thus affecting 

subsequen t crops. F urther, the po ten tia l o f  inocu la ting  pa thogen ic  m ic ro b ia l species in  the 

form  o f  b io fe rtilize r can  becom e a devasta ting  e ffec t fo r the  en tire  so il ecosystem  (T rabelsi 

and  M ham di, 2013). T herefore , a lm ost all the m icrob ia l inocu lan ts  sh o u ld  be undergone 

several p re- screen ing  steps to select the  co rrec t benefic ia l in o cu lan ts  to  enhance the crop 

p ro d u c tiv ity  and  the soil am elio ration .
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B eneficial b io film s developed  in vitro  have  a lready  show n  n u m ero u s favorab le  effects on 

agricu ltural and  b io techno log ica l app lications (S enev ira tne  et al., 2008). Form ation  o f  

beneficia l FB B s gives the  b io film s enhanced  m etabo lic  activ ities co m pared  to  m onocultures, 

th rough  a  range o f  m echanism s. A s such, d iverse  form s o f  the  FB B s inocu la  have  been  

show n to  im prove nodula tion  and N 2 fixa tion  in  Rhizobium —legum e sym biosis 

(Jayasinghearachch i and  Seneviratne, 2004a), im prove g row th  o f  non-legum e p lan ts by 

co lon iz ing  on  p lan t roots (S enev iratne et al., 2009), am elio ra te  soil nu trien ts 

(Jayasinghearachch i and Seneviratne, 2004b), p roduce  h ig h e r ac id ity  and  p lant grow th- 

p rom oting  horm ones (B andara  et al., 2006), generate  b ioactive  com pounds (Z avahir and 

S enev ira tne, 2007), and  increase the b iodegradab ility  o f  syn thetic  po lym ers (S eneviratne et 

al., 2006). In teresting ly , the  B FB Fs have sign ifican t b io log ica l func tions over m ono or 

m ixed  cu ltu res o f  b io fertilizers, on  reducing  C F dependency  by  50%  w hile  am eliorating  soil 

nu trien ts. For instance, a liquid  fo rm ulation  o f  B FB Fs to g e th er w ith  50%  o f  recom m ended  

C F fo r tea  increased  soil o rgan ic  carbon  (C) by 30% , com pared  to the  app lication  o f  100%  

o f  the  recom m ended  fertilizers alone (Jayasekara  et al., 2008). F urther, it has been reported  

tha t the  app lication  o f  B FB Fs to  agricu ltu ral soil induces dorm an t m icrob ia l cells, to be 

transferred  them  to  active cells, thereby  re in sta te  dep le ted  soil m icrob iom e and 

consequences the increased  m icrob ial d iversity  (S enev ira tne  and  K ulasooriya, 2013). 

D iversity  o f  soil m icrobes in  so il-p lan t system  assists in  m any ro les since m icrobial d iversity  

is the  m ajo r ind ica to r in  soil quality  and health  to b u ild  up a robust soil and  thus to lead onto 

susta inab le  agroecosystem s (T ilm an  el al., 1996). T hese v iew s are s im ilar w ith  the previous 

report o f  S enev iratne et al (2011) to restore  the  degraded  ag roecosystem s in  the application 

o f  B F B F s in tea  cu ltivation . M oreover, de tox ifica tion  o f  to x in s  accum ulated  in the 

rh izosphere  by  the m icrob ia l com m unities has been  reported  in  several studies (M allik , 2006; 

Y an et al, 2007). T herefore, the effect o f  B F B F s on  p lan t g row th  prom otion , soil 

am elio ra tion  and rh izo -rem ed ia tion  open up avenues fo r the  su sta inab ility  o f  agricu lture 

sec to r in  Sri L anka w ith  increased  b io log ica l func tion ing  w hich  canno t be observed  in the 

C F alone app lication .
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1.2 O bjectives o f  the study

Prim ary objective o f  the study

•  To develop a B FB Fs from  rhizosphere associated  beneficial fungal and bacterial 

species for crop im provem ent o f  potato.

Specific objectives

•  To identify  the m icrobial iso lates obtained from  potato  rh izosphere.

• To screen the m icrobial isolates and produce beneficial B FB Fs for potato crop.

•  To evaluate the  crop responses o f  potato  for the developed B FB Fs under greenhouse 

and d ifferent field  conditions

•  To evaluate the responsive B FB Fs as a soil am elio rato r for the enhancem ent o f  soil 

nutrients.

• To evaluate the influence o f  m ost effective b iofilm  on  tuberization  through 

b iochem ical, physio logical and physicochem ical processes o f  so il-p lan t system s.

•  To evaluate  the rh izo-rem ediation  abilities o f  the responsive B FB Fs on heavy m etals 

and nitrosam ine contam inations.



C H A P T E R  2

ISO L A T IO N  A N D  ID E N T IF IC A T IO N  O F  SO IL  
M IC R O O R G A N IS M S  F R O M  P O T A T O  R H IZ O S P H E R E

2.1 In trod u ction

Soil m icrob ia l b iom ass represen ts the  liv ing  p o rtio n  o f  the  soil in h ab itan t m icroorgan ism s 

w hich  is the  m ain  d riv ing  fo rce fo r m ost o f  the  soil activ ities  (H irsch , M auch line  and  C lark, 

2010). T he enorm ous pheno typ ic  and  genetic  d iv ersity  found  in  so il m icrob ia l com m unities 

m akes it one o f  the  m o st d ifficu lt com m unities to  study. Soil con ta in s  m any  m icrohab ita ts 

tha t are su itab le  for m icrob ia l grow th. A s a result, m ic ro o rg an ism s are  h ig h ly  aggregated  in 

soil ex isting  in  c lum ps o r “ ho t sp o ts” . M icrobes are  agg regated  in h o t spots like nutrien t 

rich  top  soil layer and  th e  reg ion  around  the p lan t root, w h ich  is  know n  as rh izosphere  

(G othw al el al., 2007). P lan ts also influence the spatial d is trib u tio n  o f  soil bacteria  (W all 

and  V irg in ia , 1999) and  fungi. R oots secrete  nu trien ts  tha t s tim u la te  m icrob ia l life and  allow  

fast sp read ing  o f  m icrobes th rough  soils (W alker et al., 2003). F urther, the  he terogeneity  o f  

the  soil com position  is also a  fac to r fo r the  d e te rm in a tio n  o f  m icrob ia l d iversity  in  a 

p a rticu la r soil (H irsch  et al., 2010).

A n im p o rtan t consequence  o f  the h igh  d iversity  n ear the  rh izo sp h ere  is an  in tense m icrobial 

activ ity  w ith  feedback  effects on  roo t dev elo p m en t and  p lan t g ro w th  in  general. M ost o f  

these  soil m icrob ia l com m unities na tu ra lly  ex ist in  the  rh izosphere  zone  p lay  an  im portan t 

ro le  in crop  p roduction  and have  been  used  for su sta inab le  ag ricu ltu ra l developm ent as 

g row th  p rom oters  (B uddh ika  et al., 2014). T heir functions invo lve  in  d ifferen t d irect and 

ind irec t m echan ism s by syn thesiz ing  g row th  p rom oting  ho rm ones, fix ing  atm ospheric  N 2, 

fac ilita ting  the  up take  o f  m ineral nu trien ts from  the  crop rh izo sp h ere  and  preven ting  crops 

from  pathogens and d iseases. T hese beneficia l soil m ic roo rgan ism s are c lassified  as PG PR s 

(H ayat et al., 2010).

The use o f  P G P R s has been  found  a po ten tia l ro le  in  develop ing  su sta inab le  system s in crop 

p ro d u c tio n  (S tu rz  et al., 2000; H ayat et al., 2010). In  th is  regard , soil na tu ra lly  inhab itan t 

P G P R s are  h igh ly  focused  as they  are com pletely  adap ted  to  th e  en v iro n m en t and  can be 

m ore com petitive  than  the  fo reign  m icrob ia l inocu lan ts  (H ayat el al., 2010). Therefore,

7
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naturally  ex isting  beneficial m icrobial strains adap ted  to the env ironm ent are now  being 

used as m icrobial inoculants o r as b io fertilizers to  reduce the use o f  CF in  current agriculture 

(K aragoz et al., 2012; B uddhika et al., 2014). The advantage o f  using  locally  collected soil 

isolates is the easier adaptation  and succession  w hile  show ing benefic ia l activities w hen 

inoculated  into the plant rh izosphere (S eneviratne, 2009). M icrobial inoculants o f  PG PRs 

have been used for plant grow th and developm ent in d ifferen t legum inous and non- 

legum inous crops fo r several decades (B ashan, 1998). It has been  reported  that 1-4% o f  

m icroorganism s isolated from  naturally  ex isting  potato  rh izosphere  show ed significant 

p lan t grow th prom otion  effects on  potato  i.e. enhancem ent o f  the sto lon  length, early  tuber 

setting and enhancem ent o f  tuber y ield  (S uslow  et al., 1979). M oreover, another study has 

reported  the im portance o f  characterization  for soil inhab itan t m icrob ial isolations for their 

beneficial effects on  grow th enhancem ent o f  sw eet potato (Y asm in  et al., 2007). Rhizo- 

bacterial strains iso lated  from  sw eet potato have show n beneficia l characters like higher 

indole acetic acid (IA A ) production  and phosphate so lub ilization  (Y asm in  et al., 2007). 

Therefore, iso lation o f  soil inhabitant m icroorganism s from  the rh izosphere  region is very 

im portan t w hen evaluating  the beneficial activities. O n the o ther hand, characterization and 

identification  o f  these bacteria  are necessary  for w ide ecological studies o f  the plant 

rhizosphere.

O ver the first h a lf  o f  the  20th century, num erous approaches fo r the identification and 

c lassification  o f  bacteria  have been entertained. T raditionally , m icrobial diversity w as 

assessed using  selective p lating  and direct v iab le  counts. These m ethods are fast, 

inexpensive and can provide inform ation  on the active, hetero trophic com ponent o f  the 

population. L im itations include the d ifficulty  in  d islodging  bacteria  o r spores from  soil 

particles, g row th m edium  selections (T abacchioni et al., 2000; K rick  et al., 2004), grow th 

conditions (tem perature, pH , light), the inability  to culture a large num ber o f  bacterial and 

fungal species w ith current techniques and the poten tia l for colony—colony inhibition  or o f  

colony spreading  (Trevors, 1998; K rick et al., 2004). Phenotypic grouping  o f  closely related 

species based on colony m orphology, fatty  acid com position  and physiological 

characteristics is o ften  m isleading  (C oorevits et al., 2008). H ow ever, phenotypic approach 

is tim e consum ing, particularly  for analysis o f  d iversity  in  com plex  environm ents, such as 

soil, and w hen quantification o f  m easures o f  d iversity  is required. T hose m ethods can allow  

iden tification  o f  bacteria  to the genus level, o r m in im ize the p robab ility  tha t they belong to 

other groups.
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W hen m icroscopy  and cu ltu ring  m eth o d s a lone are  no t ad equate  en ough  to iden tify  a 

species, specific  b iochem ica l tests are carried  out. In  o rd er to  have  a  d e fin itiv e  iden tification  

o f  bacteria , m icrob io log ists  have d ev eloped  a series o f  b iochem ica l te sts  tha t can be used  to 

d ifferen tia te  even  c lose ly  re la ted  o rgan ism s. B iochem ical id en tifica tio n  uses chem ical and 

b iochem ica l m arkers to  d ifferen tia te  the  p roducts o b ta in ed  by  the m e tab o lism  from  bacteria. 

U nam biguous iden tifica tion  o f  m icro o rg an ism  can  be o b ta ined  by  m o s t o f  the b iochem ical 

tests in  co n junction  w ith  a d icho tom ous trees (W illey , S herw o o d  and W oolverton, 

2008). T hese  m ay  include testing  fo r p ro ducts  the  b acte rium  m ay  p ro d u ce  (due to  a presence  

o f  specific  enzym e/s) o r ev en  the ir ab ility  to g ro w  on  e ith e r se lec tive  o r  d ifferen tia l m edia  

o r a  co m b in a tio n  o f  the  tw o. T he shape o f  the  b ac te ria  can  be  d e te rm in ed  by  m icroscopy, 

and cu ltu ring  o f  the  bacte ria  on  various m ed ia  — selec tive , d ifferen tia l and certain  

charac te ris tic  (m etabo lic) m edia. Selective m ed ia  o n ly  a llo w  certa in  bacteria  to  g row  

w hereas d ifferen tia l m ed ia  are used  to  d istingu ish  b acte ria  from  o thers  in the  p resence o f  

som e fo rm  o f  dye o r ind ica to r (M adigan  et al., 2009). W ith  b iochem ica l identification , 

bacteria  can  be c lassified  to  species level, how ever the  level o f  c lassifica tion  can  vary  

be tw een  g roups (B aron, 1996; Fox, W iso tzkey  and  Ju rtshuk , 1992).

2,2 O b jectives

1. To iso la te  fungi and bacteriafrom  po ta to  rh izosphere.

2. To iso late  d iazo troph ic  bacteria.

3. To iden tify  the iso la ted  m icroo rgan ism s up  to  th e ir genus level.



2.3 M eth od ology

2.3.1 Iso lation  o f  bacteria  and fu ngi from  p o ta to  rh izosp h ere

2.3.1.1 Selection  o f  a su itab le location  for sam p le  co llection  and fie ld  activities

10

The u ltim ate  a im  o f  th is  research  w as to develop  a  m icrob ia l b io fe tilize r from  soil inhab itan t 

m icroorgan ism s to  enhance the crop p roductiv ity  o f  potato . T herefo re , the iso lation  o f  

benefic ia l m icroorgan ism s from  soil w as considered  as one o f  the  key factors in this 

research . S ince po tato  cu ltiva tion  is restric ted  to  certain  areas w ith  low  atm ospheric  

tem pera tu re  at n ight, the selection  o f  a  su itab le  location  to iso la te  soil m icroorganism s 

w h ich  are adap ted  to the relevan t soil c lim atic  cond itions w as an o ther key  consideration. 

T herefore, a fie ld  site at R egional A gricu ltu re  R esearch  and  D evelopm ent C enter, 

B andaraw ela , w as selected  as a  su itab le  site to co llect soil sam ples and  to conduct field  

experim en ts o f  th is research.

2.3 .1 .2  C ollection  o f  soil sam ples

Soil sam ples and  p lan t specim ens (Solarium tuberosum  L .) w ere co llec ted  random ly  from  

five locations in  an abandoned po tato  crop land (the location  h ad  been  used for organic 

po ta to  cu ltiva tion  before tw o years and  the vegeta tion  type at the  tim e o f  the harvest w as 

en tire ly  w ild  g rasses) located at the  R egional A gricu ltu re  R esearch  and  D evelopm ent 

C enter, B andaraw ela, (6° 48' 0" N , 80° 58' 0" E ) [up coun try  in term ed ia te  zone (IU3) 1506 

m  am sl, ra in fa ll 1100 m m -1400 m m ], Sri Lanka. Soil sam ples w ere  co llected  from  0-15 

cm  top  soil layer using  a m etal corer o f  5 cm  diam eter.

2 .3 .1.3 Iso lation  o f  fungi and bacteria

D isease  free ‘G ran o la ’ potato  seed tubers w ere ob ta ined  from  the  R egional A gricu lture 

R esearch  and  D evelopm ent C enter, B andaraw ela  and  w ere g row n in  b lack  p lastic  pots 

(d iam eter- 6 inch) w ith  the soil sam ples. A ll pots w ere kep t u n der g reenhouse conditions 

(average  day  tem peratu re  30 °C and average n igh t tem pera tu re  19 °C) until the 

estab lishm en t o f  roo t system . W atering  w as done tw o tim es a  d ay  till harvesting. A fter 

e igh t w eeks from  seed sow ing, p lan ts w ere uproo ted  carefu lly  and  so il sam ples and  root 

parts w ere co llected  and p laced  in b lack  po ly thene bags separately .



Thereafter, sam ples w ere b rought to  the laboratory o f  the M icrobial B io technology U nit 

(M BU), Institute o f  Fundam ental S tudies (IFS), K andy, Sri L anka for the isolation o f  

rh izosphere associated  m icroorganism s.

Isolation o f  m icroorganism s, attached to the root surface, w as perfo rm ed  by dipping the 

root portions in potato dextrose (PD ) and nutrient broth (N B) m edia  separately for four 

days. Further iso lation  w as carried out using streak plate technique on N A  and PD A  media. 

M icroorganism s in soil sam ples w ere isolated using d ilu tion p late  technique on sam e 

nutrient m edia as follow s. Ten gram s o f  soil from  each random  sam ple w as aseptically 

w eighed and transferred  to a  flask w ith  100 m l sterile w ater, and w as shaken for 30 m in in 

an orbital shaker. Im m ediately after shaking, the soil sam ples w ere serially  diluted (10 fold- 

p ipetting 1 m l aliquots into 9 ml sterile water. The final d ilu tion w as 100- fold; 0.1 ml o f  

each d ilu tion o f  the series w as p laced onto a Petri dish.) and inoculated  on sterile nutrient 

agar [NA, (H im edia™ , India,) 20 g per liter o f  m edium ] and PD A  plates for bacteria and 

fungi respectively. Three replicate dishes w ere m ade for each d ilu tion  (K aragoz et al., 2012; 

A fzal, Shazad and U n N isa, 2013). Then, all inoculated plates w ere incubated for 24 hours 

at 33 °C. That specific tem perature was the optim um  tem perature for the  isolated bacterial 

(m easophylic) sam ples (P ietikainen, Pettersson and Baath, 2005: Tourna et al., 2008). 

Bacterial colonies w ere d ifferentiated  on the basis o f  colony m orphology and pigm entation. 

C olonies w ere sub-cultured on agar-based subculture m edium  plates by streaking technique 

and re-incubated at 33 °C for 48- 72 hours. This isolation process w as carried out by further 

sub-culturing on agar m edium  until m onocultures w ere obtained. M onocultures were 

inoculated on the agar-based culture m edium  slant in the test-tube (12 m l) and incubated at 

33 °C for 48-72 hours follow ed by storing at 4 °C in a  refrigerator (H erath  et al., 2013; N hu 

and D iep, 2014). Single spore isolation technique w as used to prepare fungal pure cultures. 

Spores o f  the isolated fungi w ere p icked up directly  from  the culture using a fine sterile 

needle and then  placed on a sterilized PD A  m edium . Subsequently , all inoculated plates 

w ere incubated for 3-4 days at 30 °C. Purified sam ples w ere preserved  on agar slants and 

w ere stored at 4 °C.
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2.3.1.4 Isolation o f  d iazotrophic bacteria

Bacterial isolates on N A  m edia w ere transferred  to com bine carbon  m edium  (CCM , 

K oom nok et al., 2007), a selective m odified N  free m edium  for N 2 fixing m icroorganism s 

(pH = 6.8). The inoculated plates w ere incubated fo r five days at 33 °C. Sub culturing  was 

perform ed w ith the sam e m edium  using streak plate technique to m ain ta in  the cultures.

2.3.2 Identification o f  isolated soil m icroorganism s

2.3.2.1 M orphological and biochem ical identification  o f  bacterial isolates

C olony characters w ere recorded for the pure bacterial isolates inocu lated  on N A  m edium . 

M icrobiological and biochem ical analysis w ere carried  out for the iso lated  m icroorganism s 

in order to identify  them . B iochem ical identification w as perform ed  using different 

b iochem ical experim ents such as G ram ’s staining, catalase test, c itrate u tilization  test, triple 

sugar iron (TSI) test, urease test, oxidase test, indole test, m ethyl red  and vogas proskauer 

(M R -V P) test and m otility  test (B uchanan and G ibbons, 1974). A ll tests w ere perform ed 

for 24 hours o ld  bacterial pure cultures grow n on NA.

2.3 .2 .1 . a G ram ’s Staining

Sm ears w ere prepared from  each isolated pure cultures and w ere heat fixed. Then the 

cultures w ere stained w ith prim ary stain (crystal violet) follow ed by addition o f  m ordant 

(G ram ’s iodine) w hich binds to crystal violet and traps it in the cell. Then stain was 

decolorized w ith 90%  alcohol for a few  seconds. F inally  the sm ear w as counterstained for 

three m inutes w ith safranin (2.5% ) follow ed by w ashing w ith w ater. The prepared  sm ear 

was observed through the oil im m ersion lens o f  the light m icroscope.

2 .3 .2 .1. b C atalase test

C ells from  the center o f  a colony w ere transferred to a glass slide  w ith  a  sterilized loop 

follow ed by the addition o f  tw o drops o f  3% H2O 2. V isual observation  w ere recorded for 

the rapid em ergence o f  bubbles w ith in one to tw o seconds (A bdulkadir and W aliyu, 2012). 

Bubble form ation w ould indicate a  positive result o f  this reaction tak ing  place.
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2 .3 .2 .1. c C itra te  test

Iso lated  co lon ies w ere  in o cu la ted  on  S im m ons c itra te  agar u s in g  a s terilized  loop and 

incubated  for 24- 72 h o u rs  at 35 °C. C o lou r change o f  the m ed ium  w as recorded  after the 

incubation  period  (A b d u lk ad ir and W aliyu, 2012).

2 .3 .2 .1. d T SI test

Iso la ted  co lon ies w ere inocu la ted  on  T S I slants by  first stabb ing  the bu tt dow n to the bottom  

and then  streaked  the  su rface  o f  the slan t and incubated  at 35 °C. C olour change o f  the 

m edium  and gas accu m u la tio n  at the bottom  o f  the m edium  w ere  recorded  after the 

incubation  period  (A b d u lk ad ir and W aliyu, 2012).

2 .3 .2 .1. e U rease  test

Iso lated  co lon ies w ere  inocu la ted  on  u rea  agar slan ts (20 g/1 o f  urea, 9.5 g/1 o f  N a2H P04, 

9.1/1 g o f  K H 2P O 4, 0.1 g/I o f  yeast ex tract and 0.01/1 g o f  phenol red. The pH  was m ade to 

6.8 ±  0.2 at 25 °C ) and  incubated  at 35 °C. C o lour change w as observed  after 48 hours 

(A bdu lkad ir and  W aliyu , 2012).

2 .3 .2 .1. f  O xid ase  test

A  drop o f  ox idase  reg en t w as app lied  on the iso la ted  cu ltu res streaked  on a filter paper. 

Purp le co lour ap p earan ce  at the cu ltu re  streaked  reg ions w as recorded  w ith in  30 seconds 

after add ing  ox idase  reg en t (A bdu lkad ir and W aliyu, 2012). The ox id ized  reagent form s the 

co lored  com pound  indopheno l b lue w h ich  is the positive  response  (B eh era  et al., 2014).

2 .3 .2 .1 . g In d ole  test

A  loop o f  each  pure  b acte ria l cu lture  w as inocu la ted  in to  sterile  pep tone  b ro th  and incubated 

at 35 °C for 48 hours. F o llow ing  incubation , five d rops o f  K ovac's reag en t (isoam yl alcohol, 

/7 -D im ethy lam inobenzaldehyde, and concen trated  hydroch lo ric  acid) w ere added to the 

cu lture  bro th  and  th e  fo rm ation  o f  a pu rp le  ring  on the su rface  w as observed  (A bdulkadir 

and W aliyu , 2012).
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2 .3 .2 .l .h  M R -V P test

Five m illiliters o f  fresh M R-V P m edium  w as p ipetted  in to a  test tubes and  the tubes were 

inoculated  w ith  fresh ( 1 8 - 2 4  hours) pure bacterial culture fo llow ed by  incubation for 48 

hours a t 35 °C.

M R  test- 2.5 m l o f  the incubated culture w as transferred  into a  new  sterile culture 

tube fo llow ed by adding five drops o f  the m ethyl red reagent. C olour change o f  the 

m edium  w as observed and com pared w ith  the control.

VP test- 0.6 m l o f  B a rritf  s reagent A and 0.2 m l o f  B arritt’s reagen t B w ere added to 

the rem aining 2.5 m l o f  the M R -V P culture m edium  and m ixed  the tube for one 

m iniu te  to  expose the m edium  to atm ospheric oxygen. C o lour change w as observed 

after keeping the tube to stand for at least 30 m inutes (B uchanan  and G ibbons, 1974).

2.3 .2 .1 .i M otility  test

W et m ount w as prepared by  placing 0.5 ml o f  each bacterial culture on a clean glass slide. 

The prepared  slide w as observed through the light m icroscope to  identify  the m otile bacteria 

(B uchanan and G ibbons, 1974).

2.3.2.2 M orp hological and m icroscopic observations o f  fu ngal isolates

Isolated fungal colonies w ere transferred  to  czapek dox (CZ) m edium , a specific m edium  

for fungi (A fzal et al., 2013) in trip licates and incubated for 48-72 hours a t 30 °C. A fter the 

incubation, plates w ere observed for m acroscopic characteristics such  as colony diam eter, 

colour changes o f  the m edia due to  exudates and m icroscopic characteristics for the 

presence o f  conidiophore, vesicle, phialides and conidia. For m icroscopic characteristics 

slides w ere stained w ith co tton  blue and m ounted in  Lactophenol (A fzal et al., 2013). 

Fungal identification  guides w ere used to  identify  the fungal iso lates (D ugan, 2008).
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2.4  R esu lts  an d  D iscu ssion

2.4.1 Iso la tio n  o f  m icroorgan ism s

B acteria l co lon ies w ere observed  (1 0 '6 d ilu tio n  p la te ) on  N A  p la te s  a fte r 24 h o u rs  o f  

incubation . F o u rteen  d ifferen t b acte ria l iso la tes  a n d  th ree  funga l iso la tes  (F I ,  F2 an d  F3) 

w ere  iso la ted  from  p o ta to  rh izosphere  reg io n  u sing  N A  and  P D A  m edia . O u t o f  th em , e igh t 

bacte ria l s tra in s  (B l ,  B 2, B 3, B 4, B 5 , B 6, B7 and  B 8) w ere  se lec ted  as d iazo tro p h ic  b ac te ria  

th ro u g h  screen in g  w ith  C C M .

2 .4 .2  Id en tifica tio n  o f  iso la ted  m icroorgan ism s

2 .4 .2 .1  M o rp h o lo g ica l id en tifica tion  o f  b acteria l iso la tes

C lear iso la ted  b acte ria l co lon ies w ere  o b served  o n  C C M  p la tes  a fte r five  days from  

in cu b atio n  (p la te  2 .1). T he iso la tes w ere ca teg o rized  acco rd ing  to  the  co lo u r change o f  the  

m ed iu m  from  g reen  (pFI 6 -7 .6 ) to  b lue  (pH  > 7 .6 ) o r y e llo w  (pH <  6) d u e  to  the  acid ic  o r 

basic  n a tu re  o f  d iffe ren t bacte ria l iso la tes  (C o lo u r change  is due to  B ro m o th y m o l b lue 

in d ica to r in  C C M ).

(a) (b)
Plate 2.1- Bacterial growth pattern on CCM plates, (a)- Bacterial isolates with basic secretions, (b)- Acidic 
bacteria grown on CCM plates.

C C M  is a  m o d ified  N  free m ed iu m  w h ich  can  be used  in tensively  to  screen  d iazo troph ic  

m ic ro o rg an ism s (K o o m n o k  et al., 2007 ). It has b een  rep o rted  th a t th e  b ac te ria  esp ec ia lly  

P G P R s an d  som e fungi can  p ro d u ce  p lan t g ro w th  p ro m o tin g  h o rm o n es  such  as IA A  and  

o th er co m p lex  o rgan ic  acids like g lucon ic  and  k e to g lu co n ic  acids w h ich  can  crea te  acid ic  

en v iro n m en t a round  the  rh izosphere  (B lum e et al., 2002). In  the  cu rren t s tudy  sh ow ed  th a t 

all b acte ria l iso la tes excep t th e  iso la tes  B 2, B 4 and  B 6, ch an g ed  the  co lo u r o f  the  m ed iu m
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from  green  to  yellow . T his cou ld  be the  reason  o f  p ro d u c in g  d ifferen t o rgan ic  o r ino rgan ic  

acids and acid ic derivatives to  the  m edium . F urther, fo llow ing  o b servations w ere m ade w ith  

reference  to  co lony  m orpho logy  and the G ram ’s sta in ing  o f  the b acte ria l iso la tes on  N A  

plates.

Six bacteria l iso lates (B 2, B 3, B4, B5, B 6 and B 7) w ere iden tified  as G ram ’s negative 

b acte ria  w hereas tw o bacteria l iso lates (B1 and B 8) w ere iden tified  as G ra m ’s positive  rod 

shape b ac te ria  (tab le 2.1). E xcep t fo r B5 (plate 2 .2b), all o ther G ram  n egative  iso lates w ere 

rod  shape bacteria .

Table 2.1- Colony characteristics and the Gram’s staining o f  different bacterial isolates

B acteria l
strain

C olony characters G ram ’s stain ing  and  
the shape

B1 W hite cream y colonies P ositive , short rod

B2 opaque cream y colonies N egative , rod

B3 opaque cream y colonies N egative , rod

B4 O ff  w hite  co lonies N egative , rod

B5 W hite cream y co lon ies w ith  b row n p igm ents N egative , C occi

B6 G ray ish  w hite  gum m y colonies N egative , rod

B7 W hite  cream y colonies N egative , rod

B8 G ray ish  w hite  rough  colonies P ositive , R od

(b)
Plate 2.2- Microscopic view o f the bacterial monocultures after Gram’s staining (Magnification 1000X). (a)- 
Gram’s negative rod shape bacteria (B7). (b)- Gram’s negative cocci shape bacteria (B5).

It has been  reported  that m icrobial com m unities generally  sh ift from  greater G ram ’s 

negative  dom inance  at the  soil su rface to  g rea ter G ram ’s positive  dom inance  at deeper soil 

dep ths (F ierer, S chim el and H olden, 2003). M ost o f  the  rh izobacte ria  are rod  shape G ram ’s
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negative  b ac te ria  w h ich  are co n cen tra ted  in  th e  rh izo sp h ere , (B lu m e  e t a l 2002), 

A v a ilab ility  o f  G ra m ’s po sitiv e  ro d s  o r  cocci b ac te ria  are  lo w er n e a r  the  rh izosphere  

(B h a ttach ary y a  and  Jha, 2012). It has b een  reco rd ed  th a t the  ch a rac te riza tio n  o f  the iso la tes 

on  the  b asis  o f  the ir fa tty  acid  m ethy l esters p ro files  rev ea led  th e  g rea te r abundance  o f  

G ra m ’s n eg a tiv e  bacte ria  w ith in  rh izo sp h ere  so ils (K arag o z  et a l., 2012).

2 .4 .2 .2  B io ch em ica l id en tifica tion  o f  b acter ia l iso la tes

A ll b acte ria l iso la tes  w ere co n sid ered  as aerob ic  o r  facu lta tiv e  an aero b ic  b ac te ria  since they  

p o sitiv e ly  resp o n d ed  fo r ca ta lase  test. C atalase  te s t has b een  rep o rted  to  be used  to detect 

the  p resen ce  o f  ca ta lase  enzym es b y  the d eco m p o sitio n  o f  H 2O 2 to re lease  oxygen  and  

w ater. T he  ab ility  o f  b ac te ria  to  p roduce  ca ta lase  is a n  im p o rtan t b io ch em ica l characteristic  

and  th is  ch arac te ris tic  can  be used  fo r the id en tifica tio n  (M ad ig an  et al., 2009). B i­

functional en zym es co m b in in g  b o th  cata la tic  and  p e ro x id a tic  ac tiv itie s  k n o w n  as cata lase- 

pe ro x id ase  are fo und  in  aerob ic  and  facu lta tive  b ac te ria  and  m arg in a lly  in  som e fungi and  

som e p ro tis ts  (Z a  m ocky , F u rtm u lle r and  O b inger, 2008).

O ut o f  a ll b ac te ria l iso la tes, B l ,  B3, B 4, B 6, B 7 and  B8 iso la tes  w ere  ca teg o rized  as aerobic 

iso la tes  d ue  to  th e  p o sitive  responses g iven  fo r O x id ase  te st (tab le  2 .2 ). O xidase positive  

m ic ro o rg an ism s co n ta in  cy toch rom e C ox idase  en zy m e an d  th e re fo re  can  u tilize  oxygen  fo r 

energy  p ro d u c tio n  w ith  an  e lec tron  tran sfe r chain . T h e  cy to ch ro m e system  is only  p resen t 

in aero b ic  o rgan ism s w h ich  are capab le  o f  u tiliz ing  o x y g en  as the  fina l h y d ro g en  recep to r 

(F o rchetti et al., 2007). T he ox id ase  reag en t con tains N ,N ,N ,N ’-te tra-m ethy l-p - 

p h en y len ed iam in e  d ih y d roch lo ride  w h ich  acts as an  a rtific ia l e lec tro n  d o n o r fo r the enzym e 

ox idase .

B acteria l iso la tes  B2, B3 and  B 7 show ed  o rgan ic  ac id  p ro d u c tio n  since g iv ing  positive  

responses fo r T S I te s t (p la te  2.3). T S I te s t reflec ts  the  ab ility  o f  th e  p ro d u c tio n  o f  o rganic 

acids by  m ic ro o rg an ism s th ro u g h  th e  fe rm en ta tio n  w h ich  chan g e  the  co lo r o f  the  m edium  

red  p H -sen sitiv e  dye (phenol red) to  a  y e llo w  co lo r. F urther, a ll b ac te ria l iso lates w ere 

co n sid ered  as m o tile  iso la tesex cep t B2 stra in  since th ey  p o s itiv e ly  responded  for the 

m o tility  test. A cco rd in g  to  all b iochem ica l ex p erim en ts , bacteria l iso la tes  B l ,  B2, B3, B5 

and  B 7 w ere  id en tified  as Bacillus  sp ., A cinetobacter  sp., A cidom onas  sp ., Serratia  sp. and  

Rhizobium  sp. respective ly . F urther, b acte ria l iso la tes  B 4 an d  B 6  w ere iden tified
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Pseudomonas sp. Therefore, all m ost all isolates can be considered as com m on soil bacteria 

associated with the rhizosphere. Detailed identities o f  bacterial isolates B1 and B7 w ere 

m entioned in chapter five.

Table 2.2- Responses shown by different bacterial isolates for biochemical experiments

Test Bacterial Isolates

B1 B2 B3 B4 B5 B6 B7 B8

Catalase test S y y y y y y

O xidase test y X y y X y y

Citrate test y X X y y y X

TSI test X y y X X X y X

U rease test X X y y X y y X

Indole test X X X X X X y X

M R  test y X X X X X X

VP test y X X X y X X

M otility test y X y y y y y

Positive Negative N egative Positive

(a) (b)
Plate 2.3- Responses of different bacterial isolates on TSI test and urease test, (a)- Biochemical responses for 
TSI test, (b)- Biochemical responses for urease test.
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2.4 .2 .3  M orphological and m icroscopic identification  o f  fu n ga l iso lates

Fungal co lonies o f  F I and F2 w ere observed  on  C Z p la tes after six days from  inocu lation . 

Fungal colonies o f  isolate F3 w ere observed  after n ine days from  inoculation . A ccord ing  to  

the  co lony  characteristics and m icroscopic  observations (table 2 .3), fungal strain  F I ,  F2 and  

F3 w ere identified  as Aspergillus  sp., Trichoderma  sp. and  Phytopthora  sp. respective ly  

(D ugan, 2008). M orphological observations and the m icroscopic  observations for the fungal 

iso lates are illustrated in  table 2.4, p la te  2.4  and p late  2.5.

Table 2.3- Colony characteristics o f the fungal isolates 

Fungal isolate O bservations

F I L ight brow n co lour pow dery  colonies w ere observed  on  CZ m edium .

F2 W hite co lour co lonies w ere observed  on C Z m edium . Y ellow

pigm ents w ere secreted  into the m edium .

F3 W hite/ gray co lour colonies w ere observed  on  C Z  m edium .

(a) (b)

Plate 2.4- External colony appearances o f  the isolated fungi on CZ medium, (a) -  Colony appearance o f  fungal 
strain FI. (b) — Colony appearance o f fungal strain F2.
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Table 2.4- Microscopic observations o f  the fungal isolates

Fungal iso late O bservations
F I H yphae w ere b ranched  and  septate. B row n co lo u r spherical spores 

w ere observed . C onid ial heads w ere ty p ica lly  rad iate, 

C on id iophore  w as hyaline and  coarse ly  rough , C on id ia  w ere

F2 H yphae w as b ranched  and aseptate. C on id io p h o res  w ere h ighly  

b ranched. M ain  b ranches o f  the con id iophores p roduced  lateral side 

branches. T yp ica lly  the  con id iophore  te rm in a ted  in  one o r a  few  

ph ialides.
F3 The m ycelium  w as hyaline and  septate . The sporang iophore  w as 

ended up  w ith  large ovo id  shape sporangia.
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(e)

Plate 2.5- Microscopic view o f the isolated soil fungi staining with Lacto phenol Cotton Blue, (a) and (b)- 
Microscopic view o f the spores and conidia o f fungi type FI (Magnification lOOOx). (c)- Microscopic view 
o f the conidia o f fungal type F2 (Magnification lOOOx). (d)- Microscopic view o f  the conidia and the 
sporangium o f the fungal type F2 (Magnification 400x). (e)- Microscopic view o f  the sporangia o f the fungal 
type F3 (Magnification lOOOx).

It has been  reported  tha t the genus Trichoderma  com prises a  g reat num ber o f  fungal iso lates 

tha t act as b io logical control agents. It is m ore efficien t in acidic than  alkaline soils (B enitez 

et al., 2004). Trichoderma  can  even  exert positive effects on p lan ts w ith  an  increase in p lan t 

g row th  (b iofertilization) and the stim ulation  o f  p lan t-defense m echanism s. Further, it has a 

superio r capacity  to m obilize and  take up soil nutrients com pared  to  o ther organism s. G enus 

Aspergillus  is also considered as beneficial fungal group since som e o f  the species in 

Aspergillus  are also used in  the b ioindustry , especially  fo r b io transform ations (Frisvad et 

al., 2004). Fungal identifications confirm ed the identity  o f  the  fungal strain  F3 as 

Phytopthora  sp. A ccording  to  the literature, Phytophthora  sp. attack a w ide range o f  plants, 

and are responsib le for som e o f  the  w o rld ’s m ost destructive p lan t d iseases such as potato 

late blight, roo t rots and stem  cankers (D renth  and Sendall, 2001).

2.5 C onclusions

F ourteen  bacteria  and tw o fungi w ere isolated  from  potato  rh izosphere. O ut o f  the fourteen 

bacterial iso lates, e ight iso lates w ere potential d iazotrophic bacteria. Acinetobacter  sp., 

Acidom onas  sp., Serratia  sp. and Rhizobium  sp. (B2, B3, B5 and B7 respectively) w ere 

am ong the isolates m ade from  potato  rhizosphere. Further, bacteria l iso lates B1 and B8 

w ere identified  as Bacillus sp. and bacterial iso lates B4 and B6 w ere identified as 

Pseudomonas sp. M icroscopic observations revealed tha t the fungal iso lates F I ,  F2 and  F3 

w ere Aspergillus  sp., Trichoderma  sp. and  Phytopthora  sp. respectively .



P R E L IM IN A R Y  S C R E E N IN G  O F M IC R O O R G A N IS M S  ISO L A T E D  
F R O M  SO IL  A N D  C H A R A C T E R IZ A T IO N  O F  E ST A B L ISH E D  

B E N E F IC IA L  F U N G A L -B A C T E R IA L  B IO F IL M S

3.1 In trod u ction

Soil m icrob ial com m unities like PG P R s in  the rh izosphere  zone p lay  an  im portan t ro le  in 

crop p roduction  and have been  used  fo r sustainable ag ricu ltu ra l developm ent as g row th  

prom oters (H ayat et al., 2010). B enefic ia l PG P R s strains use  one or m o re  d irect or ind irect 

m echan ism s to enhance the grow th and health  o f  p lan ts. P G P R s have been  reported  to 

d irectly  enhance  p lan t g row th  by a  varie ty  o f  m echan ism s viz. fixa tion  o f  a tm ospheric  N 2, 

so lub lization  o f  phosphorus (P) con tain ing  m inerals to  enhance  P  level, p roduction  o f  

s iderophores and synthesis o f  p lan t grow th horm ones i.e. IA A , g ibbere llic  acid (G A ), 

cy tokin ins, and  enhance seed ling  em ergence, v igor, and  y ie ld  (K loepper, 1997; K um ar, 

K hare and  D ubey, 2012). T herefore , P G P R s are no w  being  u sed  as m icrob ia l inoculants or 

as b io fertilizers  to  enhance crop productiv ity  and  to reduce  the use o f  CF in current 

agricu ltu re  (K aragoz et al., 2012; B uddhika, Senev iratne and  A bayasekara , 2014). For 

instance, a  bio fertilizer, developed  w ith  Azospirillum  sp. has been  app lied  to an agricultural 

soil for w h ich  fertilizer inputs are im practical or undesirab le  (P acovsky , 1990). Further, 

d iazo troph ic  m icrob ial inocu la tion  on  crops has been  reported  to enhance p lan t grow th () 

and im prove nu trien t assim ila tion  (S aharan  and N ehra, 2011).

M ost o f  rh izosphere  m icrobes inc lud ing  PG PR s prefer to  ex ist in  soil as m ulticellu lar 

com plex  com m unities or as b io film s w ith  other m icroo rgan ism s by  attach ing  to b iotic  o r 

ab io tic  surfaces. A  b io film  is an  aggregation  o f  m icrob ia l cells (a lgal, fungal, bacterial 

and /o r o th e r m icrob ial) in an  ex tracellu lar b iopo lym er (S enev ira tne , 2003). M any bacteria  

p roduce  a  layer o f  po lysaccharides or g lycoproteins th a t coats the  surface o f  the cell. Som e 

form  a slim e layer w hile o thers form  a th ick  gelatinous capsu le  w hich  is know n as an 

ex trace llu la r po lym eric  substance (E PS) and is used by  the b ac te ria  to  fo rm  biofilm s so tha t 

they  can  a ttach  to  structu res (R avneet and Shruti, 2013). B ac te ria l, fungal, and fungal- 

bacteria l b io film s are the  m ajo r types o f  b iofilm s tha t can occu r in  natural soil. B oth 

bacteria l and  fungal b io film s are fo rm ed  on abio tic  surfaces, w h ile  fungi act as the b iotic
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surface in form ation o f  fungal-bacterial biofilm s. Such m icrobial com m unities frequently 

found to form m icro-colonies or biofilm -like structures on plant roots (B andara et al., 2006).

It has been reported that the com m unity interactions like biofilm s can fluctuate between 

parasitism  and mutualism through tim e (Toft and A ndcrsson, 2010). C hanges in m icrobial 

com position by the inoculation o f  m icrobial com m unity or individual m icrobial strains may 

be undesirable if  the inoculating m icroorganism s are pathogenic. The possibility o f  

inoculating pathogenic microbial species in the form  o f  b iofertilizer can becom e a 

devastating effect for the entire soil ecosystem  especially for agricultural soil (Trabelsi and 

M ham di, 2013). Further, it causes to lose the im portant native species from soil, thus 

affecting subsequent crops. However, beneficial m icrobial interactions are a source o f  

evolutionary innovation through genetic rearrangem ents that give rise to m etabolic 

capabilities and em ergence o f  syntrophy to exploit resources, stabilizing in a m utualistic 

relationship (G arcia et a/., 2014). It has been well docum ented that the increm ent o f  the 

com plexity o f  the m icrobial com m unities in rhizosphere results syntrophy which help to 

exchange the essential m etabolites know n as m etabolic cross feeding betw een different 

com m unities to the benefit o f  the com m unity m em bers (M ee et al., 2014).

Studies have suggested that biofilm  com m unity form ation from  such beneficial 

m icroorganism s play diverse activities in terms o f  im proving the productivity o f  crops 

(M orris and M onier, 2003). For exam ple, Paenibacillus polym yxa, a beneficial PG PRs 

bacterium , has been reported to protect the plants against pathogenic infections by form ing 

biofilm -like structures and colonizing on plant root tips (T im m usk, G rantcharova and 

W agner, 2005). W hen such beneficial bacteria attached and colonized on fungal m ycelia to 

form  the biofilm s, known as beneficial FBBs. In FBBs fungi act as the biotic surface to 

which the bacteria adhere. Enhanced m etabolic activities have been reported due to the 

form ation o f  FBBs by bacterial colonization on biotic fungal surfaces, com pared to 

m onocultures (Seneviratne et al., 2007). Further, it has been w ell docum ented that the 

m icroorganism s showed higher beneficial activities w hen they form biofilm s w ith other 

m icroorganism  rather than when they exist as mono or m ixed cultures (B andara et al., 2006: 

Seneviratne et al., 2007). However, because the density o f  biofilm s in natural soil is not 

adequate to give m axim um  beneficial effects on plants, biofilm s w ith beneficial 

m icroorganism s developed in vitro can be applied as biofertilizers to im prove the beneficial 

activities like N 2 fixation and plant grow th prom otion (B andara et al., 2006).
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D ifferen t b io fe rtiliz ing  m ethods hav e  been  dev e lo p ed  to  en h an ce  b io log ica l N 2 fixa tion  

(B N F) fo r cerea ls and o th e r non- legum es by estab lish in g  N 2 fix in g  b acte ria  in p lan t roo ts 

(C ock ing , 2000; M ia  et al., 2010). It w as c learly  o b serv ed  th a t P G P R s w h ich  consist o f  N 2 

fix ing  bacteria , fix  N 2 b io log ica lly  th rough  the n itro g en ase  ac tiv ity  and  enhance the N  

av ailab ility  to  p lan t (Jayasinghearachch i and  S enev ira tne  2004a; S en ev ira tn e  et a l ., 2007). 

P rev ious repo rts  have suggested  positive  im pacts o f  m ic ro b es  o n  N  u p tak e  in  non-legum e 

by  B N F  (A desem oye, T orbert, and  K loepper, 2009). F o r in s tan ce , app lication  o f  P G P R  

strains, espec ia lly  Azospirillum  sp. and  Bacillus subtilis  have  been  rep o rted  to  im prove N  

av a ilab ility  in  so il w h ile  enhanc ing  crop p roductiv ity  o f  n o n - leg u m es such as oil palm  

(Elaeis guineensis), sw eet po tato  (Ipom oea batatas) and  po ta to  (Solarium tuberosm) (A m ir 

et al., 2001; Y asm in  et al., 2009). It has been repo rted  th a t P G P R s inocu la tion  along w ith 

33%  N  fe rtilize r enhanced  crop  p ro d u c tiv ity  and p ro d u ced  a  s im ila r p lan t b iom ass and y ield  

like the fu lly  fe rtilized  p lan ts w h ile  reduc ing  chem ical inpu ts  by  67%  in  sw eet potato (Saad 

et al., 1999; M ia  et al., 2010). In  add ition , P G P R s in o cu la tio n  has been  reported  to 

con trib u te  89%  o f  the  to ta l N  requ irem en t o f  oil p a lm  p lan tle ts  grow n under in vitro 

cond itions. N um erous s tud ies have show n greater N 2 f ix a tio n  ac tiv ities  in  inoculated  plants 

th an  in  un -inocu la ted  con tro ls  (O kon , 1985). This m ig h t be due to  the  increm ent o f  num ber 

o f  n itro g en o u s com pound  and  n itrogenase  activ ity  in  ino cu la ted  p lan ts  (B ashan and 

H olgu in , 1997).

H ow ever, benefic ia l P G P R s liv ing  in  a  b io film  show  s ig n ifican tly  d ifferen t N 2 fixing 

ab ilities  co m pared  w ith  the sam e species tha t are free -liv in g  (S en ev ira tn e  et al., 2008). For 

instance, inco rpo ra tion  o f  N 2 fix ing  stra ins to  FB B s has b een  sh o w n  to im prove N  content 

s ig n ifican tly  in  N  defic ien t cond itions. A ppro x im ate ly  30%  en h an cem en t o f  N 2 fixation  in 

soybean  has been  repo rted  by  the  inocu la tion  o f  F B B s in c lu d in g  N 2 fix ing bacteria  

com pared  to  a  conven tional inocu lan t o f  Rhizobium  a lone  (m onocu ltu re  inocula) 

(Jayasinghearachch i and S enev ira tne, 2004b). T hus, it is c lea r th a t the  beneficial activ ities 

such  as N 2 fixa tion  show n by  m icrob ia l com m unities  and  free liv ing  stages are h igh ly  

variab le. T herefo re , a  p roper quan tifica tion  m ethod  fo r N 2 f ix a tio n  by  such beneficia l 

m icroo rgan ism s, is requ ired  to  o b ta in  a be tter u n d ers tan d in g  o f  th e ir  invo lvem ents. O ne o f  

the  m o st re liab le  and  easiest m ethod  o f  quan tify ing  N 2 fix a tio n  o f  such  soil bacteria  o r 

m icrob ia l com m unities is th rough  m easuring  the  e thy lene  p ro d u c tio n  by acety lene 

red uc tion  assay . The enzym e n itrogenase , u n iversa lly  resp o n sib le  fo r b io log ica l N 2 fixation, 

is a lso  capab le  o f  reducing  ace ty lene  to  ethylene. B o th  gases can  be  read ily  detected  and
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quantified using gas chrom atography (GC) (Schollhorn and B urris 1967; Hardy et al., 

1968). Thus, the acetylene reduction assay (A RA ) is a sensitive m easure o t nitrogenase 

activity at a point in time and can be very useful for detecting N 2 fixation activity (M cnabb 

and G eist, 1979; Herridge. Peoples and Boddey. 2008). Further, associative N 2 fixing 

bacteria have been found to be capable o f  producing grow th regulators like IAA, GA and 

cytokinins, which were thought to contribute to the stim ulated plant grow th (U m ali-G arcia 

et al., 1980).

IAA production and seedling vigor are another two im portant criteria  to evaluate beneficial 

activities o f different soil m icroorganism s. It has also been well docum ented that the 

biosynthesis o f  auxins with their excretions into soil m akes a m ajor contribution to the 

bacterial plant grow th-prom oting effect (Lam brecht el al., 2000). Evidences can be found 

for the beneficial bacterial effects on the enhancem ent o f  seedling em ergence, seedling 

vigor, seed germ ination and plant growth due to the excretion o f  p lant grow th horm ones

i.e. IAA, GA, cytokinins, and ethylene (Nelson, 2004; K um ar et al., 2012). IAA is one o f  

the m ost im portant phytohorm ones and function as an im portant signal m olecule in the 

regulation o f  plant developm ent. It has been reported that IAA production by PGPRs can 

vary am ong different species and strains, and also influenced by culture conditions, grow th 

stage and substrate availability (M irza et al., 2001). Further, som e beneficial bacterial 

strains such as Pseudomonas putida  and Pseudomonas fluorescens have been reported to 

increase root and shoot elongation in canola, lettuce, and tom ato as w ell as crop yields in 

potato, tom ato, lettuce, beans, and wheat due to the effect o f  p lant grow th prom oting 

horm ones (Rodriguez and Fraga, 1999). Further, it has been reported that soil beneficial 

m icroorganism s can produce significant am ount o f  IAA and the production ranging from 

11.6 to 60.0 pg/ml (M alleswari et al., 2013). However, m any studies have recorded higher 

acidity and higher IAAs production from biofilm  com m unities than their mono or m ixed 

cultures (Jayasinghearachchi and Seneviratne 2005; Seneviratne and Indrasena 2006). For 

exam ple, FBBs o f beneficial endophytes were observed to produce higher acidity and plant 

grow th prom oting horm ones like IAA than their m ono- or m ixed cultures w ith no biofilm  

form ation (Bandara et al., 2006). Further, it has been reported that FBBs inocula w hich 

excrete such growth prom oting substances like IAA led to 25%  increm ent in plant dry 

w eight in early growth o f  rice com pared to conventional m ono or m ixed cultures w ith no 

biofilm  form ation (Bandara et al., 2006).
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M oreover, a research on seed germ ination and seedling vigor o f  tom ato  has shown that the 

seed germ ination has increased significantly due to the influence o f  seed bacterization with 

different rhizobacterial isolates (Agrawal and Agrawal, 2013). Increase o f  seed germ ination 

due to the PGPRs has been reported in crops such as rice (Ng et al., 2012), m aize (N ezarat 

and Gholam i 2009) and soybean (Sreenivasa et al., 2009). Further, enhanced seedling vigor 

(V essey 2003; A shrafuzzam an et a i, 2009) and early seedling establishm ent (Noel et al., 

1996; K halid, Arshad and Zahir, 2004) have also been noted due to the PG PRs applications. 

For exam ple, rapid seed germ ination o f  Dianlhus caryophyllus has been observed to be 

caused by the production o f  plant growth regulators like IAA, w hich overcom es seed 

dorm ancy (Buddhika et al., 2014). However, it has been well recorded that biofilm s 

especially FBBs significantly enhanced the seedling vigor and seed dorm ancy com pared 

w ith their monocultures. M aize seeds inoculated w ith FBBs has been shown higher root 

lengths (w hich is a factor effecting seedling vigor) than the seeds inoculated w ith bacterial 

m onocultures, whereas no such a difference has been found in shoot length (Buddhika el 

al, 2014). This might be due to the production o f  different m etabolic com pounds by the 

m icrobial com m unities over their m onoculture inoculants (llo flich , W iehe and Kuhn, 

1994).

Since soil m icrobial com m unities play divers behavioral activities including parasitism  and 

m utualism , pre- screening and characterization o f m icrobial inoculants are essential to 

m inim ize the adverse effect on entire soil microbial com m unity and crop productivity. In 

that sense, m olecular characterization o f biofilm  inoculants and screening for beneficial 

activities to make a solid confirm ation on the behavioral activ ity  and the identity o f  the 

m icrobial inoculants are greatly required. Therefore, strong m olecular identification tools 

such as 16S r-RNA gene sequencing and RFLP techniques and basic screening experim ents 

such as IAA production, nitrogenase activity and seedling vigor index can be used to 

estim ate m icrobial com m unity com position and beneficial activities in com plex 

com m unities. The use o f 16S rRNA gene sequences to study bacterial phylogeny and 

taxonom y has been by far the m ost common housekeeping genetic m arker. 16S rRNA gene 

sequencing provides unam biguous data even for rare isolates, w hich are highly 

reproducible. These small subunit (SSU) rDNA m olecules are particularly  suited for such 

studies for a num ber o f reasons. First, they are found universally  in  all three forms o f  life: 

the dom ains Bacteria, Archaea, and Eucarya (W oese, K andler and W heelis, 1990). Second, 

these m olecules are com posed both o f  highly conserved regions and also o f  regions w ith
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considerable sequence variation. Third, the phylogenetic inform ation held in the SSU rD N A  

m olecule is further enhanced by its relatively large size (e.g. 1.5 kb for the 36S rD N A  

m olecule) and the presence o f  m any secondary structural dom ains. C onsequently, 

evolutionary changes in one dom ain do not affect the rate o f  change in other dom ains. 

Finally, SSU rDNA can be easily am plified using polym erase chain  reaction (PCR) and 

rapidly sequenced (Hill et al., 2000). However, there are som e p itfalls in the use o f  16S 

rRNA for studies o f  biodiversity. One is that in term s o f  size the genes for the 16S m olecule 

are extrem ely conserved and therefore different genes cannot be easily  separated by size 

(M artinez et al., 1999).

DNA fingerprinting using restriction fragm ent length polym orphism  (RFLP), is another tool 

used to study m icrobial diversity which the PCR am plified rD N A  is digested w ith cutting 

restriction enzym es (Liu et al., 1997). D ifferent fragm ent lengths are detected using agarose 

gel electrophoresis in the case o f  com m unity analysis (Liu et al., 1997; Tiedje et al., 1999). 

Though this m ethod is useful for detecting structural changes in m icrobial com m unities, 

diversity analysis or detection o f  specific phylogenetic groups cannot be achieved (Liu et 

al., 1997). Further, RFLP provides com plex banding patters for diverse m icrobial 

com m unities thereby the analysis becom es confusing (K rick et al., 2004; Fakuruddin et al., 

2013). Therefore, more advanced techniques like term inal restriction fragm ent length 

polym orphism  (TRFLP) can be used to address some o f  the lim itations o f  RFLP (Tiedje et 

al., 1999).

TRFLP analysis is an autom ated and sensitive fingerprinting m ethod w hich follows the 

same principle as RFLP except that one PCR prim er is labelled w ith a fluorescent dye and 

allows detection o f  only the labelled term inal restriction fragm ent using a DNA sequencer 

(Liu et al., 1997). The sequencer recognizes only the fluorescently  labeled term inal 

fragm ents, and therefore, in principle each fragm ent represents a unique operational 

taxonom ic unit (OTU) in the sample. The relative quantitative d istribution w ithin a profile 

can be determ ined, since the fluorescence intensity o f  each peak is proportional to the 

am ount o f  genom ic DNA present for each OTU in the sample. Further, TRFLP extended to 

analysis o f  m ultiple species by the use o f  prim ers w ith a high degree o f  species cross­

reactivity. Since fragm ents am plified from different species typically  differ in nucleotide 

sequence, they produce fragm ents o f different sizes on digestion w ith  a restriction enzym e. 

This sim plifies the banding pattern, thus allowing the analysis o f  com plex com m unities as
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well as providing inform ation  on diversity  as each v isib le  band represents a  single 

operational taxonom ic unit or ribotype (Tiedje et al., 1999). The banding  pattern can be 

used to m easure species richness and evenness as well as sim ilarities betw een sam ples (Liu 

et al., 1997). Further, TR L FP has been used to study com plex bacterial com m unities and it 

has proved to be m ore consisten t and reproducible than  o ther fingerprin ting m ethods 

because o f  its autom ated analysis m ode and because an in ternal size standard is included in 

every sam ple (A cinas et al., 2005).

3.2 O bjectives

1. To screen isolated  m icroorganism s based on specific biochem ical experim ents.

2. To evaluate the m icrobial isolates for their pathogenicity .

3. To evaluate the m icrobial isolates for their grow th responses on potato seed 

tubers.

4. To establish  b iofilm s and select the beneficial b iofilm s through screening 

experim ents.

5. To characterize the biofilm  form ing m icrobial isolates using  m olecular m ethods.



3.3 M ethodology

3.3.1 P relim in ary screen in g  o f  bacteria l iso lates
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P relim inary  screening experim ents w ere carried  o u t fo r the  iso la ted  d iazo troph ic  bacteria  to 

select beneficia l m icroorgan ism s. S creening  experim en ts  w ere based  on  inoculum  pH , 

n itrogenase activ ity  th rough  A R A  (H usen, 2003), seed ling  v igo r (M ia, Sham suddin  and  

M ahm ood, 2012: P aw ar et al., 2014), and  p roduction  o f  IA A  (H usen , 2003; B uddhika et 

a l., 2014).

3.3.1.1 B roth cu lture pH  o f  m icrob ia l isolates

Iso la ted  eigh t d ifferent d iazo troph ic  bacterial iso la tes (2 .3 .1 .4 ) w ere inoculated  on  C CM  

bro ths and  incubated  a t 33 °C fo r five days. Fungal iso lates w ere inocu lated  on C Z broth  

separately  and incubated  at 30 °C fo r five days. A fte r incubation , pH  o f  each culture m edia 

w as m easured  separately. Three rep licates w ere m ain ta ined  per treatm ent.

3.3 .1 .2  N itrogenase activ ity  o f  m icrob ia l isolates

A nalysis o f  n itrogenase activ ity  o f  d ifferent bacteria l iso lates w as accom plished  by GC 

using  P orapak  N  co lum n (200 x  0.2 cm ) equipped w ith  a flam e ion iza tion  detector (FID ) in 

isocratic  condition. The opera ting  conditions w ere as fo llow s: tem peratu re  o f  oven at 80 °C; 

the in jec to r tem peratu re  w as kept at 200 °C; and the  de tec to r tem peratu re  w as m ain tained  

at 200  °C. The flow  o f  N 2 gas w as m ain tained  42 m l/m in , IT2 at a flow  rate o f  64 m l/m in  

and air at a  flow  rate o f  42 m l/m in  respectively . B acteria l iso lates w ere inoculated  into C CM  

bro ths and incubated  at 33 °C fo r five days. Subsequently , 100 p i o f  each broth culture 

(approx im ate  C FU -2 x 107/m l) w as m ixed  w ith  one m illilite r o f  G lucose M alate (M L) 

m edium  in  an A R A  vial separately  and  incubated  at 33 °C for 24 hours. A fter the incubation, 

0.5 m l o f  gas w as w ithdraw n from  each  A R A  vial and  in jected  0.5 m l o f  acetylene gas in to 

the sam e vial. A fter the incubation  o f  each  vial fo r one hou r at 33 °C, 0.5 ml o f  gas w as 

w ithdraw n  again  and in jected  in to  GC (M odel N o . SH IM A D Z U , G C -9A M ) to obtain  the 

readings. The accuracy  o f  the data  w as confirm ed by  trip lica ting  th e  experim ent along w ith  

a contro l (w ithou t inoculation). A ccord ing  to the read ings (peak  areas), concentration  o f  the 

ethy lene accum ulated  in the A R A  vial due to n itrogenase  activ ity  w as calcu lated  for each
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bacterial m onocultures using the follow ing equation. The m ean values o f  each experim ent 

w ere calculated and reported.

C oncentration o f  ethylene =  (0.0008 x area o f  the peak) + 2 .5712

3.3.1.3 Seedling vigor through lettuce seed germ ination  assay

The experim ent w as designed in an aseptic conditions to p reven t cross-contam inations o f  

culture bottle and seeds. Isolated bacteria  w ere inoculated  (approx im ate  CFU -2 x 107/m l) 

in M L m edium  and incubated at 33 °C for 24-48 hours. Selection o f  good quality seed was 

considered as one o f  the m ajor influencing factor fo r this experim ent since germ ination is 

highly  depended on the v iability  o f  seeds (H arris and  De M ason, 1989). Therefore, lettuce 

seeds w ere obtained from  certified seed com pany (CIC A gri B usiness (Pvt) Ltd) to confirm  

the germ ination and to m inim ize the pathogenic effects. Lettuce seeds were surface 

sterilized by dipping the seeds w ith 1% Clorox for 3 m in fo llow ed by repeated w ashings (3 

tim es) w ith sterilized distilled w ater. Then surface sterilized lettuce seeds were soaked 

separately w ith 10 tim es diluted each bacterial cultures in M L m edium  for 2 hours. The 

seeds w hich w ere soaked in un-inoculated M L m edium  w as kept as the control. S terilized 

250 ml culture bottles w ere used for the experim ent to provide enough aeration since the 

seed germ ination is highly effected by the availability  o f  O xygen in the  atm osphere (V an 

der V alk et al., 1999). A bout 50 soaked seeds from  each bro th  culture w ere placed 

equidistance on the sterilized sand m edium  inside the sterilized  culture bottles under aseptic 

conditions. The sand m edium  w as m oistened w ith 15 ml o f  each diluted bacteria broth 

cultures separately. Favorable and equal environm ental conditions w ere provided for each 

culture bottle w ith inoculated seeds throughout the experim ent. Then the seeds w ere 

allow ed to germ inate in the dark fo r four days. The effect o f  d ifferent bacterial inoculations 

on seed germ ination was evaluated using germ ination percentage, roo t and shoot lengths o f  

the seedling. Seedling vigor for each bacterial treatm ent (v igor index) w as calculated based 

on the data follows (A graw al and A graw al, 2013). The accuracy  o f  the data was confirm ed 

by trip licating the experim ent and the m ean values o f  each experim ent w ere calculated and 

reported.
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G erm ination (%) =  N um ber o f  em erged seedlings x 100

N um ber o f  seeds sown

Total length o f  seedling =  root length + shoot length

V igor Index (VI) = germ ination (% ) x m ean total length o f  seedling

3.3.1.4 Q uantification o f IAA  production

B acterial isolates were inoculated (approxim ate CFU - 2 x 107/m l) on Tris-Y M R T m edium  

[m annitol, 10 g; C aC l2.2H20 ,  0.15 g; M g S 0 4.7H20 ,  0.25 g; TR IS (hydroxym ethyl) am ino 

m ethane, 1.21 g; casam ino acids, 1.0 g; yeast extract, 0.2 g; w ater, 1000 m l; pH 6.8] (B isw as 

et al., 2000) and incubated at 33 °C for seven days. Incubated cultures w ere then 

centrifuged at 4025 xg  for 20 m in at 4 °C. 1ml aliquot o f  the supernatan t from  each culture 

w as v igorously  m ixed w ith  4 ml o f  Salkow ski’s reagent (150 m l o f  concentrated H 2S 0 4, 

250 ml o f  distilled H 20 ,  7.5 m l o f  0.5 M  FeCl3-6H20 )  and allow ed  to stand at room  

tem perature for 20 min. Subsequently, the absorbance w as m easured using colorim etric 

m ethod at 535 nm in U V /V isible Spectrophotom eter (M odel No. G enetics 6). IA A  

production w as calculated from  the regression equation o f  standard  curve and the result w as 

expressed as pg  m l'1 (control- Un- inoculated Y M R T m edium ); 100 mg/1 o f  an IAA solution 

w as prepared by dissolving 0.005 g o f  IAA in 50 ml o f  ethyl acetate solution. From  the 

prepared solution, 0.25, 0.5, 0.75, 1.0 and 1.25 m l o f  a liquots w ere m ixed with 25 ml o f  

ethyl acetate to m ake 1, 2, 3, 4 and 5 m g IAA/m l, respectively  to prepare standard series.

3.3.2 Prelim inary screening o f fungal isolates

It w as decided not to use Phytopthora  sp. for further evaluations w ith  potato crop as it w as 

identified as plant pathogenic fungi. Aspergillus sp. and Trichoderma  sp. were screened 

based on the pH  o f  the broth m edium . Therefore, bo th  iso lates w ere inoculated in CZ 

m edium  and incubated for four days at 30 °C follow ed by m easuring  the pH o f  the broth 

m edium .
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3.3.3 R esponses o f fungal and bacterial isolates on potato p lan t

Efficient fungal and bacterial isolates selected from  screening experim ents w ere evaluated 

for their grow th responses on potato using a pot experim ent under greenhouse conditions at 

the R egional A griculture R esearch and D evelopm ent C enter, B andaraw ela, Sri Lanka. 

Further, pathogenicity  o f  the selected m icrobial iso lates w ere evaluated  as a separate 

experim ent sim ultaneously with the evaluation o f  grow th responses. Experim ents w ere 

conducted from  O ctober 2011 to February 2012. G row th w as evaluated  using tuber fresh 

weight, tuber num ber, stolon num ber, shoot dry w eight and root dry w eight o f  potato plant. 

Pathogenicity  was evaluated using num ber o f  w ilted p lan ts due to bacterial w ilt disease and 

num ber o f  leaves w ith brow n patches due to the late b light disease.

3.3.3.1 M edia preparation and p lanting o f seed potato

Top loam y soil was used (particle size < 2 m m ) as the m edium  for the po t experim ent. The 

m edium  w as heat sterilized using a dry oven at 160 °C for 2 hours. Six inch diam eter black 

plastic pots were used for the pot experim ent and w ere filled  (3/4 o f  the pot) w ith sterilized 

soil m edium  after w ashing the pots w ith clean w ater.

A  separate experim ent was conducted to evaluate the pathogenicity  o f  the inoculated  

m icrobial isolates using sterilized river sand as the m edium  under the sam e greenhouse 

conditions. R iver sand w as sieved (particle size < 1mm) and w ashed three tim es w ith  tap 

w ater before sterilization. Subsequently, the sand m edium  w as heat sterilized using a dry 

oven at 160 °C for tw o hours after adjusting the pH  to 5-7. Six inch diam eter black plastic  

pots w ere used for the experim ent and w ere filled w ith  sterilized  sand m edium .

Since potato  is highly susceptible to fungal and bacterial diseases, selection o f  good quality  

d isease free planting m aterial (seed tubers) is one o f  the key considerations in this research. 

Therefore, disease free seed tubers ( ‘G ranola’ variety) w ere ob tained  from  governm ent 

certified Regional A griculture R esearch and D evelopm ent C enter, B andaraw ela. Tw o seeds 

w ere grow n in  each pot w ith soil and sand separately. Subsequently , all the pots w ere 

arranged according to the CRD inside the greenhouse till harvesting. Five replicates w ere 

m aintained for each treatm ent.
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3.3 .3 .2  Preparation  and app lication  o f  m icrobial cu ltures

Selected  bacterial and fungal iso lates w ere inoculated in C C M  and C Z  bro th  separately  and  

incubated  at suitable tem peratures (bacteria-33 °C and fungi- 30 °C). B acterial co lony  

form ing units (C FU ) w ere counted  for each bacterial iso lates a fte r 48 hours o f  incubation  

using a heam ocytom eter. Suitable d ilu tions (bacteria- w ith  C C M  and  fungi- w ith  C Z) w ere 

perform ed for bacterial isolates in o rder to equalize the C FU  for all the bacteria. . Total dry 

m ass o f  fungal m ycelium  in one m illiliter o f  broth cu lture w as d e term ined  for each fungal 

iso lates after 48 hours o f  incubation. R equired d ilu tions w ere p repared  for fungal cultures 

in order to equalize the concentration.

A fter 10 days from  seed sow ing (approxim ately  tw o w eeks requ ired  for roo t estab lishm ent), 

20 ml o f  the diluted eight different diazoptrophic bacterial cu ltu res (C FU  = 107/m l) and  tw o 

fungal (D ry m ass = 0.12 m g/m l) broth  cultures w ere app lied  separa te ly  a round  the roo t zone 

o f  the potato  plants grow n in pots. Potato plant w ith  un -inocu la ted  C C M  and CZ m edia  

w ere considered  as the control experim ents.

3.3 .3 .3  F ertilizer application

A m ixture o f  urea (2.0 g), T rip le Super Phosphate (T SP) (3.33 g) and  M uriate o f  Potash  

(M O P) (1.33 g) w as m ixed w ith 1 kg o f  soil as a basal fe rtilize r m ix tu re  before filling soil 

in to pots. Fertilizer application (2.0 g o f  urea and 1.33 g o f  M O P ) w as repeated  after five 

w eeks from  seed sow ing sim ultaneously  w ith  b io fertilizer app lication .

A lbert so lution (1% ) was used as the basal CF until the estab lishm en t o f  the root system  for 

the p lan ts w hich w ere grow n in sand pots for the evaluation  o f  pathogenecity . A fter 8- 10 

days, the concentration o f  A lbert so lution m edium  w as increased  to 10%  and applied  

sim ultaneously  w ith the m icrobial inoculations. R ates o f  CF app lication  w as calculated  p er 

p lan t basis according to the D O A  recom m endations. W ater level o f  the m edium  w as 

m ain tained  constantly  by applying 250 ml o f  w ater for each  po t every  day. P lants w ere 

grow n w ith  a daily m inim um -m axim um  tem perature range o f  20 °C — 30 °C.
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3.3.3.4 Evaluation o f pathogenicity

V isual observations and field evaluations w ere m ade for the p lan ts w hich  were grow n in 

sand pots once a w eek to check the em ergence o f  any harm ful pest attacks or disease 

infections. B acterial w ilt and potato  late blight d iseases are considered  as severe d iseases 

w hich can reduce crop yield significantly in potato. T herefore, num ber o f  w ilted  plants w ere 

counted after four w eeks and eight w eeks from  seed sow ing to determ ine the em ergence o f  

bacterial w ilt disease due to inoculation. Leaves w ith  brow n/ b lack  lesions w ere collected  

once in tw o w eeks to evaluate the em ergence o f  late b ligh t d isease due to inoculation. 

M icroscopic observations o f  lea f section cuttings were carried  out to confirm  the infections. 

R esults were com pared w ith non-treated controls.

3.3.3.5 H arvesting

A fter 90 days from  seed sowing, plants were uprooted carefully  w ithou t dam aging the root 

system  and were w ashed carefully  w ith water to rem ove adhered soil m aterials attached 

w ith the root system. Then the individual plants were transferred  in to b lack  polythene bags 

accordingly with the different treatm ents and w ere brought in to the  laboratory to m easure 

d ifferent param eters o f  the plants. Fresh w eights o f  the tubers, num ber o f  stolons and tubers, 

dry w eights o f  roots and shoots w ere m easured to evaluate the grow th responses for the 

treatm ents.

3.3.3.6 Statistical analysis

N orm ality  o f  the data and constancy o f  residuals w ere confirm ed. Statistical data analyses 

w ere perform ed on all data collected using the one w ay A nalysis o f  V ariance (A N O V A ) 

M odel in M IN ITA B 16 Statistical Software. The m ean values o f  fresh w eights o f  the tubers, 

dry w eights o f  roots and shoots, num ber o f  tubers and num ber o f  sto lons were com pared on 

treatm ent basis using the tukey’s sim ultaneous test at 5%  significance level. C orrelations 

betw een different grow th param eters and other specific characteristics (pH  and IA A  etc...) 

w ere constructed using non-linear regression analysis.

M icrobial isolates selected from  each screening experim ents (pH , A R A , seedling vigor, 

IA A  production and grow th responses on potato) w ere statistically  ranked  using M IN ITA B
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16 Statistical Software to evaluate the beneficial fungi and bacterial isolates. M ost efficient 

organism s (bacteria and fungi), which were able to produce high concentrations ol ethylene, 

high concentration o f  IAA, high seedling vigor and low pH w ere selected for biofilm  

establishm ent.

3.3.4 Establishm ent o f sim ple FBBs from selected bacterial and fungal isolates

Hach isolate o f  efficient responsive bacteria (selected after screening) was inoculated in 25 

ml o f  CCM  broth and incubated at 33 °C for 2 days. Isolates o f  fungi w ere grown separately 

in 25 ml o f  CZ m edium and incubated at 30 °C for 5 days. The bacteria and fungi were 

mixed with each other into desired com binations (table 3.1) to form sim ple biofilm s in a 

special biofilm  forming m edium  (patented). Those m ixed cultures w ere incubated at 30 °C 

for 5 days w ith continuous m ixing in an orbital shaker to produce sim ple biofilm s 

(G unathilake el al., 2013). The progress o f  biofilm developm ent w as recorded at 2 day 

intervals by visual and m icroscopic observations using a light m icroscope by staining with 

lactophenol cotton blue. Bacterial attachm ents along the fungal m ycelium  were taken as 

fungal-bacterial biofilm s according to the definition by Seneviratne el al. (2008).

Table 3.1: Possible biofilm combinations of fungi and bacteria

Bacterial isolates

Fungal isolate Bacillus sp. Acidomonas
sp.

Serralia

sp.

Rhizobium sp. Bacillus sp.

Aspergillus sp. B1F1 B3F1 B5F1 B7F1 B8F1

Trichoderma sp. B1F2 B3F2 B5F2 B7F2 B8F2

3.3.5 Screening experim ents for sim ple biofilms

Screening experim ents were carried out for fungal-bacterial sim ple biofilm s to select the 

beneficial cultures based on pH o f  the biofilm broth m edium , nitrogenase activity through 

ARA, seedling vigor through lettuce seed germ ination assay (Paw ar el al., 2014) and 

production o f  IAA (Husen, 2003) as perform ed in bacterial isolates (3.3.1). Biofilm  

com binations selected from  each screening experim ent (pH, n itogenase activity, seedling
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vigor and IAA concentration) w ere statistically ranked using  M IN ITA B  16 S tatistical 

Softw are to evaluate the beneficial biofilm s. M ost effic ien t b iofilm s, w hich  were able to 

produce high concentrations o f  ethylene, high concentration  o f  IA A , h igher seedling v igor 

and low er pH were selected as best perform ing biofilm s.

3.3.6 E stablishm ent o f  h igher order biofilm s from  selected  bacteria  and fungi

Fungal and bacterial m ono cultures were com bined in all possib le  com binations to produce 

higher order biofilm s (m ore than one bacteria w ith a fungus). The bacteria  and fungi from  

the screened best perform ed biofilm s were m ixed w ith each o ther into desired  com binations 

(table 3.2) to form  higher order biofilm s in a  special biofilm  form ing m edium  (patented). 

Those m ixed cultures w ere incubated for 5 days w ith  continuous m ixing  in an orbital shaker 

at 30 °C to produce higher order biofilm s (G unathilake et al., 2013). The progress o f  biofilm  

developm ent was recorded at two day intervals by visual and m icroscopic observations 

using a light m icroscope by staining w ith lactophenol co tton  blue.

Table 3.2: Possible higher order biofilm combinations o f fungi and bacteria

Bacterial isolates Fungal isolates B ioftlm  com binations

Bacillus sp. and Rhizobium  sp. Trichoderma sp. HBF1

Serratia  sp. and Bacillus sp. Apergillus sp. H BF2

Selection o f  the bacterial and fungal com binations for the p roduction  o f  higher order 

biofilm s was based on the ranking scores o f sim ple biofilm s in the screening experim ents. 

Since four sim ple biofilm  com binations perform ed well in the screening  experim ents, those 

com binations were selected to prepare higher order b iofilm s w ith  respective fungal isolates. 

All the screening experim ents w ere perform ed for the higher order biofilm s as done in 

sim ple biofilm s.
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3.3.6.1 GA production by higher order biofilms

GA production by the higher order biofilms was determ ined as the m ethod described by 

Um am aheshwari et al. (2013). The cultures were grown in nutrient broth for 7 days at room  

tem perature and centrifuged for 10 min at 10,000 rpm. The supernatants were collected and 

acidified to pH 2.0 w ith 5 N 1IC1 and extracted w ith equal volum es o f  ethyl acetate twice. 

The ethyl acetate phase was evaporated at 32 °C and the residue w as re-dissolved in 10 ml 

o f  distilled water containing 0.05%  o f  Tween 80. Subsequently, 2 ml o f  zinc acetate and 2 

ml o f  potassium  ferrocyanide were added and centrifuged at 1000 rpm  for 15 min. The 

supernatant was acidified with 30% HC1 and incubated at 20 °C for 75 min. The blank 

sam ple was treated with MCI and the absorbance o f  the sam ple as well as blank was 

m easured at 254 nm in a spectrophotom eter (M odel No. G enetics 6).

Statistical data analyses were perform ed on all data collected (m onoculture treatm ent/ 

biofilm  treatm ents) using the one way ANOVA M odel in M IN ITA B  16 Statistical Software. 

N orm ality o f  the data and constancy o f  residuals were confirm ed. The m ean values o f  pH, 

ethylene concentrations, seedling vigor (Pawar et a l., 2014) and production o f  IAA (Husen, 

2003) were com pared on treatm ent basis using the tukey ’s sim ultaneous test at 5% 

significance level. Correlations between different param eters for all bacterial m onocultures 

and biofilm  com binations were constructed by using correlation analysis.

3.3.7 M olecular identification o f m icroorganism s in the m ost effective higher order  

biofilm

3.3.7.1 M icrobial culture preparation

Species identification o f Bacillus sp. (B l), Rhizobium  sp. (B7) and Trichoderma sp. (F2) 

were perform ed using m olecular techniques at the B iom edical building C8, Faculty o f  

A griculture and Environm ent, University o f Sydney, A ustralia. The experim ent was 

conducted from June 2014 to Septem ber 2014.

All bacterial isolates were sub cultured on the agar-based subculture m edium  (NA m edium ) 

plates and incubated at 33 °C for 48-72 hours. Fungal isolate w as sub cultured on PDA 

m edium  and incubated at 30°C for 48-72 hours. Broth cultures w ere prepared from all 

bacterial isolates using N A  m edium  and fungal isolates using CZ m edium .
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3.3.7.2 Extraction o f genom ic D N A  from  bacteria and fu n g i using C TA B (C etyl 

trim ethyl am m onium  brom ide) m ethod

G enom ic D N A  was extracted from  1.5 ml o f  each bacteria l and fungi sam ples sepetately 

using CTAB m ethod (A ppendix 1). A fter the ex traction , D N A  sam ples (high m olecular 

w eight) w ith  50pi o f  TE buffer w ere stored in low  tem perature until further processing.

3.3.7.3 A ssessing the purity, quantity and RNA contam ination  o f  the extracted D N A

Q uantity, quality and R N A  contam ination o f  the ex tracted  D N A  from  CTA B m ethod w ere 

assessed using agarose gel electrophoresis. A garose gel (1% ) w as prepared by adding 1 g 

o f agarose to 100 m l o f  IX  TA E buffer and w ere com pletely  d isso lved  by heating using a 

m icrow ave oven. A pproxim ately 1 -2 pi o f  ethidium  brom ide (E tB r) w as added to the m elted 

agarose and the m ixture was poured in to the gel tray  o f  the BIO R A D  m ini gel 

electrophoresis unit. lOpl o f  D N A  extracted from  each m icroorgan ism  w as m ixed w ith 5 pi 

o f  gel loading dye separately and w ere loaded into the w ells o f  the agarose gel. D N A  bands 

w ere v isualized  using gel docum entation system  (B IO R A D  C hem iD oc™  M P im aging 

System  at Faculty o f  A griculture and Environm ent, U niversity  o f  Sydney) after running the 

sam ples through the agarose gel w ith  110-150 V m ax im um  voltage. A  1Kb (H yper ladder 

1Kb, B ioLine) DNA size m arker w as included in the gel fo r size analysis.

3.3.7.4 A m plification o f the extracted D N A  using P C R  m ethod

Extracted  DNA sam ples w ere subjected to PC R  am plification  using 16S rRN A  —specific 

prim ers. 27F (5 ’-A G A  G TT TG A  TCM  TG G  CTC A G -3 ’) and 1492R (5 ’-CG G  TTA  C C T 

TG T TA C  GAC T T -3’) w ere used as forw ard p rim er and reverse prim ers respectively for 

the am plification o f  bacterial 16S rR N A  and ITS1 (5 ’-T C C G T A G G T G A A C C T G C G G -3’) 

and ITS4 (5 ’-T C C T C C G C TTA T TG A TA TG C -3’) w ere used as forw ard and reverse 

prim ers for the am plification o f  fungal DNA. PC R  w as carried  out in a 25 pi reaction  

m ixture, containing 5X M y Taq polym erase buffer, 10 pM  forw ard prim er, 10 pM  reverse 

prim er, 5U / pi M y Taq polym erase and genom ic D N A  sam ples (appendix  2). PC R  reaction 

m ixture (25 p i reaction m ixture) w as prepared by m ix ing  24 p i o f  m aster m ix w ith  1 pi o f  

each D N A  sam ples in PC R  strip tubes. Sterilized dd  H2O ( lp l )  w as used as the negative 

control and previously  tested  D N A  sam ple w as used as the positive  control.
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PC R  am plification was perform ed in a therm al cycler (B IO -R A D  C l 000 Touch IM ) at the 

B iom edical building C81, Faculty o f  A griculture and environm ent U niversity  o f  Sydney. 

D N A  am plification w as perform ed under the follow ing conditions: initial denaturation step 

o f  95 °C for 5 m in, follow ed by 35 cycles o f  94 °C for 30 s (denaturation), 55 °C for 30 s 

(annealing), and 72 °C for 1.0 m in (extension), w ith  a final ex tension  at 72 °C for 5 min. 

The PC R  products were fractionated on a 1.5% agarose gel using IX  TA E buffer (0 .04M  

Tris-acetate, 0 .0 0 1M EDTA). Gels w ere stained w ith E tB r and photographed under UV 

light using BIORAD Gel Doc system. A lOObp Plus D N A  size m arker (H yper ladder lOObp 

Plus, B ioLine) was included on the gel for size analysis. R eproducib ility  o f  PC R  reactions 

was evaluated by perform ing duplicate reactions for each tem plate D N A  isolated. D N A  

tem plates used in the study were able to give reproducible PC R  am plification results in 

duplicated experim ent.

3 3 .7 .5  Purification o f the PC R  products for restriction d igestion

PC R  products from  each m icrobial isolates were transferred to clean sterile eppendorf tubes 

separately and the volum e o f  each sam ple was recorded. Subsequently , 0.1 volum es o f  3 M 

Sodium  A cetate (pH 5.2) and 2 volum es o f  absolute ethanol w ere added sim ultaneously to 

each tube followed by vigorous m ixing. Tubes w ere incubated for 30 m in on ice follow ed 

by centrifugation at 10,000 g for 20 min in a bench top centrifuge. Then, 500 pi o f  70%  

ethanol was added to each pellet after rem oving the supernatant. Tubes were m ixed 

m inim ally using vortex m ixture and w ere centrifuged again at 10,000 g for 10 min. Bulk 

o f  the supernatant was rem oved carefully and centrifuged again at 10,000 g for 5 m in to 

adhere the purified DNA to bottom  o f  the tubes. A fter the centrifugation, ethanol rem aining 

in the tubes was rem oved as m uch as possible carefully using a m icropipette w ithout 

disturbing the pellet. Tubes w ere kept open for 10 m in to evaporate the trace am ount o f  

ethanol rem aining in the tube followed by dissolving the D N A  pellet in 25 pi o f  sterile 

water. The concentration o f  each purified DNA w as m easured using  UV spectrophotom eter 

(N ano-drop 2000 C) at 260 nm  w avelength and the sam ples w ere stored in low  tem perature 

until further processing. The purity o f  the extracted D N A  w as quan tified  by calculating the 

ratio o f  the absorbance at 260 nm  and 280 nm  (A 260/A 280).
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3.3.7.6 Restriction digestion o f the purified PCR products and RFLP analysis

RFLP analysis was perform ed for the purified PCR products o f  each m icrobial strains to 

assess the quality (pure or contam ination) o f  the DNA sam ples. Restriction digestion was 

carried out in a 12 pi reaction m ixture, containing 10X N EB cut sm art buffer and restriction 

enzym es with the purified PCR products (appendix 2). Three different restriction enzym es 

(Taq a  I, Hhal and MSPI) were used for the digestion.

A fter mixing, the reaction m ixture was incubated at 65 °C for one hour followed by 

incubation at 80 °C for 20 min to inactivate the enzym e activity. The digested DNA sam ples 

were fractionated on a 2.5%  agarose gel using IX  TAH buffer (0.04 M Tris-acetate, 0.001 

M EDTA). Gels were stained with EtBr and photographed under UV light using BIORAD 

Gel Doc system. A 100 bp plus DNA size marker was included on the gel for size analysis.

3.3.7.7 Extraction o f genom ic DNA using a crude m ethod

A nalysis o f  the RFLP bands confirm ed that two bacterial DNA sam ples were contam inated. 

Therefore, bacterial genomic DNA extraction was repeated again using a rapid DNA 

extraction method as follows. Small am ount o f contam inated m other culture was serially 

diluted (10 fold) and inoculated on sterile diluted (5 tim es) R-2A m edium  followed by 

incubation at 33 °C for 24 hrs. Isolated colonies were sub-cultured on same diluted R-2A 

m edium  plates again by streaking technique and incubated at 33 °C for 48-72 hours to 

prepare pure cultures (B 1, B7 and contam inated sam ple B9). Small am ount o f  pure bacterial 

sam ple from each colonies was obtained using a sterile inoculation needle and mixed 

separately with 50 pi o f  sterile double distilled w ater in a clean 1.5 ml eppendorf tube. The 

sam ples were mixed vigorously using a vortex mixture. Tubes w ere first heated at 95 °C for 

5 min and subsequently incubated on ice to rem ove the crude DNA by dam aging the cell 

m em branes. PCR was perform ed for the crude DNA sam ples as explained in 3.3.7.4 above. 

RFLP analysis was proceeded after the purification o f  PCR products as explained in 3.3.7.5.
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3 .3 .7 .8 .a  Preparation o f DN A  sam ples for seq uence an alysis
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Purified  PC R  products w ere prepared  lo r sequence analysis  by m ix ing  100-200 ng  o f  each  

PC R  products obtained from  different m icrobial strains, w ith  1 pi o f  each  forw ard and revers 

prim ers separately in a 1.5 ml ep p en d o rf tube. Subsequently , the final vo lum e w as ad justed  

to 12 pi w ith  sterile distilled  w ater and sam ples w ere subm itted  to M A C R O G E N  C om pany, 

South K orea for sequence analysis.

3 .3 .7 .8 .b A ssessing D N A  sequence and perform ing seq u en ce  analysis using on line  

databases

D N A  sequence traces frequently  contain  errors. There are num ero u s possib le causes for 

sequence errors and it is essential that all sequence traces are  th o rough ly  checked for any 

potentia l errors and are corrected  w here possible. T herefore , sequence  chrom atogram s w ere 

v isualized  and edited in PA STA  form at using a  soft w ear know n as ‘Finch 

T V ’ (h ttp : //w w w .geospiza.com /Products/finch tv .sh tm ) and analyzed  using  softw are know n 

as B ioE dit (h ttp ://w w w .m bio .ncsu .edu /b ioed it/b ioed it.h tm l) w hich  w ere freely available. 

The sequence alignm ent o f  the edited sequences from  bacterial sam ples (PA STA  form at) 

w as perform ed using available online databases w ith  R ibosom al D atabase Project (R D P) 

w ebsite  (h ttp ://rdp .cm e.m su .edu /) and the sequence a lignm en t o f  the  ed ited  sequences from  

fungi sam ples was perform ed using  G enBank database using  the  B asie Local A lignm ent 

Search Tool (B LA ST) search algorithm  (A ltschul et a l., 1990).Partial forw ard sequences 

w ere used as query sequences to find sim ilar sequences in data  bases for all o f  the m icrobial 

isolates. The m ost sim ilar reference sequences w ith the query  sequences w ere obtained  and 

used to identify  the genus or species o f  the fungal and bacteria l strains. The isolates w ere 

assigned  to a species i f  the sequence was > 99%  sim ila r to a va lid  species sequence 

deposited  w ith respective data bases, and to a genus i f  the species identity w as not 

conclusive, but the sim ilarity  w as > 97%  (Thom as et al., 2008).



3.3 .8  C om m unity  analysis o f  fu ngal-b actcria l b iofilm  th rou gh  T R F L P

3.3.8.1 E xtraction  o f  D N A  from  a fu n gal-b acteria l b iofilm  com m u n ity
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Bacillus sp. (B l) , Rhizobium  sp. (B 7) and bacteria l iso late  B 9 w ere  com bined  w ith  

Trichoderma  sp. in a biofilm  form ing broth cu lture and incubated  fo r 4-5 days at 30 °C to 

p roduce biofilm s. The progress o f  biofilm  developm ent w as reco rded  at tw o days in tervals 

th rough visual and m icroscopic observations using a ligh t m icroscope  (O lym pus BX5 1). 

T hree rep licates w ere m ain tained  for the biofilm  (B F1, B F2 and B F3) one biofilm  sam ple ( 

B F4) w as prepared  using contam inated  m other cu ltures and  m ain ta ined  under sim ilar 

incubation  conditions.

A ll b io film  cultures including all rep licates w ere transferred  to c lean  sterile  50 ml cen trifuge 

tubes fo llow ed by cen trifugation  at the  m inim um  speed  (1000 g) for 30 s to separate the 

a ttached  biofilm  m ass out from  free floating un-attached  m icroorgan ism s. The entire  

supernatan t portion  w as carefu lly  rem oved using  a  m icrop ipe tte  w ithou t d isturb ing  the 

pellet. Subsequently , the pelle t (attached biofilm  m ass) w as w ashed  several tim es w ith  

sterile  double  d istilled  w ater until ob tain ing a c lear supernatan t. E n tire  rem oval o f  free 

floating  un- attached m icroorganism s w as confirm ed by  ob ta in ing  a  clear transparen t 

supernatant. A t the final w ashing, the clear transparen t supernatan t w as rem oved carefu lly  

and cen trifuged  at 3,000 g for 20 m in  to stick the purified  b iofilm  m ass to the bottom  o f  the 

tube.

D N A  extraction  from  the purified  b iofilm  com m unity  w as p e rfo rm ed  using  M O  BIO Pow er 

Soil D N A  isolation kit (C at N o- 12888-100) w ith the  bead  beating  m ethod , as explained  in 

appendix  3. The extracted  D N A  sam ples w ere stored  in low  tem pera tu re  (-20 °C).

3 .3 .8 .2  A m p lification  o f the extracted D N A  using labelled  T R F L P  prim ers

A m plification  o f  the ex tracted  D N A  sam ples w as perfo rm ed  using  labelled  TR FLP prim ers. 

Purified  D N A  sam ples obtained from  bacteria  (.Bacillus sp., con tam inated  bacterial sam ple 

B9 and Rhizobium  sp.) and  one set o f  D N A  sam ples ex tracted  from  biofilm  com m unity  

(B F 1 , B F2, BF3 and B F4) w ere am plified  using labelled  27F p rim er and  un-labelled  1492R 

p rim er w hereas purified  D N A  sam ples obtained from  Trichoderm a  sp. and ano ther set o f  

D N A  sam ples extracted  from  biofilm  com m unity  (FF1, FF2, FF3 and FF4) w ere am plified
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using  labelled  ITS1 and un- labelled  1TS4 prim ers. PC R  w as perfo rm ed  acco rd in g  to the  

sam e pro toco l exp lained  in 3 .3 .7 .4  above. T he PC R  p ro d u c ts  w ere  frac tionated  on  a 1.5%  

agarose  gel using IX  T A E  buffer (0 .04  M T ris-acetate , 0.001 M E D T A ). G els w ere s ta ined  

w ith  E tB r and photographed  under U V  light using  B IO R A D  G el D oc system . A lOObp 

D N A  size  m arker w as included on the gel fo r size analy sis .

3 .3 .8 .3  P u rifica tion  o f  the PC R  produ cts ob ta in ed  u sin g  la b e lled  p rim ers

P urifica tio n  o f  the PC R  products w as perform ed by the e thano l p rec ip ita tio n  m ethod  using  

the sam e p ro toco l as exp lained  in 3 .3.7.5 above. The co n cen tra tio n  o f  each  purified  D N A  

w as m easu red  using U V  spec tropho tom eter (N ano-drop  2000  C ) at 340 nm  w aveleng th  and  

sto red  at low  tem peratu re  until further processing.

3 .3 .8 .4  R estr iction  d igestion  o f  the purified  PC R  p rod u cts and R F L P  an a lysis

S election  o f  a su itab le restric tion  enzym e for restric tion  d ig estio n  o f  the  PC R  products w as 

p e rfo rm ed  using  on line  tool ‘cu tte r’ (h ttp ://rn a .lu n d b eru .q u .se /cu tte r2 /). R estriction  

d ig estion  w as perform ed  for the purified  PC R  products  o b ta ined  from  each  indiv idual 

m icrob ia l sam ples and  b iofilm  com m unities. R estriction  d ig estio n  w as carried  ou t in a 30 

pi reac tio n  m ix ture, con tain ing  10X N E B  cut sm art bu ffe r and  su itab le  restric tion  enzym es 

w ith  the purified  PC R  products (appendix  4). D N A  sam p les  am p lified  w ith  16S rR N A  

prim ers w ere  d igested  using  H hal enzym e and the D N A  sam ples am p lified  w ith  ITS p rim ers 

w ere  d ig ested  using T aq a  I enzym e. S ubsequently , the reac tio n  m ix tu re  w as incubated  at 

65 °C  for one hour fo llow ed by incubation  at 80 °C  for 20 m in  to  inactivate  the enzym e 

activ ity .



3 .3 .8 .5  Preparation o f the sam ples for TR FLP analysis

3 .3 .8 .5 .a  Preparation o f  bacterial and fungal labelled  D N A  sam ples
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A pproxim ately  40 ng o f the bacterial PC R  products (after restric tion  digestion) am plified 

u sing  16S rRN A  labelled prim ers and 20 ng o f  the fungi PC R  products am plified using 

labelled  ITS prim ers w ere added in  1.5 ml eppendorf tubes separately . Subsequently, the 

final volum e o f each tube w as adjusted  to 20 pi w ith nano pure w ater.

3 .3 .8 .5 .b Preparation o f labelled  D N A  sam ples from  biofilm  com m unities

A pproxim ately  40 ng o f  the biofilm  PCR products (depending  on the concentrations) 

am plified  using 16S rRN A  labelled prim ers and 20 ng o f  b iofilm  PC R  products am plified 

u sing  labelled ITS prim ers w ere m ixed together in 1.5 ml ep p endorf tubes. Subsequently, 

th e  final volum e o f  each tube w as adjusted to 20pi w ith nano pure water. All sam ples were 

sen t to  a sequencing com pany (M A CR O G EN , South K orea) for T -R FLP analysis.

3 .3 .8 .6  D ata A nalysis

Electropherogram s obtained from  the TRFLP profiles (peaks) o f  each biofilm  com binations 

an d  the individual m icroorganism s w ere analyzed using PE A K  SCA N N ER software 

version  1.



3 .4  R esu lts and D iscu ssion

3.4.1 S creen in g  exp erim en ts for  m icrob ia l iso la tes

3.4 .1 .1  B roth  cu ltu re pH o f  m icrob ia l iso lates
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A ll bacteria l iso lates excep t Acinetobacter  sp. (B 2) and  P seudom onas  sp. (B4 and B 6) 

show ed  acidic pH  range (F ig. 3.1). O ut o f  e igh t d ifferen t d iazo tro p h ic  iso la tes, Rhizobium  

sp. show ed  sign ifican tly  the  low est m ean  inoculum  pH  (P <  0 .05 , 5.1 ±  0 .02). Further, acid ic  

pH s w ere  recorded  fo r all the iso lated  fungi.

9

Bacterial isolates

Figure 3.1- Mean pH o f different bacterial broth cultures. B1 to B8- different bacterial isolates (B l-  Bacillus 
sp., B2- Acinetobacter sp., B3- Acidomonas sp., B4- Pseudomonas sp., B5- Serratia  sp., B6- Pseudomonas 
sp., B7- Rhizobium  sp., B8- Bacillus sp.). Different letters on the columns show significant differences at 5% 
probability level. Vertical bars show standard deviations.

It has been  reported  tha t the beneficia l soil bacte ria  can  p ro d u ce  p lan t g row th  p rom oting  

h o rm ones such as IA A  and o th er com plex  organ ic  acids (R o d rig u ez  and  Fraga, 1999), 

w hich  can create  acid ic  env ironm en t around the rh izosphere . F u rth er, the p roduction  o f  

o rgan ic  acids by phosphate  so lub iliz ing  bacteria  has a lso  been  w ell d o cum en ted  and  the 

p rinc ipa l o rgan ic  acid p ro d u c e rs . such as P seudom onas  sp ., E rw inia  her bicola, 

Pseudom onas cepacia  and  Burkholderia cepacia  have  b een  rep o rted  (Illm er and S ch inner, 

1992; R odriguez  et al., 1999). S trains o f  Bacillus liqueniform is  and Bacillus  

am yloliquefaciens  have a lso  been  found to produce m ix tu res  o f  lactic , isovaleric , isobu ty ric , 

and ace tic  acids. O ther organ ic  acids, such as g lyco lic , oxa lic , m a lo n ic , and  succin ic  acid , 

have a lso  been  identified  am ong phosphate  so lub ilizers  (B an ik  and  D ey , 1982; Illm er and
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Schinner, 1992).O ther m echanism s have been considered, such as the production ol 

inorganic acids like sulphidric acid, nitric, and carbonic acids (Sperberg, 1958; Rodriguez 

el al., 1999). Another possibility for the reduction o f  m edium  pi I is the acid production due 

to the accum ulation o f  CO2 released by the m icroorganism s (Johnson, Mill and Piddock, 

1999). Another study has reported the ability o f  producing 2-ketogluconic acid by 

Rhizobium  (e.g., Rhizobium/Bradyrhizobium) species which reduce pH o f  the medium 

(H aider and Chakrabarty 1993; Ilayat el al., 2010). Therefore in the current study, low pH 

o f  Bacillus sp. (B l), Acidomonas sp., Serratia sp., Rhizobium  sp. and Bacillus sp. (B 8) 

isolates can be considered as a beneficial character o f  the isolates w hich might reflect the 

production o f  complex organic acids or the production o f  plant grow th prom oting horm ones 

like IAA.

3.4.1.2 Nitrogenase activity o f m icrobial isolates

Out o f  the eight different isolates, the highest significant ethylene production (P < 0.05, 

2.88 nm ol/hr ± 0.03) was shown by Rhizobium (Fig. 3.2). Except Bacillus sp. and 

Rhizobium  sp. all other bacterial isolates showed low  nitrogenase activity.
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Figure 3.2- Mean ethylene production from Acetylene Reduction Assay (ARA) for different bacterial isolates. 
Bl to B8- different bacterial isolates (B l- Bacillus sp., B2- Acinetobacter sp., B3- Acidomonas sp., B4- 
Pseudomonas sp., B5- Serratia sp., B6- Pseudomonas sp., B7- Rhizobium sp., B8- Bacillus sp.). Different 
letters on the columns show significant differences at 5% probability level. Vertical bars show standard 
deviation.
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A cco rd in g  to the lite ra tu re , the  co n cen tra tio n  o f  e th y le n e  p ro d u c e d  from  th e  A R A , is an  

in d irec t m easu re  o f  B N F used  ex ten s iv e ly  to sc reen  sp ec ie s  for n itro g en a se  a c tiv ity  of 

p ro k ary o tes . N itro g en ase  en zy m e  re sp o n sib le  for N? fix a tio n  and  re d u c in g  (NI b (a c e ty le n e ) , 

an  in h ib ito r  for N? fixa tion , to  C 2 1 1 \ (e th y len e) p ro v id es  a u sefu l a ssay  for the q u a n tif ic a tio n  

o f  N> fixa tion  (D ilw o rth . 1966). The b asis  o f  th e  a ssay  is th a t in the  p re se n c e  of a tm o sp h e re s  

o f  a ce ty len e , v irtu a lly  all e lec tro n  flow  th ro u g h  n itro g en a se  is u sed  to  re d u c e  C 2I b  to  C 2I It. 

The e th y len e  p ro d u ced  in the  assay  can be m easu red  by  G O . The a m o u n t o f  red u ced  

e th y len e  can  be used to estim ate  the am o u n t of' fixed N 2 (S taa l et c//., 2001 ). The assay  w as 

q u ick ly  ad o p ted  as  s tan d ard  p rac tice  in lab o ra to rie s  m e asu rin g  n itro g e n a se  ac tiv ity  b ecau se  

it w as fast, in expensive , w ide ly  ap p licab le , and  easy  to p e rfo rm . S ev e ra l s tu d ie s  have  p ro v en  

tha t P G P R s m ay  s im u ltan eo u sly  use m ore  than  one  m e ch a n ism s  in c lu d in g  b io lo g ica l N 2 

fix a tio n  and  p ro d u c in g  p h y to h o rm o n es  like 1AA, c y to k in in s  and  G A  to en h an ce  p lan t 

g ro w th  s tim u la tio n  (X ahir et a t., 2004 ; B hattach ary y a  and  Jh a , 2 0 1 2 ). A n o ther s tudy  has 

rep o rted  high  n itro g en ase  ac tiv ity  by  P G P R s iso la ted  from  rice  rh i/o sp h e rc  (P ark  et aL , 

2005). T h e  N 2 fixers p lay  a key ro le  in the g row th  and  p e rs is te n c e  o f  e ffec tiv e  m ic ro b ia l 

co m m u n itie s  by su p p ly in g  N th rough  B N F (S en c v ira tn e  et £//., 2011 ). A sy m b io tic  

n itro g en ase  ac tiv ity  in free -liv in g  cu ltu res  u n d e r ap p ro p ria te  co n d itio n s , has been  

d em o n stra ted  p rim arily  in severa l s tra in s b e lo n g in g  to  the  g en u s  B radyrhhizoh ium . A 

lim ited  n u m b er o f  s low  g ro w in g  s tra in s o f  R. japonicum  and  R hizohium  sp. 'cow  pea g roup ' 

are  k n o w n  to ex p ress  h igh  n itro g en ase  activ ity  u n d er c u ltu re  co n d itio n s . It has been rep o rted  

tha t the  n itro g en ase  ac tiv ity  show n  by  m ic ro o rg an ism s v a rie s  b e tw een  0. 25 76 n m o l/h r

(G a ra  and  S h an m u g am , 1978; S lo g er and  B crku rn , 1988). H o w ev er, the cu rren t s tudy  

sh o w ed  th a t the  n itro g en ase  ac tiv ity  on ly  varied  be tw een  2 .5  2 .9  nm o l/h r. f  u rth e r, n one

o f  th ese  w o rk ers  have  co rre la ted  the  N 2 fix ing  ab ility  o f  th e  s tra in s  w ith  th e  n itro g en ase  

ac tiv ity  u n d e r the free liv ing  co n d itio n s . H ow ever, it is p o ss ib le  th a t in vitro  n itro g en ase  

ac tiv ity  m ay  no t be an in d ica to r o f  in vivo  p erfo rm an ce . (D a d a rw a l, K undu  and T au ro , 

1981).

3 .4 .1 .3  S eed lin g  v ig o r  a fter  a p p lica tio n  o f  b a cter ia l iso la tes

F igu re  3.3 show s the  re sp o n ses  o f  d iffe ren t bac te ria l iso la tes  on  see d lin g  v ig o r for le ttuce  

seed  g erm in a tio n  assay . It w as c lea rly  sh ow n  that all bac te ria l iso la te s  e n h an ced  the see d lin g  

v ig o r co m p ared  to  u n -in o cu la tcd  con tro l. O ut o f  e ig h t b a c te ria l iso la tes , the  h ig h es t 

s ig n ifican t seed lin g  v ig o r va lue  (510 .8  J-. 2 0 .4 ) w as o b se rv ed  in  R hizohium  sp. co m p ared  to
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the o ther bacterial iso lates (P <  0.05). Rhizobium  sp. (B 7), B acillus  sp. (B la n d  B 8) and  

Serratia  sp. w ere considered  as the best responsive bacte ria l iso la tes  in te rm s o l seed ling  

vigor. Further, it w as c lear that Rhizobium  sp. enhanced  the seed lin g  v ig o r by approx im ate ly  

35%  com pared  to the un-inocu la ted  control. H ow ever, it has been  rep o rted  that a seed 

germ ination  study w hich had been conducted  using  tom ato  seeds s ig n ifican tly  enhanced  the 

seed germ ination  rate, root length shoot length  and seed ling  v ig o r b y  90%  com pared  to the  

un-inocu la ted  control by the app lication  o f  rh izobacteria l s tra ins (A graw al and A graw al, 

2013). A nother study has reported  tha t the inocu lation  Bacillus  sp. enhanced  the roo t length 

by 13-15%  com pared  to the control group (M ena-V oilan te  and O la lde-P o rtuga l, 2007).
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Figure 3.3- Mean seedling vigor for lettuce seeds treated with different bacterial isolates (control — only ML 
medium). B1 to B8- different bacterial isolates (B l-  Bacillus sp., B2- Acinetobacter sp., B3- Acidomonas sp., 
B4- Pseudomonas sp., B5- Serratia sp., B6- Pseudomonas sp., B7- Rhizobium  sp., B8- Bacillus sp.). Different 
letters on the columns show significant differences at 5% probability level. Vertical bars show standard 
deviations.

3 .4 .1 .4  Q uan tification  o f IA A  production

A ccord ing  to the current study, Rhizobium  sp. (B 7) show ed  the  h ig h est sign ifican t IA A  

production  (P < 0.05, 21.54 pg /m l ±  0.9) com pared  to all o ther bacteria l strains (Fig. 3 .4) 

w hereas Pseudom onas sp. (B 6) recorded  very low  IA A  p ro duction  (2.2 pg/m l ±  0.6). 

S im ilar IA A  productions have been reported  by several o th e r studies. For instance, 

Pseudom onas  and Acinetobacter sp  isolated from  w heat and  rye rh izosphere  have been  

reported  to  p roduce IA A  ranging  from  3.98 pg/m l to 13.33 pg /m l (L einho  and  V acek, 1994;
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Yasm in et al., 2009). A nother study has shown higher IAA production by Pseudomonas 

fluorescens and Stenotrophomonas maltophilia with the concentrations o f  100.5 gg/m l for 

fluorescens and 112.8 pg/ml for S. maltophilia (Part et al., 2005). However, in com parison 

with previous recorded data, moderate IAA production was recorded by Rhizobium  sp. 

(21.54 pg/m l ± 0.9) and Bacillus sp. (B l-15 . 58 pg/m l ± 0.9, B8- 16.16 pg/m l ± 0.7) in the 

current study.

25

-la.
20

15

EoCJ
<<
E
CQO

10

5

0

d

B2

■■ IAA concentration

c

B3 B4 B5 B6 
Bacterial isolates

Figure 3.4- Mean IAA production by different bacterial isolates. B! to B8- different bacterial isolates (B I­
Bacillus sp., B2- Acinetobacter sp., B3- Acidomonas sp., B4- Pseudomonas sp., B5- Serratia sp., B6- 
Pseudomonas sp., B7- Rhizobium sp., B8- Bacillus sp.). Different letters on the columns show significant 
differences at 5% probability level. Vertical bars show standard deviations.

IAA is one o f  the most important phytohorm ones and functioned as important signal 

molecule in the regulation o f plant development. IAA produced by bacteria, improve plant 

growth by increasing num ber o f  root hairs and lateral roots. It has been well docum ented 

that many species o f  PGPRs are able to synthesize phytohorm ones like IAA, cytokinin and 

GA (Frankenberger and Arshad, 1995) and thereby prom ote plant growth and increase 

germ ination rate o f  seeds (Kloepper et a l., 2007; Bhattacharyya and Jha, 2012). Further, the 

inductive role o f  IAA on stolon initiation and tuber induction in potato was docum ented in 

earlier studies (Dragicevic et al., 2008; Nookaraju et al., 2011). A diverse group o f  

m icrobes, including soil, epiphytic and tissue colonizing bacteria have been found to 

synthesize IAA (Patten and Glick, 1996; Park et a l., 2005). The species o f  bacteria capable 

o f  producing IAA include Pseudomonas sp. Bacillus sp. Klebsiella  sp. Azospirillum  sp. 

Enterobacter and Serratia sp. (M artens and Frankenberger, 1991; Yasm in et al., 2009).
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S trains o f  Bacillus ann lo liqucfacicns  and B. suhtih is  have  b een  o b se rv ed  to  p ro d u ce  h ig h e r 

co n cen tra tio n s  o f  IAA and have sign ifican tly  increased  c ro p  g ro w th  and  d ev e lo p m en t, 

fu r th e r , it has been repo rted  that the IAA p ro d u c tio n  is v a ried  b e tw een  bacteria l s tra in s  

(l 'ra n k e n b e rg e r and A rshad . 1995).

3 .4 .2  C o rre la tio n s b etw een  d ifferen t screen in g  p a ra m eters

S ig n ifican t negative  co rre la tio n s  w ere observed  (r  0.71 5, P =r 0 .0 4 6 ) b e tw een  m ean  p i I o l 

the bacteria l bro th  m ed ium  and m ean  IAA p ro d u c tio n  by d iffe ren t b acte ria l iso la tes (tab le

3.3) and  m ean  pH o f  the bacteria l bro th  m edium  and m ean  n itro g en ase  ac tiv ity  ( r =  0 .734 , 

P — 0 .038 ) o f  the d ifferen t bacteria l iso la tes  . F urther, a s ig n ific an t n eg a tiv e  re la tio n sh ip  (r 

— 0 .821 . P = 0 .013) w as observed  betw een  m ean seed lin g  v ig o r and  m ean  pi I o f  the broth  

m ed ium  w hereas a s ign ifican t positive  re la tionsh ip  (r ~ 0 .9 4 3 . P 0 .0 0 0 ) w as o b serv ed  

be tw een  m ean  seed ling  v ig o r and  IAA p roduction . T h e re fo re , it w as c lear th a t IAA 

produced  by d ifferen t bacteria l iso la tes effected  for the m ed ium  pi 1 and seed  g e rm in a tio n  

e ffic ien cy .

Table 3.3- Correlation coefficients (r) between different screening parameters for bacterial monocultures

Inocu lum  pi I N itrogenase
activ ity

S eed lin g
v igo r

N itro g en ase
activ ity

-0 .734
(0 .038)

S eed ling
v igor

-0.821
(0 .013)

0 .947
(0 .000 )

IA A
p ro d u c tio n

-0 .715
(0 .046)

0.845
(0 .008)

0.943
(0 .000 )

Values within parentheses arc probability levels.

A re la tio n sh ip  has been repo rted  by ano ther in vitro  s tudy  w ith  so m e  b ac te ria l spec ies  tha t 

im proved  N 2 fixa tion  ability , o v er p roduced  IA A , th e reb y  d e c rea s in g  th e  pH  (B ianco  an d  

D efez , 2010). It has been estim ated  that 80%  o f  b ac te ria  iso la ted  from  rh izo sp h ere  can  

p roduce  p lan t g row th  reg u la to r IA A  (P atten  and G lick  1996; H ay a t ef al., 2010). Bacillus
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sp. and  Paenibacillus sp. have the ab ility  to p roduce  h ig h e r co n cen tra tio n s  o f  IA A  (448 pg  

m l '1) w hich  creates a low  pH  env ironm ent around th e  rh izo sp h ere  lead in g  to P so lub ilization  

(A cuna et al., 2012). T his negative correla tion  betw een  pH  an d  IA A  p roduction  by  

rh izobacteria  like Bacillus sp. w hile  p rom oting  p lan t g row th  has been  reco rded  by several 

studies (T rivedi and Pandey, 2008; B anerjee et al., 2010).

It has been  reported  that beneficial soil m icroorgan ism s have the  ab ility  o f  p roducing  

d ifferen t phy tohorm ones like IA A  and GA; thereby  p rom ote  p lan t g row th  and  increase  

germ ination  rate o f  seeds (B hattacharyya and Jha, 2012). E v idences can be found fo r the 

enhancem ent o f  grow th  perform ances and seedling v ig o r by  the  in o cu la tion  o f  beneficia l 

rh izobacteria l strains like Rhizobium  due to the ab ility  o f  p ro d u c in g  phy tohorm ones like 

IA A , v itam ins, siderophores (H ussain  et al., 2009; B hattacharyya  and  Jha, 2012). F urther, 

inocu lated  PG PR s have been  produced  IA A  in the p resence  o f  seed  exudates tha t m ight 

have triggered  faster germ ination  (B ashan, 1998; M ia et al., 2012). R ice inocu lation  w ith 

Rhizobium leguminosarum  has show n significant g row th  p rom oting  effects on  rice 

seedlings due to the activ ity  o f  IA A  (B isw as et al., 2000; H ayat et al., 2010). It has been  

confirm ed  that the exogenous IA A  produced by PG P R s con tro ls a  w ide  varie ty  o f  p rocesses 

in p lan t developm ent and p lan t grow th: low  concen trations o f  IA A  can stim ulate p rim ary  

roo t elongation , w hereas h igh  IA A  levels stim ulate the  fo rm ation  o f  lateral roots 

(D obbelaere  el al., 1999; R em ans et al., 2008).

3.4 .3  Pot experim en t for m onocu ltures

3.4.3.1 E valuation  o f  pathogenicity  using  a pot exp erim en t

A fter six w eeks from  seed sow ing, b lack  spotted y e llow  co lou r leaves w ere observed  in 

b o th  trea tm en t and control p lan ts and it w as identified  as the  w h ite  fly pest a ttack  (plate 

3.1b). In  addition, dark lesions w ere observed  at the  le a f  edges a fte r fifth  w eek from  seed 

sow ing in bo th  treatm ents and non-treated  control and the sym ptom s w ere sim ilar to potato  

late b ligh t disease. Lesions started  to develop at the  le a f  edges, w here d ew  is re ta ined  for 

longest period  o f  tim e (plate  3 .La). Lesions appeared  first on the  low er leaves and  after 

e igh t w eeks they  occurred on  upper leaves as w ell. D isease w as con firm ed  by observ ing  the 

in fected  le a f  surfaces and sections th rough  a light m icroscope. F u rther Allernaria  sp. w as 

iden tified  from  both treated  p lan ts and untreated  contro l p lan ts  by observ ing  le a f  sections 

th rough  ligh t m icroscope. It w as confirm ed  that the  A lternaria  sp. and  late b ligh t w ere no t



52

arisen  due to  the inocu lation  o f  bacterial o r fungal stra ins. F urther, it w as n o ted  tha t n o n e  o f  

the  d iseases w ere in severe  stage. W ilted  plats w ere not o b served  even  a fte r fo u r w eek s  and 

e igh t w eeks from  seed sow ing. A lso  the pest a ttack  w as w ell b eh ind  the  th resh o ld  level.

(a) (b)

Plate 3.1a- External appearance o f  infected potato leaves with potato late blight disease (initial stage). Plate 
3.1 .b- Infected potato leaf with white fly damage.

A cco rd in g  to  the  literature, late b ligh t, caused  by the  w a ter m old  P hytophthora infestans, 

has the poten tia l to be a very  destructive  d isease o f  potato . It has been  reported  that the  first 

sym ptom s o f  late b ligh t in the field  are sm all, dark , c ircu lar to  irregu larly  shaped  lesions, 

w h ich  appear three to five days a fter infection. D uring  cool, m o is t w eather, lesions expand  

rap id ly  in to  large, dark  brow n or b lack  spots, o ften  surrounded  by a pale  g reen  to  y e llow  

border. A s new  in fections occu r and  ex isting  lesions coalesce , en tire  leaves m ay  becom e 

b ligh ted  and  destroyed  w ith in  a few  days (A ndrivon , 1995).

F igure  3.5 represents the m ean num b er o f  affected  potato  leaves by late  b ligh t d isease  

du rin g  the en tire  grow th period  o f  the potato  plant. S ince bac te ria  and  fungi w ere  g row n in 

tw o  d ifferen t m edia, tw o contro l experim en ts w ere conducted  as con tro l 1 (u n -inocu la ted  

C C M  bro th ) and  control 2 (un- inoculated  CZ broth). T he resu lts  revealed  tha t the n u m b er 

o f  late b ligh t infected  leaves w as not sign ifican tly  d ifferen t be tw een  un -in o cu la ted  con tro l 

and  trea tm en ts  (P > 0.05). Further, all bacterial trea ted  p lan ts show ed  less n u m b er o f  

in fec ted  leaves com pared  to  un- inoculated  con tro l 1 though  they  w ere  no t s ign ifican tly  

d ifferen t. T herefore , it w as confirm ed  that potato  late b ligh t d isease  and  bacteria l w ilt 

d isease  w ere  no t due to  the inocu la tion  o f  m icrobial iso lates.



53

■ Number o f infected leaves

Figure 3.5- Mean number of late blight disease infected leaves for different microbial isolates. B1 to B8- 
different bacterial isolates (B l- Bacillus sp., B2- Acinetobacter sp., B3- Acidomonas sp., B4- Pseudomonas 
sp., B5- Serratia sp., B6- Pseudomonas sp., B7- Rhizobium sp., B8- Bacillus sp.). FI and F2- fungal isolates 
(Aspergillus sp. and Trichoderma sp.). Control 1- un-inoculated CCM broth. Control 2- un-inoculated CZ 
broth. Different letters on the columns show significant differences at 5% probability level. Vertical bars show 
standard deviations.

3.4.3.2 G row th responses o f  potato to m icrobial inoculations in soil

Positive vegetative plant grow th responses (size o f  the shoot, num ber o f  shoots) w ere 

observed by the inoculation o f  Rhizobium  sp. com pared to the non- treated  control after 

seven w eeks from seed sowing Bacterial treated plants appeared as healthy and greenish, 

w hich the num ber o f  leaves w ere h igher than that o f  non- treated control (plate 3 .2 .a  and 

plate 3.2b). It was clear that the num ber o f  tubers and the size o f  the tubers w ere high in the 

plants treated w ith Rhizobium  sp. (B7) com pared to non- treated control (plate 3.2 c- plate

3.2 f).

(a) Magnification x 1/4 (b) Magnification x %
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(c) Magnification x l/5 (d) Magnification x 1/5

(e) Magnification x 1/2 (f) Magnification x 1/2

Plate 3.2- Growth responses o f  potato plants grown in pots for bacterial treatments (before and after 
harvesting), (a)- Plant response after seven weeks from seed sowing for Rhizobium  sp. (b) Plant response after 
seven weeks from seed sowing for non- treated control, (c)- Shoot after harvesting for Rhizobium  sp. (d) Shoot 
after harvesting for non- treated control, (e)- Tubers after harvest for Rhizobium  sp. (f)- Tubers after harvesting 
for non- treated control (control- only CCM).

In  co m p ariso n  w ith  all o th e r trea tm en ts, trea tm en t w ith  Rhizobium  sp. (B 7) s ig n ifican tly  

enh an ced  the m ean tu b er w eigh t (P <  0 .05 , 56.67 g ±  1.36) o f  po ta to  (tab le  3 .4). A ll b acte ria l 

iso la tes  excep t Acinetobacter  sp. and  Pseudom onas  sp. (B 6 ), en h an ced  tu b e r w e ig h t o f  

po ta to  com pared  to non- trea ted  con tro l 1. B oth fungal trea tm en ts  d id  no t a ffec t to  en h an ce  

the  tu b e r w eigh t com pared  to non- trea ted  control 2. Further, all b acte ria l trea tm en ts  d id  n o t 

s ig n ifican tly  enhance (P  > 0 .05) the  tu b er num ber o f  po ta to  co m p ared  to  the  non- trea ted  

co n tro l 1. T he h ighest m ean  tuber n u m b er (4 .2  ±  0 .45) and the  h ig h est m ean  s to lo n  n u m b er 

(3 .2  ±  0 .84) w ere observed  by the  trea tm en t w ith  Rhizobium  sp. (B 7). T w o  sam p le  t- te s t 

con firm ed  tha t Rhizobium  sp. (B 7) sign ifican tly  enhanced  the  tu b e r n u m b er (P  < 0 .0 5 ) and  

s to lon  n u m b er (P  < 0 .05) com pared  to  the  non- trea ted  con tro l 1. B oth  fungal tre a tm en ts  d id  

no t en h an ce  the  m ean tuber w eigh t, m ean  tuber n u m b er and the  m ean  s to lo n  n u m b er 

co m p ared  to  the non- trea ted  con tro l 2 .
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Table 3.4- The effect o f  different bacterial isolates on tuberi/.ation o f potato grown in pots.

T reatm en ts T uber w eight
(g /p lan t)
M eanTSD

T uber n u m ber 
(per p lan t) 
M ea n fS D

S to lo n  n u m b er 
(p e r p lan t) 
M ean± S D

B l 50.42* 1.29” 3.81-0.45** 3 .0* 0 .7 1 "”
B2 38.75*0.73° 3.0*1.23** 1.8*0.84*'”
B3 46.89*0.94°*' 3.6*1.19** 2.8*1.09**
B4 46 .60*  1.0 l d 2.4*1.14** 2.2*0.45*'”
B5 4 9 .3 5 * 0 .9 9 ”° 3.2*0.55** 2 .4 * 0 .89ah
B 6 37.97*0.96° 2.8*0.45** 1.8*0 .84"”
B7 56.67* 1.36“ 4 .2 * 0 .4 5 “ 3 .2*0 .84"
B 8 4 9 .2 0 * 0 .6 1 ”° 3.4*0.89** 2 .2 * 0 .8 4 "”
F1 20 .88*1 .85 ' 1,8*0 .84b 1 .4*0 .54”
F2 22 .3 0 * 1 .0 8 ' 1 .8*0.84” 1 .4 * 0 .5 4 ”
C ontro l 1 37.35*1.01° 2.6*0.89*'” 1 .4*0 .54”
C ontro l 2 21 .86*1 .55 '' 1 .8*0 .45” 1 .4*0 .54”

Control 1- only CCM. Control 2- only CZ broth. Bl to B8- different bacterial isolates (B l-  Bacillus sp., B2- 
Acinetobacter sp., B3- Acidomonas sp., B4- Pseudomonas sp., B5- Scrralia  sp., B6- Pseudomonas sp., B7- 
Rhizobium  sp., B8- Bacillus sp.). FI and F2- fungal isolates (Aspergillus sp. and Trichoderma sp.). Different 
letters show significant differences at 5% probability level.

A ccord ing  to screen ing  experim en ts  o f  the curren t study , Rhizobium  sp. (B 7) show ed  the 

low est pH and the h ighest N 2 fixing ability  (Fig. 3.1 and Fig. 3 .2). T herefo re , the tuber 

enhancem en t by  Rhizobium  sp. m ight be due to the m u ltip le  e ffec t o f  g row th  p rom oting  

phy tohorm ones like IAA and n itrogenase activity . It has been  reported  that PG PR s can be 

used  as b io fertilizers, o r phy to -stim ula to rs and can p rom ote  p lan t g row th  d irectly  through 

N 2 fixation , phy to-horm one production  and phosphate  so lu b iliza tion . F urther, it has been 

exp lained  that this m ay benefit plants by p rov id ing  u tilizab lc  N through fixation  o f  

a tm ospheric  N 2 o r by the p roduction  o f  p lant g row th  s tim u la to rs  like IA A  and G A  (Jh a  et 

a l ,  2013).

S om e stra ins o f  rh izobaete ria  have been reported  to in fluence  tu b e r n u m b er and tuber y ield  

in po tato  (B urr, S chroth  and Suslow , 1978; O sw ald  et al., 2010). It has been  reported  that a 

sign ifican t increm ent in g row th  and yield  o f  po ta to  p lan ts  a fte r the trea tm en t o f  

Pseudom onas  sp. w ith  seed tubers (B urr et al., 1978; N o o k ara ju  et al., 2011). V rany and  

F iker (1984) has reported  a 4 to 30%  increm ent in p lan t g row th  and  tuber y ield  in potato  

a fter app lication  o f  PG PR s. S im ilarly , S turz (1995) found an in c reased  tu b er n u m ber and  

average  tu b er w eigh t w ith  the app lication  o f  PG PR s. A part from  tu b e riza tio n , p lan t g row th , 

root num ber and lignin  con ten t in potato  have been  rep o rted  to  en h an ce  by the inocu la tion
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o f  P G P R s (F rom m ei, N ow ak  and L azarov ils, 1991; N o o k ara ju  et a l ., 2011). S creened  

P G P R s in potato  have been  reported  to increase  tuber y ie ld s  in P G P R s trea ted  p lan ts to  early  

tuber induction , fast le a f  a rea  d evelopm en t and g rea te r p h o to sy n th e tic  ra tes (O sw ald  et a l ., 

2010; N ookara ju  et al., 201 1). S im ilar resu lts have been  reco rd ed  from  g reenhouse  stud ies 

w ith  positive  effects o f  the th ree selected  iso lates on p o ta to  tu b e r num ber, average  tuber 

size and total yield (N ookara ju  et al., 2011).

3 .4 .3 3  C orrela tion s betw een  grow th  param eters

S ign ifican t negative re la tionsh ips w ere observed  b e tw een  m ean  pH  o f  m icrob ia l inocu lan t 

and m ean  tuber w eigh t ( r =  0 .861. P = 0 .006), m ean pi 1 and  m ean  tu b e r n u m b er (r  =  0 .780 , 

P= 0 .023 ) and m ean  pH  and m ean  sto lon  num ber (r  s  0 .801 , P ““  0 .017). Further, it w as 

observed  (tab le  3 .5) tha t there w ere s ign ifican t po sitiv e  re la tio n sh ip  betw een  IA A  

concen tra tion  and m ean  tu b er w eigh t (r =  0.870, P = 0 .005). I Iow ever s ig n ifican t co rre la tion  

w as not observ ed  betw een  IAA concen tra tion  and m ean  tu b e r n u m b e r (r == 0 .706 , P —0.051).

Table 3.5- Correlation coefficients (r) between different plant parameters o f  potato and the properties of 
microbial inoculants

T u ber w eigh t T uber num ber S to lon  n u m b er IA A  production

T u ber num ber 0.714
(0 .047)

S to lon  num ber 0.867 0.836

IA A  p roduction
(0 .005)
0.870
(0 .005)

(0 .0 1 0 )
0.706
(0.051)

0 .669
(0 .070)

PH -0.861
(0 .006)

-0 .780
(0.023)

-0.801
(0 .017)

-0 .715
(0 .046)

Values within parentheses are probability levels.

T his im plies that the inocu la ted  m icrob ial inocu la  co lo n ize  the rh izo sp h ere , p roducing  h igh  

acid ity  and IA A  w hich  enhanced  the tuber num ber and  tu b er w eigh t. It has been  repo rted  

by an o th er study  that beneficia l m icrobial inocula like P G P R s in th e  so il so lu tion  near roo t
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hairs, he lp s to increase  the p lan t g ro w th  p ro m otion  th ro u g h  the sec re tio n  of p lan t g ro w th  

p ro m o te rs  like IA A  (A cuna  el a l ., 2011).

Bacillus  sp. (B1 and B 8), A cidom onas  sp.. S eria lia  sp. and  Rhizobium  sp. re sp o n d ed  

p o sitiv e ly  to  all the g row th  p a ram ete rs  o f  po ta to  p lan ts  g row n  in soil m ed ium  un d er 

g reen h o u se  cond itions w hereas both  fungal stra ins d id  not respond .

3 .4 .4  S election  o f  e ffic ien t b en efic ia l b acteria l iso la tes from  scr e en in g  ex p erim en ts

Rhizobium  sp. (B 7) show ed  the h ighest sco re  for the s ta tis tica l ran k in g  o f  d iffe ren t sc reen in g  

ex p erim en ts  (tab le  3.6). A ll bacte ria l iso la tes ex cep t A cinetobacter  sp. and Pseudom onas  

sp. (B 4 and B 6 ) show ed  h ig h er p e rfo rm an ces  for all the sc reen in g  ex p erim en ts  inc lu d in g  

g reen h o u se  pot experim en t. T h ere fo re , Bacillus sp. (B1 and B 8), Acidom onas  sp. (B 3), 

Serraiia  sp. (B 5) and  Rhizobium  sp. (B 7 ) w ere se lec ted  as the best p e rfo rm in g  benefic ia l 

bacte ria l iso la tes since  they  show ed  the h ighest ran k in g  for the sc reen in g  ex p erim en ts  and  

for the g reenhouse  evalua tions. T here fo re , these bacte ria l iso la tes  w ere  se lec ted  to estab lish  

b io film s in co m bina tion  w ith  A sperg illus  sp. and Trichoderm a  sp.

Table 3.6- Statistical ranking o f different bacterial isolates on different screening parameters

Bacterial isolate Selection param eter

pH ARA Seedling
vigor

IAA
production

Pot experim ent Total

Tuber
weight

Tuber
num ber

Stolon
number

B l 7 7 7 6 7 7 7 4g* *

B2 1 2 3 3 2 3 3 17

B3 4 4 4 2 4 6 6 30* *

B4 2 2 2 4 3 1 4 18

B5 5 5 5 5 6 4 5 35**

B 6 3 2 1 1 1 2 3 13

B7 8 8 8 8 8 8 8 56**

B 8 6 6 6 7 5 5 4 ■ 3 9 **

(**- higher scores for the statistical ranking. Ranking was performed using MINITAB 16 statistical software. 
B l- Bacillus sp., B2- Acinetobacter sp., B3- Acidomonas sp., B4- Pseudomonas sp., B5- Serratia  sp., B6- 
Pseudomonas sp., B7- Rhizobium  sp., 138- Bacillus sp.)
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3 .4 .5  E sta b lish m en t and  screen in g  o f  b io film s

3 .4 .5 .1  E sta b lish m en t o f  s im p le  b io film s

A ll bacte ria l and  fungal co m b in a tio n s  show ed  successfu l b io film  fo rm a tio n  since  th e  fung i 

ac ts  as  the  b io tic  su rface  to w h ich  th e  bac te ria  ad h ere  to c o n su m e  fu n g a l ex u d a te s  (T o o le , 

K ap lan  and  K olter, 2000). T h ese  b io film s are ch arac te rized  by  h ig h  b ac te ria l cell d e n s itie s  

and  bacte ria l cells  in the  b io film s are  p ro tec ted  ag ain st ad v erse  en v iro n m e n ta l c o n d itio n s  

(S en ev ira tn e  et a /., 2008). M icro sco p ic  o b serv a tio n s  rev ea led  th a t th e  a tta ch m e n t p ro cess  

w as in itia ted  from  five days o n w ard s  and  d e tach m en t o f  ce lls  from  b io film s  w as reco rd ed  

a fte r 18 d ays o f  co -cu ltu ring . B ac te ria  used  in th is  s tudy  w ere  m a in ly  b en e fic ia l b ac te ria  

w h ich  w ere  ab le  to  fix N 2. W hen  th ey  w ere  co -cu ltu red  in vitro  w ith  fu n g i, the  b ac te ria  

a ttach ed  and  co lon ized  on fungal m y celia  to  form  the  b io film s, k n o w n  as  F B B s (K h an  et 

a/., 2009 ). In the  cu rren t study , it w as c learly  o b serv ed  th a t th e  b a c te ria l iso la tes  w ere  

a ttach ed  w ith  fungal m y celia  th ro u g h  a  slim y m ass, w h ich  is k n o w n  as  E P S  (p la te  3 .3). 

D ark  b lu e  co lo u r w as due  to  the  ab so rp tio n  o f  stain  in to  th e  cell m a te ria ls  as  w ell as to  E P S.

(a) (b)

(C)
Plate 3.3 -Microscopic views o f  simple biofilm combinations produced from isolated fungal and bacterial 
isolates, (a)- biofilm formation from a fungi and a rod shape bacteria (Magnification 400 X). (b)- biofilm  
formation from a fungi and a cocci shape bacteria (Magnification 400X). (c)- Fungal- bacterial biofilm  
showing the attachments o f  the coccus shape bacteria to the fungal hyphae. Darkness is due to cotton blue 
stain absorbed by EPS produced by the biofilms. Stain, lactophenol cotton blue. Magnification, X 1000.
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Fung i-associa ted  bacterial com m unities  appear to be d iffe ren t from  the  m icro flo ra  in bulk  

soil in term s o f  species com position  and relative abu n d an ce  (F rey -K le tt et al., 2005; R angel- 

C astro , Levenfors and D anell, 2002; T im onen  and H urek , 2006). B acteria l co lon iza tion  on  

fungal su rface m ay enable  the bacteria  to exp lo it the fungus as a so u rce  o f  nu trien ts. B ac te ria  

m ay u tilize  nutrients from  the fungal cell wall and secre ted  p ro d u c ts  from  the fungi (H ogan  

and K olter, 2002). T hese b ac te ria l-fu n g a l in teractions p lay  v ery  im portan t ro les in 

m icrob ial com m unity  ecology. For instance, bacterial a ttach m en t to the  hyphal su rfaces 

m ay enhance  synerg istic  actions o f  bacteria  and fungi req u ired  to  b reakdow n com plex  

substrates (H ogan  and K olter, 2002). Som e bacterial species can serve  as b iocontro l agents 

that p ro tec t p lants from  pathogenic fungi (W hipps, 2001). It has been  repo rted  that bacteria l 

strain  Pseudom onas fluorescens  can  effectively  p ro tec t to m ato  p lan ts  against infection by 

Fusarium  oxysporum  and its ab ility  to co lonize both the ro o ts  and fungal cells  likely a ids in 

th is in teraction  (B olw erk et al., 2003).

It has been  reported  that the EPS is prim arily  responsib le  fo r the m o rp h o lo g y  and function  

o f  b io film s, and it is considered  to  be key com ponen ts in d e te rm in in g  the ir chem ical and  

b io log ica l properties. The EPS is com posed  o f  po lysaccharides, p ro te in s, nucleic acids and  

o ther substances w hich  help  to  p ro tec t the b iofilm  o rgan ism s from  various env ironm ental 

stress factors, such as U V  rad iation , ex trem e pH  cond itions, o sm o tic  shock, dehydra tion , 

an tim icrob ial substances, predators, etc. (C osterton  el al., 1987; R om anova  et al., 2006). It 

is recorded  that th is m ay be the reason w hy m icroo rgan ism s p re fe r to ex ist in the b io film  

m ode ra ther than  the  p lank ton ic  stage (S eneviratne et al., 2009).

3 .4 .5 .2  S creen in g  exp erim en ts for sim ple b iofilm s

A ll b io film  com binations excep t B 1F1, B5F2, B 8F2 and B5F1 sho w ed  acidic pH  range 

(Fig. 3.6 a). B iofilm  com bination , B 7F2 show ed the low est s ig n ifican t m ean  pH (P <  0.05, 

5.96 ±  0 .03) com pared  to  all o th e r com binations. F u rther, B 7F2 show ed the h ighest 

sign ifican t m ean IA A  production  (P < 0.05, 26 .86  p g /m l ±  l . l )  com pared  to all o ther 

com binations excep t B5F1 com bination  (F ig .3 .6 b). T h is low  pH  and  h igh  IA A  production  

m igh t be due to the effect o f  Rhizobium  sp. w hich  show ed  the  low est pH  ( 5.1 ± 0 .02) and  

h ighest IA A  production  (21.54 pg /m l ±  0.9) in the  screen in g  ex p erim en ts  for bacterial 

m onocu ltu res (Fig. 3.1 and Fig. 3.4). The low est IA A  p ro d u c tio n s  w ere  recorded  by b io film  

com binations BF5 (3.98 pg/m l ±  0 .4) and B 5F2 (5.3 pg /m l ±  0 .6).
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T h e  h ig h est s ig n ific an t e th y le n e  p ro d u c tio n  (P  < 0 .0 5 , 2.91 n m o l/h r  t 0 .0 3 ) w as sh o w n  by  

the  b io film  co m b in a tio n  B 7F2 c o m p ared  to  all o th e r  tre a tm e n ts  (b ig . 3 .6  c). B io film  

co m b in a tio n  B 7F2 w as a co m b in a tio n  o f  Trichodernia  sp . an d  R h izo h iu m  sp . w h ich  had  

sh o w n  the  h ig h est e th y le n e  fo rm atio n  d u rin g  sc ree n in g  o f  b a c te ria l iso la te s  ( f  ig. 3 .2). 

f  u rth e r, h ig h e r e th y len e  p ro d u c tio n s  w ere  reco rd ed  by  m o s t o f  th e  b io film  c u ltu re s  o v e r 

th e ir  m o n o cu ltu re s  (F ig . 3 .2  and  Fig. 3 .6  c). It h as  b een  re p o r te d  th a t m ic ro b ia l b io film s  o f  

b en efic ia l m ic ro o rg an ism s  sh o w  h ig h e r n itro g en ase  a c tiv ity  th an  th e ir  m o n o c u ltu re s  w ith  

no  b io  film  fo rm atio n  (Jay as in g h earach ch i and  S e n e v ira tn c , 2 0 0 4 a ; S cn cv ira tn c  an d  

J ay  as i n g h earach  c h i, 2005).

F u rth er, b io film  co m b in a tio n  B 7F 2  (634 .45  t 1.1) and  B5F1 (6 3 1 .9  i. 2 .6 ) sh o w ed  h igh  

seed lin g  v ig o r co m p ared  to  all o th e r co m b in a tio n s  ( f ig .  3 .6  d ) w h ereas  b io film  

co m b in a tio n s  B7F1 (434.71 ± 9 .3 ) and  B 5F 2  (4 3 5 .0 2  i  1 .5) sh o w e d  the  lo w est v ig o r va lu es . 

A ll the  c o m b in a tio n s  e x cep t B7F1 an d  B 5F2 sh o w ed  h ig h  v ig o r v a lu e s  c o m p ared  to co n tro l 

(4 4 6 .7 7  ±  4 .9 ). It w as c lea rly  o b se rv ed  tha t the see d lin g  v ig o r v a lu e s  for th e  b io film  c u ltu re s  

w ere  m u ch  h ig h e r th an  tha t o f  th e ir  m o n o cu ltu re s  (F ig . 3.3 and  F ig . 3 .6  d). S im ila r re su lts  

hav e  b een  reco rd ed  from  o th e r s tu d ie s  co n d u cted  for F B B s. F o r in s tan ce , h igh  seed  

g e rm in a tio n  p e rcen tag es  w ith  h ig h  roo t leng ths (c lo se  o r  eq u a ls  to 1 0 0 % ) have  been  

reco rd ed  by  F B B s co m p ared  to  th e ir  b acte ria l m o n o c u ltu re s  (B u d d h ik a  et al., 2014).
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Figure 3.6- The responses o f  different sim ple biofilm  combinations on screening experiments, (a)- The 
responses on mean pFI o f  broth cultures, (b)- The responses on mean IAA production, (c)- The responses on 
mean ethylene production, (d)- The responses on mean seedling vigor (control — only ML medium). B1F1 to 
B8F2- sim ple biofilm  combinations. (B l-  Bacillus  sp., B2- A cineto bac ter  sp., B3- A cidom onas  sp., B 4- 
P seudom onas  sp., B5- Serra tia  sp., B6- P seudom onas  sp., B7- R hizob ium  sp., B 8- B acillus  sp.). FI and F2- 
fungal isolates (Aspergillus  sp. and Trichoderm a  sp.). Different letters on the colum ns show significant 
differences at 5% probability level. Vertical bars show standard deviations.

H ig h  IA A  p ro d u c tio n s  w e re  re c o rd e d  b y  m o s t o f  th e  b io f i lm  c u ltu re s  o v e r  th e ir  

m o n o c u ltu re s  (F ig . 3 .6 b  a n d  F ig . 3 .4 ). S im ila r  re s u lts  h a v e  b e e n  re c o rd e d  b y  a  d if fe re n t 

s tu d y  c o n d u c te d  o n  F B B s  (B u d d h ik a  el al., 2 0 1 4 ). F u r th e r , a  p re v io u s  s tu d y  c o n d u c te d  w ith  

lic h e n  fu n g i a n d  a  d ia z o tro p h  h as  sh o w n  a  h ig h e r  H + s e c re t io n  in  b io f i lm s  th a n  th e ir
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m o n o c u ltu re s  (S en ev ira tn e  and  In d rasen a  2006). M o reo v e r, e le v a te d  p ro d u c tio n  of 1AA by 

the b io film s  has been  rep o rted  by a n o th e r  recen t s tu d y  (Ja y a s in g h e a ra c h e h i and  S e n e v ira tn e  

200 5 ).

S eed lin g  v ig o r  is a p a ram e te r to a ssess  seed  g e rm in a tio n  e ffic ie n cy . A n o th e r  s tudy  w o rk ed  

on  cerea l c ro p s  in Sri L anka  has rep o rted  that the a p p lic a tio n  o f  F B B s, en h an c e d  th e  seed  

g e rm in a tio n  e ffic ien cy  o r the  v ig o r v a lu es  o f  c e rea ls  (W e e ra th n e  et aL, 2012 ). F u rth e r 

ev id en ces  can  be found fo r the  b en efic ia l soil m ic ro b ia l b io film  a c tiv itie s  on p ro d u c in g  

d iffe ren t p h y to h o rm o n es  like  IA A  and  thereby  p ro m o tin g  p lan t g ro w th  an d  g e rm in a tio n  of' 

seed s  (K lo e p p c r et a /., 2007 ; B u d d h ik a  et a l ., 2014 ). It h as  a lso  been  re p o rte d  that the  roo t 

g ro w th  and  seed  v ig o r arc a ttr ib u tab le  to the  ac tion  o f  IA A  (S ac h d e v  et a /., 2 0 09 ; B u d h h ik a  

et al., 2014 ). A cco rd in g  to  the  cu rren t study , the seed s  in o c u la ted  w ith  b io film  co m b in a tio n s  

sh o w ed  h ig h e r roo t len g th s  than  the seed  in o cu la ted  w ith  th e ir  b ac te ria l m o n o cu ltu re s , 

f  u rth e r, b io film  co m b in a tio n  B 7F 2 en h an ced  the see d lin g  v ig o r up  to  ap p ro x im a te ly  140%  

o v e r n o n  trea ted  co n tro l. In gen era l, m ost of' th e  b io film  c o m b in a tio n s  show ed  h ig h e r 

p e rfo rm an c es  fo r all the  sc reen in g  ex p erim en ts  than  th a t o f  th e ir  m o n o cu ltu re s .

3 .4 .5 .3  C o rre la tio n s  b etw een  d ifferen t screen in g  p a ra m eters  fo r  b io film s

A s ig n ifican t n eg a tiv e  re la tio n sh ip  (r  0 .881 , I* 0 .0 0 1 ) w as o b serv ed  be tw een  m ean  

in o cu lu m  pH  and m ean  IA A  p ro d u c tio n  by d iffe ren t b io film  c o m b in a tio n s  (tab le  3 .7 ). It 

w as  c lea rly  o b serv ed  th a t th e  n eg a tiv e  re la tio n sh ip  b e tw een  m ean  IA A  co n cen tra tio n  and  

m ean  pi 1 for the  b io fllm  c o m b in a tio n s  (r 0 .8 8 1 . P ; 0 .0 0 1 ) w as h ig h e r than  that o f  th e ir  

b acte ria l m o n o cu ltu re s  (r 0 .7 1 5 , P 0 .046). T h is im p lie s  that the  b io film s  p ro d u ce  h ig h e r 

IA A  than  that o f  th e ir m o n o cu ltu re s  w h ich  co n trib u te  m o re  to re d u c e  the  m ed iu m  pi 1.

Tabic 3.7- Correlation coefficient (r) between properties o f  simple biofilms

IA A  p ro d u c tio n B io film  p l l

B io fllm  p iI -0.881
(0 .0 0 1 )

S eed lin g  v ig o r 0 .617 -0 .5 1 2
(0 .0 5 7 ) (0 .1 3 0 )

Values within parentheses arc probability levels.
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F urther, it has been  p roved  tha t there  is a reg u la tio n  o f  the  p ro d u c tio n  o f  IA A  like su b stan ces  

in FB B s. w h ich  is re la ted  to cu ltu re  m ed ium  p iI. W hen  b a c te ria  a rc  in b io film s, it seem s 

that th e re  is a p o ssib ility  o f  m an ip u la tin g  IA A  p ro d u c tio n  at o p tim u m  level for h ig h er p lan t 

g row th  ben efits  for e ffec tiv e  fo rm u la tions o f  b io fe rtili/.e rs  (S en e v ira tn e  et al.. 2008 ; 

B u d d h ik a  et al.. 2014). A s such , the  h ighest m icrob ia l e ffec t m ay  no t be  ach iev ed  by the 

co n v en tio n a l p rac tice  o f  p lan t ino cu la tio n  w ith  m o n o cu ltu re s  o r  m ix ed  cu ltu res  o f  e ffec tiv e  

m ic ro b es, bu t ra ther by  b io film ed  inocu la  (S en ev ira tn e  et al.. 2 0 0 8 ). T h is  re la tio n sh ip  has 

been  rep o rted  by an o th er study ex p ress in g  that F B B s o f  b en efic ia l m ic ro o rg an ism s  p ro d u ce  

h ig h er acid ity  and p lan t g ro w th  p ro m o tin g  ho rm o n es like  IA A  th an  th e ir  m ono  o r m ix ed  

cu ltu re s  w ith  no b io film  fo rm atio n  (B andara  et al., 2006). A n o th e r s tu d y  has sho w n  the 

s ig n ifican t negative  re la tio n sh ip  be tw een  pH and IA A  lik e  su b s ta n c es  p ro d u c tio n  in liquid  

cu ltu re  m ed ia  o f  the b io film s (S en ev ira tn e  et a l ., 2008b).

A s ig n ifican t re la tionsh ip  w as not observed  (r 0 .6 1 7 . P 0 .0 5 7 ) b e tw een  m ean  seed lin g  

v ig o r and m ean  IAA p ro d u c tio n  by d ifferen t b io film  c o m b in a tio n s  (tab le  3.7). It w as c learly  

o b serv ed  that the  re la tio n sh ip  betw een  m ean seed ling  v ig o r and  m ean  IA A  p ro d u c tio n  for 

bacte ria l m o n o cu ltu re  (r 0 .943 . P 0 .000) w as m uch  h ig h e r than  that o f  the b io film  

cu ltu res. H ow ever, IAA p ro d u c tio n  and seed lin g  v ig o r v a lu es  sh o w ed  by the b io film  

cu ltu re s  w ere  m uch h ig h er than  that o f  the m o n o cu ltu res  (F ig . 3 .6  b, f ig .  3 .6  d. Fig. 3 .4  and  

Fig. 3 .3). T h is im p lies  that there  are factors o ther th an  IA A  th a t lead to  increase  seed lin g  

v ig o r in the  case o f  b io film s. T hus, developed  b io film s can  be su g g es ted  as a na tu ra l 

b io lo g ica l fo rm u la tio n  to increase  seed ling  v ig o r th ro u g h  the  c rea tio n  o f  favo rab le  

en v iro n m en t requ ired  fo r b reak in g  seed do rm ancy  w h ich  is no t y e t u n d e rs to o d  fully in the  

ap p lica tio n  o f  b iofertili/.ers.

C o n trib u tio n  o f  developed  F B B s in m ak in g  such e n v iro n m e n t fo r h ig h e r seed ling  v ig o r w as 

co n firm ed  by  the inc reasin g  av a ilab ility  o f  d iverse  o rg an ic  c o m p o u n d s  (H cra th  et a l ., 2013). 

A w id e  range o f  beneficia l b iochem ica l exudates in a d ev e lo p ed  F B B s in  co m p ariso n  to its 

bacteria l m o n o cu ltu res  have been observed . In su p p o rt o f  th is , in te rac tio n s  am ong  m icrobes 

fo r d iv e rse  re lease  o f  o rg an ic  co m p o u n d s w ere o b serv ed  by  S ain i et a l (1 986 ) and D e B oer 

et a l (2 0 0 5 ), w h ich  canno t be seen  in p lank ton ic  fo rm s o f  th em  due to  lack  o f  co o rd ina ted  

b io log ica l functions.
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3 .4 .5 .4  S election  o f  b en efic ia l b io film  co m b in a tio n s  fro m  sc r e e n in g  ex p er im en ts

B io film  co m b in a tio n  B 7F2 show ed  the h ighest sco re  for th e  s ta tis tic a l ran k in g  o f  d iffe ren t 

sc reen in g  ex p erim en ts  (tab le  3.8). B io film  co m b in a tio n s  B 7 F 2 , B 5 F I , B 3F 2 and  B 1F 2  

show ed  h ig h e r p e rfo rm an ces  fo r all the sc reen ing  e x p e r im en ts  and  w e re  se lec ted  as the  best 

p e rfo rm in g  b iofilm  co m b in a tio n s. Therefore, m ic ro b ia l iso la tes  in  those  b io film  

c o m b in a tio n s  w ere se lec ted  to  estab lish  h ig h er o rd e r b io film s.

table 3.8- Statistical ranking o f  simple biofilm combinations on different screening parameters

B io film  S election  p a ram ete r 1'otal

co m b in a tio n  score

pH A R A IA A S eed lin g  v ig o r

B 1F1 1 5 1 3 10

B3F1 5 1.5 5 4 15.5

B5F1 4 8 9 9 30**

B 7 F 1 6 3 6 1 16

B 8 F 1 7 7 7 8 29**

B 1 F2 9 9 4 7 29**

B 3F 2 8 6 8 6 28

B 5F2 2 1.5 2 2 7.5

B 7F 2 10 10 10 10 40**

B 8F 2 3 4 3 5 15

(**- higher scores for the statistical ranking. Ranking was performed using MINITAB 16 statistical software. 
B l-  Bacillus sp., B2- Acinetobacter sp., B3- Acidomonas sp., 134- Pseudom onas sp., B5- Sen-alia  sp., B6- 
Pseudomonas sp., B7- Rhizobiwn  sp., B8- Bacillus sp. FI - Aspergillus sp. and F2- Trichoderma sp.)

3 .4 .5 .5  E sta b lish m en t o f  h ig h er  o rd er  b iofilm s from  se lec ted  b a c ter ia  an d  fu n g i

A ll the bacteria l iso la tes  sh o w ed  successfu l b io film  fo rm atio n  b y  a tta ch in g  w ith  the fungal 

b io m ass  th ro u g h  EPS (p la te  3 .4). H igher o rd e r b io film  IIB F1 w as d ev e lo p ed  by the  

co m b in a tio n  o f  tw o bacteria l iso la tes  ( B l-  Bacillus  sp. and  B 7- R hizobium  sp .) w ith  one  

fungal sp ec ie s  (F2- Trichoderm a  sp .) w h ereas h ig h e r o rd e r b io film  HBF'2 w as d ev e lo p ed  

by th e  co m b in a tio n  o f  Serralia  sp. (B 5) and  Bacillus  sp. (B 8 ) w ith  A sperg illu s  sp. ( F I ).
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(c)
Plate 3.4 - Bacterial colonization on Trichoderma mycelium in FBBs. (a)- Microscopic view o f  higher order 
biofilm combination HBF1 (b) and (c)- Microscopic views o f  higher order biofilm HBF1 (Olympus X5 1 
microscope at University o f  Sydney, Australia). Darkness is due to cotton blue stain absorbed by EPS 
produced by the biofilms. Stain, lactophenol cotton blue. (Magnification 1000X)

A cco rd in g  to the  lite ra tu re , Trichoderm a  sp. rep re sen ts  the  m o st w id e ly  em p lo y ed  

b io co n tro l agen ts , besid es  th e ir ro le  as  p lan t g row th  p ro m o te rs  an d  p o ten tia l as v a lu ab le  

so u rces  o f  secondary  m e tab o lite s/ en zy m es w hich  find  use in  p h a rm aceu tica ls , in d u stry  and  

ag ricu ltu re . Further, it has been  p roved  tha t the p o ten tia l fo rm atio n  o f  lu n g a l-b ac te ria l 

b io film s w ith  Trichoderm a  spp  u n d e r in-vitro  s tatic  c o n d itio n s  (H arm an , 2006 ; T riv en i, 

P rasan n a  and  Saxena, 2012).

3 .4 .5 .6  S creen in g  ex p erim en ts fo r  h ig h er  ord er  b io film s

H ig h er o rd e r b io film  co m b in a tio n  HBF1 show ed  the lo w est s ig n ific an t m ean  pH  (P  <  0 .05 , 

5 .95  ±  0 .02 ) and  the h ighest s ig n ifican t IA A  p ro d u c tio n  (P  <  0 .0 5 , 50 .68  p g /m l ±  1.5) 

co m p ared  to  all o th e r b io film  co m b in a tio n s  (F ig . 3 .7  a and  b). It can  be  co n sid e red  th a t the  

low  pH  and  h igh  IA A  p ro d u c tio n  o f  HBF1 co m b in a tio n  m ig h t be du e  to  the  e ffec t o f  its 

b ac te ria l m o n o cu ltu res  w hich  show ed  the low est pH  and  th e  h ig h est IA A  p ro d u c tio n  (F ig .

3.1 an d  F ig . 3 .4).
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O ut o f  the  b io film  cu ltu re s , all h ig h e r o rd e r b io film  c o m b in a tio n s  sh o w e d  low  p l l  v a lu es  

and  h igh  IA A  co n cen tra tio n s  co m p ared  to  o th e r s im p le  b io film  c o m b in a tio n s . E th y len e  

fo rm atio n  from  A R A  (P  <  0 .0 5 , 3.1 n m o l/h r ± 0 .0 3 ) and  se e d lin g  v ig o r  (P  < 0 .1 , 6 5 8 .5 7  ±  

4 .8 ) w ere  s ig n ifican tly  h ig h  in h ig h e r o rd e r b io film  H B F1 c o m p a re d  to  s im p le  b io film  

cu ltu re s  (F ig . 3 .7  c and  d). It w as  o b serv ed  tha t all the h ig h e r o rd e r  b io film  cu ltu re s  sh o w ed  

h ig h  e th y len e  p ro d u c tio n  and  h igh  seed lin g  v ig o r c o m p ared  w ith  s im p le  b io film  cu ltu re s . 

L o w est e th y len e  fo rm atio n  w as o b se rv ed  in the c o m b in a tio n  B 5F1 (2 .6  n m o l/h r ±  0 .0 0 8 ) 

and  B 8F1 (2 .58  n m o l/h r ±  0 .0 0 5 ). F u rther, all b io film  c o m b in a tio n  e n h an c e d  seed lin g  v ig o r 

c o m p ared  to  the  non- trea ted  co n tro l (4 4 0 .4  ±  7 .6).
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Figure 3 .7 - The responses o f  different biofilm  combinations on screening experiments, (a)- The responses on 
mean pH. (b)- The responses on mean IA A  production, (c)- The responses on mean ethylene production, (d)- 
The responses on mean seedling vigor. H B F 1 and H B F2- higher order biofilm  combinations. B 5 F 1 ,  B 8 F 1, 
B 1F 2  and B 7 F 2 - simple biofilm combinations. Columns with the same letter are not significantly different at 
5%  probability level. Vertical bars show standard deviations.

It has b een  re c o rd ed  th a t h ig h e r o rd e r b io film s  have  the ab ility  to  e n h an c e  th e  d ry  w eigh ts 

o f  p lan ts  co m p ared  to  m o n o cu ltu re  in o cu la tio n s . In a  fie ld  e x p e rim en t fo r tea , h ig h e r o rder 

b io film  (tw o  b ac te ria  +  o n e  fu n g u s) sh o w ed  h ig h er sh o o t d ry  w e ig h t co m p ared  w ith  

m o n o cu ltu re  o r  a  b io film  co n sis ts  o f  one  fu n g u s  and  one b a c te ria  (S en e v ira tn e  et al., 2009).

H ig h e r o rd e r b io film  co m b in a tio n s  H B F1 (B F B F 1 ) and  H B F 2  (B F B F 2 ) sh o w ed  th e  h ig h est 

p e rfo rm an ces  fo r all the  sc reen in g  e x p e rim en ts  co m p ared  to  all se lec ted  s im p le  b io film  

co m b in a tio n s . T h ere fo re , th o se  w ere  se lec ted  as ben efic ia l b io film  co m b in a tio n s  and  w ere 

su b jec ted  fo r d ire c t p o t and  fie ld  ex p e rim en ts  w ith  p o ta to  seed  tu b ers . P o s itiv e  e ffec ts  o f  

h ig h e r o rd e r b io film s on  p lan t g ro w th  and  d ev e lo p m en ts  h av e  b een  w ell d o cu m en ted . It has 

been  rep o rted  th a t th e  in o cu la tio n  o f  h ig h e r o rd e r b io film  in c lu d in g  Trichoderm a harzianum  

s ig n ifican tly  en h an ced  shoo t and  ro o t b io m a ss  o f  p lan ts  (S rin a th  et al., 2003).

3 .4 .6  G A  p ro d u ctio n  by th e h ig h er  o r d e r  b io film s

G A  p ro d u c tio n  w as n o t de tec ted  b y  the  h ig h e r o rd e r b io film  co m b in a tio n s .



3.4.7 M olecu lar identification of m icroorganism s responsible for hiofilm  form ation

3.4.7.1 PC R  am plification o f genom ic DNA extracted from  soil m icroorganism s

70

C lear PC R  products were obtained for all bacterial DNA am plified  using 16s rRNA prim ers 

and I'ungal D NA am plified using ITS prim ers (plate 3.5). The size o f  the extracted DNA 

from  all bacterial strains was approxim ately 1500bp w hereas the size o f  the extracted DNA 

from the fungal strain was approxim ately 550-600 bp (extraction o f  DNA- appendix 4).

a b e

M 1 - 3 4 5 M M i :  3 4 5 M M l

Plate 3.5- PCR products o f different bacterial and fungal genomic DNA. (a)- PCR products o f fungal DNA 
amplified using ITS specific primers (Lane M, A lOObp Plus DNA size marker. Lane 1 and 4, undiluted DNA 
from Trichoderma sp. Lane2 and 3, 1; 10 diluted DNA from Trichoderma sp.). (b)- PCR products o f bacterial 
DNA amplified using 16Sr RNA specific primers (Lane M, A lOObp Plus DNA size marker. Lane 1-2, DNA 
from Bacillus sp. Lane 3, DNA from Rhizobium sp. Lane 4 and 5, positive and negative control), (c)- PCR 
amplification products o f different bacterial and fungal genomic DNA (Lane 1 -2, DNA from Bacillus sp. Lane 
3, DNA from Rhizobium sp.). Lane 4, undiluted DNA from Trichoderma sp. Lane 5, 1: 10 diluted DNA from 
Trichoderma sp. Lane 6, negative control).

3.4.7.2 D eterm ination o f the concentration o f purified DNA sam ples

Spectra obtained for the PCR products o f  all bacterial and fungal strains confirm ed that all 

D N A  sam ples contained a high range o f  DNA concentrations (appendix 5). M axim um  

absorbance w as obtained at 260 nm for all PCR products. The absorbance ratio A 260/A 280 

obtained for all sam ples (>1.8) confirm ed that the extracted DNA w ere in high purity and 

quality  (appendix  5).

DN A  quantification is the key to good m olecular biology results, and failure to produce 

h igh-quality  evidence can som etim es be directly attributed to an incorrect estim ate o f  the 

concentration  o f  DNA tem plate used. The latest m icro volum e quantification Nano Drop
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2000 spectrophotom eter can be im plem ented to m inim ize consum ption o f  precious samples 

and provide fast assessm ent o f  nucleic acid concentration and purity. The A260/A280 ratio 

is used as indicator for DNA purity. A ratio higher than 1.8 is assum ed suitable for gene 

expression measurem ents (Siqueira et al., 2005).

3.4.7.3 Restriction digestion and RFLP analysis

Unique RFLP patters were observed for all microbial samples and patterns were found to 

be reproducible. Since all bacterial PCR products were obtained by am plifiing 16S rRNA 

gene, the total sum m ation o f the band sizes for each lane should equals or less than to 1500 

bp (Lanes w ith different digestion patterns represent different PCR products). Analysis o f 

RFLP banding patterns for fungal sample F2 confirmed their high purity since the total band 

size was less than 1500 bp (plate 3.6).

M

Taq a l  M SPI
M------ ► <-------►

H hal

1 2 3 4 5  6 7  8 9  M

Size marker

Plate 3.6- RFLP profile obtained for the PCR products from Bacillus sp., Rhizobium  sp. and Trichoderma  sp. 
digested with three different restriction enzymes. Lane M, A lOObp Plus DNA size marker. Lane 1-3, PCR 
products digested with Taqal. Lane 4-6, PCR products digested with MSPI. Lane 7-9, PCR products digested 
with Hhal. ( Lane 1 , 4 , 7 -  PCR products from Rhizobium  sp. sample. Lane 2 , 5 , 8 -  PCR products from Bacillus 
sp sample. Lane 3, 6, 9- PCR products from Trichoderm a  sp. sample).

However, RFLP analysis confirm ed that the total sumation o f  the band sizes for each 

bacterial strains {Bacillus sp. and Rhizobium  sp.) were exceeded the the size o f  16S rRNA 

gene and this was considered due to a contam ination. Therefore, sequence analysis for 

those contam inated bacterial samples were perform ed after developing PCR products
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through a new  DNA extraction protocol. The PCR products o f  Trichoderma sp. was 

subjected for direct sequence analysis since it was considered as un- contam inated pure 

DNA sample.

3.4.7.4 PCR am plification o f DNA extracted from  rapid m ethod

M other culture Bacillus sp. and Rhizobium  sp.were found to be contam inated/accom panied 

with another bacterial isolate (B9). Therefore, PCR am plification w as perform ed again for 

all the bacterial isolates (Bacillus sp., Rhizobium  sp. and B9) after extracting DNA using 

rapid DNA extraction m ethod. Clear PCR products were obtained for all bacterial DNA 

am plified using 16S rRNA prim ers. The size o f  the extracted D NA from all bacterial strains 

was approxim ately 1500bp (plate 3.7).

M  1 2 3 4 5 M

1500 bp

Plate 3.7- PCR products o f three different bacterial genomic DNA. (Lane M, A lOObp Plus DNA size marker. 
Lane 1, PCR product from B acillus sp. Lane 2, PCR product from bacterial sample B9. Lane 3, PCR product 
from R hizobium  sp. Lane 4 and 5, positive and negative control.

N ano Drop 2000 spectra obtained for the am plified new D NA sam ples confirm ed that all 

sam ples had acceptable range o f  D NA concentration (Bacillus sp.- 237.5 ng/pl, Rhizobium  

sp.-287.9 ng/p l and B9- 203.8 ng/pl). M axim um  absorbance was obtained at 260 nm for all 

PCR products. The absorbance ratio A 260/A 280 obtained for all sam ples (>1.8) confirmed 

that the extracted DNA were in high purity and quality.

3.4.7.5 R estriction digestion and RFLP analysis for new D N A  sam ples

RFLP analysis successfully differentiated the PCR am plified products o f  all three bacterial 

strains (plate 3.8). A different unique RFLP banding pattern was obtained for Rhizobium
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sp. whereas very closely related banding patterns were observed in Bacillus sp. and B9. 

Each PCR product was confimed as un-contam inated products since the total size o t bands 

from each PCR productdid not exceed the total size o f  16S rRNA gene (1500bp). I herefore, 

the DNA sam ples from all bacterial strains were subjected to the sequence analysis to 

confirm  their identities. All banding patterns obtained by gel electrophoresis were found to 

be reproducible.

Size marker

Plate 3.8- RFLP profile obtained for the PCR products o f Bacillus sp., B9 and Rhizobium  sp. digested with 
Taqal restriction enzyme. Lane M, A  lOObp Plus DNA size marker. Lane 1, PCR product from Bacillus sp. 
Lane 2, PCR product from B9. Lane 3, PCR product from Rhizobium  sp.

3.4.7.6 Sequence analysis using an online databases

The sequence alignm ent using GenBank and RDP online databases confirm ed the identities 

o f  all bacterial and fungal samples. DNA sequences o f  bacterial sam ples B1 and B9 showed 

100% sim ilarity w ith Bacilluspumilus (ACC No. KJ 801622.1) and Bacillus subtilis (ACC 

No. KM  269071.1), respectively. The bacterial isolate B7 had initially been identified as 

Rhizobium  sp. through biochem ical tests. Interestingly, the m olecular analysis and sequence 

alignm ent revealed that it was sim ilar to Brady rhizobium japonicum  (ACC No. KF 

995114.1) and not similar to Rhizobium  sp. The query sequence o f  fungal strain F2 showed 

100 % sim ilarity with the Trichoderma harzianum  (ACC No. KC 330218.1) in NCBI 

BLAST. It has been recorded that the strains in Bacillus are divided into 5 groups based on 

phylogenetic analysis and B. pumilus belong to the B. subtilis group (Liu et al., 2013). 

Strains representing these species share m any com m on properties and show relatively few 

characteristics by which they can be separated (Donnell et al., 1980).

l
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3.4 .8  C om m u nity  analysis o f  fungal-bacterial biofilm  through T R F L P

3.4.8.1 E xtraction  o f genom ic DNA from biofilm  com binations

I he purest D N A  w as extracted using the com m ercial M o Bio extraction  kit, w hich was the 

only  m ethod  that incorporated a post-extraction purification, how ever the kit results in less 

D N A  and sm aller fragm ents. A ccording to the current study, all bands w ere v isualized as 

sm ears on  agarose gel rather than having clear sharp bands plate 3.9 a). T his w as due to the 

generation  o f  series o f  small DNA fragm ents after beat beating m ethod o f  DNA extraction 

kit. Further, all banding patterns except lane 3, 4 and 7 confirm ed that the DNA extraction 

kit perform ed  better to obtain high yield o f  DNA from all m icrobial b iofilm  com binations. 

Faint bands obtained  from lane 3, 4 and 7 m ight be due to the degradation  o f  DNA during 

the ex traction  process (plate 3.9a). C lear PCR products w ere ob tained  from all biofilm  DNA 

am plified  using  16S rRNA prim ers and ITS prim ers (plate 3.9b). T he size o f  the extracted 

D N A  from  all b iofilm  com binations using 16S rRNA prim ers w as around 1500 bp in size 

w hereas the size o f  the DNA am plified using ITS prim ers w ere around 500- 600 bp in size.

M 1 2 3 4 5 6 7 8 M M 1 4 5 6 7 S 9 10 M 11 12 13 1 4 1 5 1 6 1 ' M

~. J  w  W  • •  < « l W  W

(a) (b)

Plate 3.9 (a)-Agarose gel electrophoresis o f the DNA extracted using MO BIO PowerSoil DNA isolation kit 
from the biofilm combinations. Lanes M, banding pattern o f 1 Kb (Hypcrladder 1 Kb, BioLinc). Lanes 1 -8 and 
lane 1 0 - 1 1 ,  DNA extracted from the different replicates o f a biofilm combination (b>- PCR products o f DNA 
extracted from biofilm combinations. Lanes M, banding pattern ol I Kb (Hypcrladder I Kb, BioLine). Lane I- 
8, PCR products amplified using 16S rRNA primers. Lane 1 1 - 16,  PCR products amplified using ITS primers. 
Lane 9, positive control. Lane 10 and 17, negative control.

N ano D rop 2000 spectra obtained for the am plified DNA sam ples confirm ed that all the 

sam ples have acceptable range o f  DNA concentrations (24.8 ng/p l -72.8 ng/p l). M axim um  

absorbance  w as obtained at 260 nm for all PCR products. The absorbance A 260/A 280



75

obtained for all samples (>1.8) confirm ed that the extracted D NA were in high purity and 

quality.

3.4.8.2 C om m unity analysis using TR FLP m ethod

Figure 3.8 shows TRFLP profiles obtained for different biofilm  form ing m icrobial strains. 

Sim ilar fragm ent sizes o f  TRFLP profile represent closely related m icrobial strains w hereas 

different fragm ent sizes represent different strains. Peaks with orange colour (due to liz 500) 

represent the fragm ents generated from DNA ladder (m arker) w hereas peaks w ith black and 

blue colour represent the fragm ents generated from  bacterial and fungal strains respectively. 

The abundance o f  each fragm ent is determ ined based on fluorescence intensity and 

expressed as either peak height or peak area (Schutte et a/., 2008).

Two different clear fragm ents, one with high intensity (B. pumilus-5468, B. subtilis-1164) 

and the other one w ith low intensity (J3. pumilus- 2257, B. subtilis-5135), were observed in 

each TRFLP profiles obtained for B. pumilus and B. suhtilis (F ig.3.8 a and Fig. 3.8b). 

A nalysis o f  TRFLP confirm ed that the size o f  the fragments w ith low intensities (40.48 bp) 

were exactly sim ilar in both profiles o f  B. pumilus and B. subtilis w hereas the size o f  the 

fragm ents w ith high intensities were som ew hat different. H owever, the size o f  the fragm ents 

with high intensities (B. pumilus- 239.49 bp, B. subtilis- 240. 07 bp) showed very close 

sim ilarity and this confirm ed the close sim ilarity o f  the two bacterial strains (B. pum ilus and

B. subtilis). A single clear fragm ent w ith high intensity (intensity- 17771) was observed 

from the TRFLP obtained for B. japonicum  (Fig. 3.8 c). Further, analysis o f  the TRFLP 

profile o f  B. japonicum  confirm ed that the size o f  the fragment (size- 40.48 bp) was exactly 

sim ilar to the size o f  the low intensity fragm ents in the TRFLP profile o f  B. pumilus and B. 

subtilis. This confirm ed a m inor contam ination o f B. japonicum  w ith B. pumilus and B. 

subtilis cultures. M oreover, a clear single fragm ent was observed in the TRFLP obtained 

for T. harzianum  (Fig. 3.8 d). The analysis confirm ed that the size o f  the fragm ent in the 

TRFLP profile o f  T. harzianum  (intensity- 6706, size-254.95 bp) was com pletely different 

from other TRFLP fragments and this confirm ed that the strain was not closely related with 

the other isolates.
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Figure 3.8- Electropherograms showing TRFLP profiles obtained for the PCR products amplified using 16S 
rRNA genes and ITS regions o f different biofilm forming microbial strains, (a)- TRFLP profile obtained for 
the bacterial strain B. pumilus. (b)- TRFLP profile obtained for the bacterial strain B. subtilis. (c)- TRFLP 
profile obtained for the bacterial strain B. japonicum. (d)- TRFLP profile obtained for the fungal strain T.
harzianum.

Figure 3.9 a,b ,c show  TRFLP profiles obtained for three replicates o f  b iofilm  com bination  

BFBF1 and figure 3.9d show s the TR FL P profiles obtained for contam inated  b iofilm  

m other culture. The interaction o f  individual m icrobial strains in  developing  the b iofilm  

BFBF1 can be explained by analyzing each o f  the TR FLP profiles. A ccording  to  the figure 

3.9, three d ifferent fragm ents w ith d ifferent intensities w ere observed in each  TR FLP 

profiles o f  b iofilm  B FBF1. A clear fragm ent w ith  h igher in tensity  (in tensity- 9689) w as
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o b serv ed  th an  th a t o f  the  o th er frag m en ts  in  a ll T R F L P  p ro files  an d  th e  s ize  o f  th is  frag m en t 

(s ize- 2 54 .95  bp) w as ex ac tly  s im ila r to  th e  frag m e n t s ize  o f  T. harzianum . T h is  im p lie s  th a t 

T. harzianum  s tro n g ly  co n trib u ted  to  p ro d u c e  th e  b io film  B F B F 1. F u rth e r, c lo se ly  lo ca ted  

tw o  d iffe ren t frag m en ts  w ere d e tec ted  in  b e tw ee n  the  frag m en t s ize  200  bp - 250  bp  in  the  

T R F L P  p ro file s  o f  th e  b io film  B F B F 1 . A n a ly s is  o f  th e  p ro file  co n firm e d  th a t th e  s ize  o f  

th o se  tw o  frag m en ts  w ere  ex ac tly  s im ila r  to  th e  frag m en t sizes o f  B. p u m ilu s  and  B. subtilis. 

M o reo v er, an o th e r lo w  in ten sity  frag m en t w a s  o b serv ed  in  a ll fo u r rep lic a te s  w ith  the  

frag m en t s ize  o f  40 .48  bp.
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Figure 3.9- Electropherogram showing the TRFLP profiles obtained for the PCR products amplified using 
16S rRNA genes and ITS regions o f biofilm communities, a, b, c and d are the replicates o f  TRFLP profiles 
for the biofilm combination BFBF1.
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It w as n o ticed  th a t th e  size  o f  the  frag m en t w ith  lo w  in ten sity  (4 0 .4 8  bp) in  b io film  1 R F L P  

p ro file  w as e x ac tly  s im ila r to the  s ize  o f  th e  frag m en t o b ta in ed  fo r l R F L P  p ro file  ol B. 

japonicum . T h e re fo re , it w as o b v io u s  th a t all th ree  b acte ria l s tra in s  co n trib u ted  to  dev elo p  

the  b io film  B FB F1 w ith  T. harzianum . B ased  o n  th e  frag m en t in ten s itie s , the  d eg ree  o t the  

in te rac tio n  o f  a ll th ree  bacteria l s tra in s  in  te rm s o f  d ev e lo p in g  th e  b io film  w as en tire ly  

d ifferen t. It w as n o ticed  th a t the  ra tio  o f  the  frag m en t in ten sitie s  o f  B. ja p o n ic u m , B. subtilis  

and  B. p u m ilu s  in  th e  T R F L P  p ro file  o b ta in e d  fo r th e  b io film  co m m u n ity , w as 1: 1.9: 2 .3 , 

resp ec tiv e ly . D iffe ren t frag m en t in ten sitie s  o f  th e  T R F L P  p ro file  w e re  a ttrib u ted  to  d ifferen t 

cell n u m b ers  o f  each  m ic ro b ia l s tra in s re s id in g  in  the  b io film . T h e re fo re , the  n u m b er o f  

ce lls  o f  each  b ac te ria l s tra in  a ttach ed  w ith  th e  fu n g a l m y ce liu m  o f  th e  b io film  can  be 

ex p ressed  in  te rm s o f  d iffe ren t frag m en t in ten s itie s  o f  the  T R F L P  p ro file . Thus, cell 

ab u n d an ce  ra tio  o f  B. ja p o n ic u m , B. sub tilis  and  B. p u m ilu s  in  th e  b io film  B FB F1 can  be 

ex p ressed  as 10 :19 :23 , resp ec tiv e ly . T h is  c lea rly  im p lied  th a t B. ja p o n icu m  h ad  the low est 

co n trib u tio n , w h ereas  B. p u m ilu s  had  the  h ig h es t co n trib u tio n  fo r th e  fo rm atio n  o f  b io film  

B FB F1 w ith  T. harzianum .

3 .5  C o n c lu sio n s

O u t o f  all th e  b en efic ia l b ac te ria l iso la tes , B 7  w as co n sid e red  as th e  m o s t re sp o n siv e  iso la te  

o f  te s ted  sc reen in g  ex p erim en ts . M o lecu la r an a ly s is  co n firm ed  th e  id en titie s  o f  m icrob ia l 

sam p les  B l ,  B 7 , B 9 and  F2 as Bacillus p u m ilu s, B radyrhizobium  japon icum , Bacillus  

sub tilis  and  Trichoderm a harzianum , re sp ec tiv e ly . B ac te ria l an d  fu n g a l iso la tes  in  b io film  

co m b in a tio n s  B 7F 2 , B 5F 1 , B 8F1 and  B 1F 2  w ere  u sed  to  p ro d u ce  h ig h e r o rd e r b io film s 

since  th ese  s im p le  b io film  co m b in a tio n s  sh o w ed  h ig h e r re sp o n ses  fo r all the  sc reen ing  

ex p erim en ts . A ll b ac te ria l sam ples ( B l ,  B 7, B 9) w ere  in te rac ted  w ith  T. harzianum  in  o rd er 

to  fo rm  th e  h ig h e r o rd e r b io film  B F B F 1. H o w ev er, the  degree  o f  th e  b ac te ria l a ttach m en t 

on  fungal m y c e liu m  w as en tire ly  d iffe ren t in  the  b io film  co m m u n ity . B. ja p o n icu m  h ad  the  

lo w est co n trib u tio n , w h ereas  B. p um ilus  h ad  the  h ig h est c o n trib u tio n  fo r the  fo rm atio n  o f  

b io film  B FB F1 w ith  T. harzianum. H ig h e r o rd e r b io film  co m b in a tio n  HBF1 h ad  h ig h er 

n itro g en ase  ac tiv ity , IA A  p ro d u c tio n  and  seed lin g  v ig o r fo r p la n t g ro w th  p ro m o tio n  

co m p ared  to  the  s im p le  b io film  cu ltu re s  and  th o se  co m b in a tio n s  co u ld  be  fu rth e r ev a lu a ted  

fo r th e ir  g ro w th  p ro m o tio n  o f  p lan ts  b y  d irec t ap p lica tio n  to  c rop  p lan ts .



C H A P T E R  4

E V A L U A T IO N  O F R E SP O N SIV E  F U N G A L -B A C T E R IA L  B IO F IL M S  
A S B IO -F E R T IL IZ E R S  T H R O U G H  G R E E N H O U SE  A N D  FIE L D

E X P E R IM E N T S

4.1 In tro d u ctio n

F ertilize r is w id e ly  u sed  to supply  essential nu trien t to increase p lan t y ield . Y ields o f  m ost 

c ro p s  in c rease  linearly  w ith  the am ount o f  fertilizer that they ab so rb  (L o o m is  and  C onner, 

1992). D ue to  th is  fact, the agricu ltural sector s trong ly  depends on  fertiliza tion  w ith  m ineral 

n u trien ts . W h en  crops are grow n under m odern  h igh-p roduction  co n d itio n s , substan tia l 

am o u n ts  o f  n u trien ts  are lost from  the soil due to the  leach ing  and soil e ro sion  (T a iz  and 

Z eiger, 2002 ). T o  p rev en t deficiencies, nu trien ts are added back  to the  soil in the  form  o f  

fe rtilize rs . T h is  is very  serious issue in short term  cu ltiva tion  crops and cash  c rops like 

p o ta to . A s in m o st agricu ltural crops, large am oun ts  o f  N and P inpu ts  are usually  used in 

p o ta to  c ro p p in g  system s in  order to enhance  the yield. Po tato  c rop  is a  heavy  rem o v er o f  

so il n u trien ts  and  rem oves 1.5 tim es the am ount o f  n itrogen  and  4 to 5 tim es the am oun t o f  

p h o sp h a te  co m p ared  to o ther vegetab le  crops (B ansal and  T reh an , 2011). T herefo re , 

ex ten s iv e  ap p lica tio n  o f  CF is requ ired  annually  in o rder to en h an ce  y ie ld  responses and 

th e re fo re  th e  co st o f  p roduction  is fairly high.

H o w ev er, in  conven tional agriculture, h igh  cost inputs, p a rticu la rly  C F  and ag ro ch em ica ls  

have  b een  rep o rted  to affect adversely  to the soil fertility  and crop  p ro d u c tiv ity  in the long 

term , m a in ly  due  to  the depletion  o f  soil fauna  and m icrobes (S en ev ira tn e , 2009). It is 

a ccep ted  th a t the  N  fertilizers suppress the beneficial actions o f  m icrobes, p a rticu la rly  N 2 

fixers. T h is  ten d s  to  produce N  poor soil m icrobial com m unities  w ith  low  b iom ass, due to 

d im in ish ed  N  su p p ly  by  the N 2 fixers (S enev ira tne  et al., 2011). T hus, the reduced  use o f  

C F w ith  in c reased  app lication  o f  b io fertilizers is considered  a p ro m isin g  ap p ro ach  to rec tify  

the  p re ssu re  o n  the  env ironm ent derived  from  agricu ltu ral p ractices. T h o u g h  b io -fertilizers  

a re  n o t e x ac t fe rtilizers, g iv ing  nu trition  to crop  p lan ts, they  can enh an ce  soil n u trien t 

c o n ten t th ro u g h  the activ ity  o f  m icrob ial b iom ass in the b io fe rtilize r itself. Several b io ­

fe rtilize rs  h av e  b een  in troduced  in the recen t years, w hich  a lso  acts  as natural stim u la to rs  

o f  p lan t g ro w th  and  developm ent.

79



so

A p p l i c a t io n  o f  m ic r o b ia l  in o c u la n t s  a s  b io - f e r t i l i z e r s  h a s  b e e n  r e a l iz e d  a s  an  a l te r n a t iv e  

o p t io n  d u e  to  th e ir  p r o m is in g  r o le  in  s u b s t a n t ia l ly ,  r e d u c in g  th e  e x c e s s i v e  u s e  o f  C'F, 

n u tr ie n t s  a n d  p e s t i c id e s  (M a lu s a .  S a s - P a s z t  a n d  C 'ie s ie ls k a . 2 0 1 2 ) .  M ic r o b ia l  b io - f e r t i l i z e r s  

in c lu d e  s e l e c t i v e  o r g a n is m s  l ik e  b a c te r ia , fu n g i  a n d  a lg a e .  T h e s e  a r e  c a p a b le  o f  f ix in g  

a t m o s p h e r ic  N  a n d  s o lu b l iz a t io n  o f  n a t iv e  a n d  a d d e d  n u tr ie n ts  ( f o r  e x a m p le :  P ) in  th e  s o i l  

a n d  tu r n  th e m  in to  a v a i la b le  fo r m s  to  p la n ts . The m ic r o b ia l  b io - f e r t i l i z e r s  trap  s o m e  a m o u n t  

o f  th e  N  a v a i la b l e  in  s o i l  a n d  f ix  it in  th e  s o i l  w h ic h  b e n e f i t s  th e  p la n t .  S in c e  b io - f e r t i l i z e r  

c o n s i s t  o f  m a n y  b e n e f ic ia l  m ic r o b e s ,  th e  n u tr ie n ts  a v a i la b i l i t y  in  s o i l  a r e  im p r o v e d  a lte r  

th e ir  a p p l i c a t io n  d u e  to  m a n y  d im e n s io n s  ( B o r a s t e  el at.. 2 0 0 9 ) .

R e c e n t ly ,  th e  u s e  o f  b io f i lm s  h a s  a l s o  b e e n  p r o p o s e d  a s  a  p o s s i b l e  m e a n s  to  p r o d u c e  

e f f e c t i v e  p la n t  in o c u la .  The s o i l  a p p l ic a t io n  o f  b e n e f ic ia l  b i o f i l m s  in  th e  fo r m  o f  b io ­

f e r t i l i z e r s  h a s  b e e n  id e n t i f ie d  to  b e  a p r o m is in g  a p p r o a c h  to  r e p le n is h  d e p le t e d  m ic r o b e s  a s  

w e l l  a s  t o  e n h a n c e  p r o d u c t iv i t y  in  th e  s o i l  ( K u la s o o r iy a .  2 0 0 8 ) .  T h e m a jo r ity  o f  p la n t-  

a s s o c i a t e d  b e n e f ic ia l  b a c te r ia  l ik e  P G P R s  fo u n d  o n  r o o ts  a n d  in  s o i l  fo r m  b io f i lm s .  

T h e r e f o r e ,  u s in g  P G P R s  s tr a in s  th at fo r m  b io f i lm s  c o u ld  b e  a s t r a t e g y  to  e a s e  th e  

f o r m u la t io n  a n d  p r o d u c t io n  o f  in o c u la . B io f i lm - b a s e d  in o c u la  c o u ld  a l s o  f a c i l i t a t e  th e  

p r o d u c t io n  o f  b io - f e r t i l i z e r s  c o n s id e r in g  th e  b io f i lm  a s  a c a r r ie r . T he c a r r ie r  is  th e  m a jo r  

p o r t io n  o f' th e  b i o f i lm  in o c u la n t ,  d e l iv e r in g  th e  b e n e f ic ia l  m ic r o b ia l  s tr a in s  in  g o o d  

p h y s i o l o g i c a l  c o n d i t io n  ( M a lu s  el at. ,  2 0 1 2 ) .  T he c a r r ie r  s h o u ld  b e  d e s ig n e d  to  p r o v id e  a  

s u i t a b le  m ic r o e n v ir o n m e n t  fo r  th e  P G P R s . s h o u ld  a s s u r e  a  s u f f i c ie n t  s h e l f  l i f e  o f  th e  p r o d u c t  

a n d  th e  f o r m u la t io n  s h o u ld  a l lo w  an  e a s y  d is p e r s io n  o r  d i s s o lu t io n  in  th e  v o l u m e  o f  s o i l  

n e a r  th e  r o o t  s y s t e m .  The b io f i lm s  d e v e lo p e d  in  th e  cu r r en t s tu d y  is  o n e  s u c h  b e n e f ic ia l  

m ic r o b ia l  c o m b in a t io n  w it h  a  p r o p e r  c a r r ie r  m a te r ia l  th at c a n  b e  u s e d  a s  b io - f e r t i l i z e r s  fo r  

n o n - l e g u m e s ,  w h ic h  i s  n o w  k n o w n  a s  b io f i lm c d  b io f c r t i l iz e r s  ( B l  B T s ) .

B e n e f i c i a l  m ic r o b ia l  c o m m u n i t ie s  in  s u c h  B F B F s  a t ta c h e  to  th e  p la n t  r o o t s  o f  s o m e  c r o p s  

h e lp  in  th e  c y c l i n g  o f  n u tr ie n ts  a s  w e l l  a s  th e  b io - c o n t r o l  o f  p e s t s  a n d  d i s e a s e s ,  r e s u lt in g  in  

im p r o v e d  a g r ic u ltu r a l  p r o d u c t iv i ty  ( S c n c v ir a t n e ,  2 0 0 3 ) .  It h a s  b e e n  r e p o r te d  th a t s im i la r  

B F B F s ,  u s i n g  Bradyrhizobium Penicillium  c o m b in a t io n  h a v e  b e e n  o b s e r v e d  to  e x h ib it  

b e t te r  g r o w t h ,  N 2 f ix in g  a b i l i t y  a n d  c o lo n iz a t io n  a b i l i t ie s  th a n  th e ir  m o n o c u lt u r e s  

( J a y a s in g h e a r a c h c h i  a n d  S e n e v ir a tn c . 2 0 0 4 ;  S c n c v ir a t n e  a n d  J a y a s in g h e a r a c h c h i ,  2 0 0 .3 ) .  

I n t e r e s t in g ly ,  th e  B F B F s  h a v e  s h o w n  th a t th e y  c a n  p r o d u c e  e q u a l  o r  e v e n  r e la t iv e ly  h ig h  

y i e l d s  w i t h  o n l y  5 0 %  o f  r e c o m m e n d e d  C F  o f  s e v e r a l  c r o p s  l ik e  te a  a n d  m a iz e ,  in
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c o m p ariso n  to 100%  o f  the fertilizers, from  the first year o f  th e ir  ap p lica tio n  (S en ev ira tn e  

et a/., 2 0 0 9 ). It h as  been  reported that the  app lica tion  o f  B F B I's  co n ta in in g  tw o bacteria  and 

one  fu n g u s  w ith  on ly  50%  o f  the recom m ended  rates o f  CT, in c reased  the dry  m atte r 

a c c u m u la tio n  in rice  shoots substan tia lly  by 55%  com pared  to  those  observ ed  for 100%  

ap p lica tio n  o f  the  recom m ended  fertilizers alone. M oreover, m o d era te  ap p lica tio n  o f  50%  

o f  th e  rec o m m en d e d  fertilizers w ith the tw o-bacteria l BF'BF's he lped  increase  le a f  g row th  

o f te a  c o m p ared  to  even 100% o f  the recom m ended  fe rtilize r app lica tion . A n thurium  

p lan tle ts  tre a ted  w ith  four-m icrobe b iofilm  and 50%  o f  reco m m en d ed  CT' in an inert partic le  

m ed iu m  sh o w ed  a  h igher relative grow th rate o f  p lan t dry w eigh t than  th a t o f  the  100%  o f  

th e  re c o m m en d e d  fertilizers alone (S enev iratne et a/., 2009). F urther, it has been  w ell 

d o c u m en ted  th a t th e  enhancem ent o f  soil basic nu trien ts by the ap p lica tio n  o f  B F B I's  coup le  

w ith  C F . W h en  ap p lied  d irec tly  to the soil, BFBI-'s increased  N and  P av a ilab ilities  

co m p ared  to  th e  m onocu ltu res (S enev iratne and Jayasin g h earach ch i, 2005). f  u rther, it has 

b een  re p o rte d  th a t the  b io film ed  inocula can be effec tive ly  used in b io so lu b ilisa tio n  o f  rock 

p h o sp h a te . T h is  has been  dem onstrated  by develop ing  b io film s from  Penicillium  sp., 

P leuro tus ostreatus  and  Xanthoparm elia m exicana , a lichen fungus w h ich  increased  the P 

so lu b ilisa tio n  up  to  approx im ately  230%  com pared  to the  fu n g us-on ly  cu ltu res 

(Jay as in g h ea rach ch i and  Seneviratne, 2006a; Senev iratne and  Ind rasena , 2006). As such, 

d iv e rse  fo rm s o f  the  b io film ed  inocula m ay satisfy  the fu ture dem an d  o f  au g m en ted  crop  

p ro d u c tiv ity  w ith  increased  N 2 fixation , nu trien t uptake and  b iocon tro l o f  d iseases.

T h ese  fin d in g s  su g gested  that the input o f  C F can be reduced  by  50%  du rin g  the v eg e ta tiv e  

g ro w th  p h a se  and  p o ssib ly  for the entire  crop o f  such non -lcgum cs, w h ich  cou ld  be a huge 

eco n o m ic  g a in  in te rm s o f  fertilizer saving. T he m oderate  app lica tio n  (50% ) o f  the  CF' 

n u trien ts  h e lp s  in crease  the m icrobial b iom ass o f  the  b io film , w h ich  in tu rn  tends to increase  

the  m ic ro b ia l e ffic ien cy  o r the functionality , as the co n cen tra tions o f  the fe rtilize r nu trien ts, 

p a r tic u la rly  N  d ep le tes . T he b iofilm  acts as a nodu le-like  s tructu re  o r a p seu d o n o d u le -fix in g  

N 2 in  te rm s  o f  n o n - legum es. T his fixed N 2 m ay be  transferred  to  the  roo t, and in re tu rn  the 

ro o t m ay  su p p ly  carb o n  sources to the b io film , the p ro cesses  of w h ich  need  future 

in v estig a tio n s . T he re lease o f  organic acids by the b io film  helps supp ress m icrob ia l 

p a th o g en s  (B ro w n in g  et ol., 2006) as w ell as increase  m in era liza tio n  of soil nu trien ts  in the 

rh iz o sp h e re  (S en ev ira tn e  and Jayasinghearachch i, 2005). M o reo v er, p lan t grow th  

h o rm o n es  su ch  as IA A  produced by the  b io film s (B andara  et ctl., 2006 ), shou ld  increase  

the  g ro w th  o f  ro o ts  and  m ycorrh izal fungi. In th is  m anner, th is  a sso c ia tio n  co n stitu tes  an
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e x c e l l e n t  m e t a b o l ic  c o o p e r a t io n  that h e lp s  th e  h e a lth y  g r o w th  o f  th e  p la n t. In a d d it io n , th e  

B F B F s  are  a l s o  im p o r ta n t in  r e p le n is h in g  b e n e t lc ia l  m ic r o b ia l c o m m u n it ie s  in  d e te r io r a te d  

s o i l s  d u e  to  h e a v y  u s e  o l c h e m ic a l in p u ts  an d  in te n s iv e  c r o p p in g  ( S e n e v ir a t n e .  ZOO4)). 

F u rth er , th is  b e n e f it  c a n  b e  m a x im iz e d  lo r  th e  sh o r t term  c u l t iv a t io n s  a n d  c a s h  c r o p s  lik e  

p o ta to  s in c e  t h o s e  c r o p s  n e e d  e x te n s iv e  rate o f  C F  a n n u a lly . T h e r e fo r e , th is  s tu d y  w a s  

f o c u s e d  to  e v a lu a te  th e  e f f e c t  of F B B s  a s  a b io - f e r t i l iz e r  o n  g r o w th  r e s p o n s e s  o f  p o ta to  

w h ic h  i s  an  in t e n s iv e ly  u se d  n o n - le g u m e  c r o p , w h i le  r e d u c in g  th e  C T  a p p lic a t io n .

4.2 O bjectives

1. 1 o  e v a lu a te  th e  d e v e lo p e d  B I B l s  o n  th e  g r o w th  e n h a n c e m e n t  o f  p o ta to .

2 . 1 o  a n a ly z e  th e  e f f e c t  o f  d e v e lo p e d  B F B F s  o n  s o il  n u tr ien t e n h a n c e m e n t .

3 . T o  in v e s t ig a t e  w h e th e r  tu b e r iz a tio n  m a y  b e  in d u c e d  in tu b e r iz a t io n  n o n -  in d u c in g  

lo c a t io n s  u s in g  B F B F s .

4.3 M ethodology

4.3.1 E valuation  o f the responsive biofilm s for potato seed tuber growth under  

greenhouse conditions

R e s p o n s iv e  b io f i lm  c o m b in a t io n s  (11B1T an d  H B F 2 )  fro m  th e  s c r e e n in g  e x p e r im e n ts  

( 3 .3 .6 .1 )  w e r e  e v a lu a te d  fo r  th e ir  g r o w th  r e s p o n s e s  o n  p o ta to  s e e d  tu b e r s  u n d er  g r e e n h o u s e  

c o n d i t io n s  at th e  R e g io n a l  A g r ic u ltu r e  R e se a r c h  an d  D e v e lo p m e n t  C’e n te r , B a n d a r a w e la ,  

S ri L a n k a . T h e  e x p e r im e n t  w a s  c o n d u c te d  fro m  N o v e m b e r  2 0 1 2  to  M a r c h  2 0 1 3 .  G r o w th  

e n h a n c e m e n t  w a s  e v a lu a te d  u s in g  tu b er  fre sh  w e ig h t ,  tu b er  n u m b e r , s to lo n  n u m b e r , s h o o t  

d ry  w e ig h t  a n d  r o o t  d ry  w e ig h t  o f  p o ta to  p la n ts  g r o w n  in p o ts  a s  f o l lo w s .

4.3.1.1 Soil preparation and planting

S o i l  c o l l e c t e d  fr o m  0  -  10  c m  d ep th  o f  a  lo a m y  s o i l  in  R e g io n a l A g r ic u ltu r e  R e s e a r c h  an d  

D e v e lo p m e n t  C e n te r , B a n d a r a w e la  w a s  u s e d  a s  th e  m e d iu m  fo r  th e  p o t  e x p e r im e n t .  T h e  

s o i l  s a m p le  w a s  s ie v e d  to  o b ta in  u n ifo rm  s o i l  p a r t ic le s  (p a r tic le  s i z e  <  2  m m ) . P o ts  w e r e  

p r e p a r e d  w it h  g a u g e  2 0 0  b la c k  p o ly th e n e  a n d  f i l le d  ( 3 /4  o f  th e  p o t )  w ith  th e  s o i l  s a m p le s  

o b ta in e d . D i s e a s e  f r e e  s e e d  tu b ers  ( ‘G r a n o la ’ v a r ie ty )  w e r e  o b ta in e d  fro m  g o v e r n m e n t
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certified  R eg ional A gricu ltu re  Research and D evelopm ent C enter, B andaraw ela. Tw o seeds 

w ere g row n  in each  pot w ith the obtained soil m edium .

4.3 .1 .2  A p p lica tio n  o f  biofilm  cultures

F resh  b io film  cu ltu res w ere prepared on biofilm  form ing m edium  and incubated for five 

days u n d e r the  con tinuous m ixing. Low cost m edium  (Patented) w as used as the carrier 

m ateria l to  inocu la te  the biofilm  to the plant. Before inoculation, low  cost m edium  w as heat 

sterilized  to r 15 m in  to m inim ize contam ination. 10 ml o f  each b iofilm  broth cu lture w as 

inocu la ted  sep ara te ly  w ith  200 ml o f  heat sterilized low  cost m edium  and incubated for five 

days u n d er no rm al room  tem perature w ith continuous m ixing. M icroscopic observations 

w ere m ad e  fo r the  inoculated  m edium  (w ith low cost m edium ) for the confirm ation  o f  

fu rther b acte ria l a ttachm ent on fungal m ycelia. B iofilm  m ixture w ith low  cost m edium  w as 

d ilu ted  by  250  tim es w ith  clean w ater before the application. A fter tw o w eeks from  seed 

sow ing , each  p repared  biofilm  com binations w ith the carrier m aterial w as applied  using  a 

spray  tank  d irec tly  around the root zone o f  the potato plants grow n in pots. B iofilm  

in o cu la tio n  w as repeated  again after five w eeks from  seed sow'ing sim ultaneously  w ith CF 

app lica tion . A ll the  pots w ere arranged according to C R D  inside the g reenhouse till 

harvesting . F ive rep licates  w ere m aintained for each treatm ent (1IBF1 BFBF1 and 11BF2 

B F B F 2). T rea tm en t com binations are as follows.

T R l-1 0 0 %  C F 

T R 2- 50%  C F 

T R 3- 50%  C F  +  BFBF’ l 

T R 4-50%  C F  + B FB F2 

T R 5- B FB F1 alone 

T R 6- B F B F 2  a lone  

T R 7- N o am en d m en ts
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4 .3 .1 3  Fertilizer application

Rates o t the Cb application were calculated per plant basis according to 1 )0 A 

recom m endations. A mixture o f urea (2.0 g/kg), I SP (3.33 g/kg). MOP (1.33 g/kg) was 

mixed with the soil as a basal fertilizer mixture before filling soil in to pots (TR I ). 50% o f 

the recom m ended fertilizer was initially mixed with soil for the treatment IR2, 1R3 and 

TR4 as the basal mixture. Fertilizer application (2.0 g/kg o f urea and 1.33 g/kg o f MOP) 

was repeated after five weeks from seed sowing simultaneously with biofertilizer 

application. M oisture level o f the medium was maintained constantly by applying 250 ml 

o f  w ater for each pot every day. Plants were grown with a daily minimum -maximum 

tem perature range o f  20 °C -  30 °C.

4.3.1.4 H arvesting

After 90 days from  seed sowing, plants were uprooted carefully without damaging the root 

system and w ere washed carefully with water to remove unwanted materials attached to the 

root system . Subsequently, the individual plants and the soil samples were collected in to 

black polythene bags accordingly with different treatments and were brought in to the 

laboratory to analyze the soil samples and underground and above ground biomass o f  the 

plants. Fresh weights o f  the tubers, number o f  stolons and tubers, dry weights o f  roots and 

shoots w ere m easured to evaluate the growth responses for the treatments.

4.3.1.5 A nalysis o f  soil parameters

4.3.1.5.a Soil pH

Twenty gram s o f  soil samples from each treatments were mixed with 50 ml o f  distilled 

water and the m ixtures were stirred for 10 minutes. Subsequently, the soil m ixtures were 

kept for 30 m in w ithout stirring, followed by 2 min stirring again. After mixing, pi 1 o f  the 

supernatants w ere measured (Anderson and Ingram, 1998). Ihrce replicates were 

m aintained for each treatment.
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4.3.1.5. b Total soil C

Dried and ground one gram (<0.15 m m ) o f  soil sam ple was added to a 100 ml conical flask 

followed by adding 10 ml o f  5% potassium  dichrom ate solution and allowed to wet 

com pletely. Standard solution series w as prepared using a pure sucrose stock solution. 20 

ml o f  cone. H 2SO4 was added from  a burette and m ixed gently. A fter cooling 50 ml o f  0.4%  

barium  chloride was added and kept overnight. The absorbance o f  the supernatant was 

m easured at 600 nm  using a spectrophotom eter and total organic C arbon was estim ated 

using the follow ing equation (A nderson and Ingram , 1998).

Percentage O rganic C arbon = (K X 0 .1)/ (W  X  0.74)

K= Corrected concentration (difference betw een concentration for blank and the 

concentration for unknow n)

4.3.1.5. c T otal soil N  - K jeldahl m ethod

4.4 ml o f  digestion m ixture (0.42 g selenium  powder, 14 g lithium  sulphate, 30% H 2O 2, 

420 ml o f  cone. H 2SO4) was m ixed w ith finely ground 1 g (>0.15 m m ) o f  soil sam ple (W ) 

in a digestion tube followed by digestion at 360 °C for 2 hours (blank- only.digestion 

mixture). A bout 50 ml o f  w ater was added after cooling the m ixture and m ixed well to 

dissolve the rem aining sedim ents. Subsequently, the m ixture w as topped up to 100 ml w ith 

w ater and w as kept for 30 m in to settle dow n the sedim ents. The clear supernatant was used 

for N  analysis using distillation and titration m ethods. About 50 ml o f  distillate was obtained 

from the blank solution using steam distillation apparatus o f  the K jeldahl instrum ent (M odel 

No. VELP Scientifica U D K  127) follow ed by titration w ith  HC1 acid solution. 

Subsequently, 15 ml (A) o f  sam ple solution and 12 ml o f  alkali m ixture (25 g N aO H  + 1,25g 

Na2S203 in 50 m l o f  w ater) were transferred to the reaction cham ber o f  the apparatus. About 

5 ml o f  boric acid indicator solution w as added to 25 m l o f  distillate obtained after the 

distillation o f  sam ple solution. Then the m ixture w as titrated using HC1 and the volum e (T) 

o f  the HC1 was recorded (A nderson and Ingram , 1998).

Percentage o f  total N = (T x S x 0 .01)/ (A x W)
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4.3.1.5.d Total soil P

The digestion was followed as explained in 4.3.1.5 c for the soil samples. Subsequently, 1 

ml o f sample solution was pipetted to a test tube followed by the addition o f 4 ml o f  1 % 

ascorbic acid solution. The mixture was kept for 1 hour for the colour development after 

adding 3 ml o f molybdate reagent (4.3 g o f  ammonium molybdate was dissolved in 400 ml 

o f water. Subsequently, 400 ml o f 0.1% antimony sodium tartrate solution was added to the 

solution and mixed well while acidifying the mixture with H2SO4). Absorbance o f the 

mixture was measured at 880 nm using an UV visible spectrophotometer (Model No. 

Genetics 6). Concentration o f the sample was determined using calibration plot drawn with 

standard KH2PO4 solution (Anderson and Ingram, 1998).

4.3.2 Evaluation of the effect of responsive biofilms on potato seed tubers under 

different field conditions

Responsive biofilm combinations selected from screening experiments (HBF1= BFBF1 and 

HBF2= BFBF2) were evaluated for their growth responses on potato seed tubers under 

different field conditions in Sri Lanka. The experiment was conducted from November 2013 

to April 2014. Growth enhancement was evaluated using tuber fresh weight, tuber number, 

stolon number, shoot dry weight and root dry weight o f potato plant grown in different field 

conditions.

4.3.2.1 Justification for the section of suitable locations

Temperature plays a key role in regulating growth and yield in potatoes (Bodlaender, 1963; 

Ewing, 1981; Gregory, 1965; Tibbitts et al., 1989). High temperatures regimes (30 °C-35 

°C) are inhibitory for tuberization whereas low temperature regimes (17 °C -27 °C) induce 

potato tuberization. Also, a day/ night temperature fluctuation (thermoperiod) is considered 

to be necessary for maximum tuber yields (Benoit, Grant and DeVine, 1986; Ewing, 1981). 

Day/night atmospheric temperature difference should be at least 8-10 °C, in order to induce 

tuberization. Therefore, the selection o f field locations was considered as one o f the critical 

factors in this study.
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T h ree  d iffe ren t lo catio n s  w ere  se lec ted  b a sed  on  d a y -n ig h t te m p e ra tu re  d iffe ren ces  fo r the  

fie ld  e x p e rim en t as fo llow s. Soil c h a rac te rs  w ere  a lso  c o n sid e re d  fo r th e  se lec tio n  o f  field  

locations.

•  B an d a raw e la  (6 ° 48 ' 0" N , 80° 58 ' 0" E ) [up co u n try  in te rm e d ia te  z o n e  (IU 3) 1506 

m  am sl], Sri L anka.— tu b e riz a tio n  in d u ced  co n d itio n  (av e rag e  d ay  Tern. 30 °C, 

av erag e  n ig h t Tern. 19 °C).

•  H o ran a  (6 °4 6 '5 9 .3 "N , 8 0 °0 5 '1 0 .0 "E ) [low  co u n try  w et z o n e , 93 m  am sl], Sri L anka 

- tu b e riz a tio n  n o n -in d u ced  c o n d itio n  (av erag e  d ay  Tern . 29  °C , av erag e  n ig h t Tern. 

24  °C)

•  B ib ile  (7 °0 9 ’2 0 .5 "N , 8 1 °1 3 '2 6 .4 "E ) [low  co u n try  in te rm e d ia te  zo n e, 305 m  am sl], 

Sri L an k a  — tu b e riza tio n  n o n -in d u c e d  co n d itio n  (av e rag e  d ay  Tern . 30 °C, averag e  

n ig h t Tern. 23 °C).

S ince  the  fie ld  lo ca tio n  at H o ran a  fa iled  d ue  to  w a te r lo g g in g , a  d iffe ren t fie ld  lo cation  at 

P ad u k k a  (6 °5 0 '3 2 .0 "N , 8 0 °0 5 '4 4 .8 "E ) [lo w  co u n try  w e t zo n e, 155 m  am sl], Sri L an k a  w as 

se lec ted  fo r the  th ird  fie ld  tr ia l (C o lo m b o  d is tric t- s im ila r d ay /n ig h t te m p e ra tu re  d ifferen ce  

as o f  H o ran a  location).

A t p re sen t p o ta to  is ex ten s iv e ly  c u ltiv a ted  in  th e  d is tric t o f  N u w a ra  E liy a  (U p  co u n try  w et 

z o n e  > 1 0 0 0 m  am sl) in  tw o  m a jo r  seaso n s, "Y ala" (F eb  - Ju ly ) an d  "M aha" (A ug  - D ec.) 

and  B ad u lla  d is tric t sp ec ifica lly  in  B an d a ra w e la  a n d  W e lim ad a  (U p  C o u n try  in te rm ed ia te  

zo n e- 1000 to  1500 m  am sl). T h e  c lim a tic  co n d itio n s  o f  th o se  d is tr ic ts  are  id ea lly  su ited  fo r 

seed  p o ta to  p ro d u c tio n . T h ere fo re , B an d a raw e la  w as se lec ted  as  o n e  o f  m a jo r fie ld  locations 

fo r th is  study . T h o u g h  B ib ile  is  lo ca ted  in  B ad u lla  d is tric t, th e  c lim a tic  co n d itio n  is no t 

fav o rab le  fo r p o ta to  m ass cu ltiv a tio n . H o w ev er, acco rd in g  th e  p re v io u s  d a ta  av a ilab le  at the  

D O A , Sri L an k a  th e re  is a  p o ss ib ility  o f  c u ltiv a tin g  p o ta to  a t B ib ile  area. C o lo m b o  d o e sn ’t 

hav e  any  fav o rab le  a tm o sp h eric  co n d itio n s  fo r  po ta to  tu b e r in d u c tio n . T here fo re , C o lom bo  

w as se lec ted  as a  co n tro l fie ld  s ite  to  d e te rm in e  w h e th e r th e re  is an y  e ffec t o f  B F B F s on 

p o ta to  tu b e riza tio n , irresp ec tiv e  o f  c lim a tic  cond itio n s .
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4.3.2.2 Bed preparation and planting

Selected each field location was m arked according to the standard dim ensions o f  the beds 

and the land was ploughed and prepared according to the standard practices. Drainage 

system  was established around the field location to create favorable soil conditions tor 

potato cultivation. A net was established around the w hole field location in order to 

m inim ize rodents and wild boar attacks. Bed preparation was perform ed according to the 

standard dim ensions for potato (treatm ent plot size — 2.4 m x 1.25 m, betw een two treatm ent 

plots — 1 m ) and treatm ent plots were arranged according to random ized complete block 

design (RCBD) method. G overnm ent certified disease free potato seed tubers ( ‘G ranola’ 

variety) were obtained from R egional Agriculture R esearch and Training Center, 

Bandaraw ela and were sown in the prepared locations. Each treatm ent plot contained 20 

seed potatoes (between rows -  60 cm , betw een two plants — 25 cm ) and three replicates and 

seven different treatm ents were m aintained in each different locations (between replicates 

-  1 m).

4.3.2.3 Application o f biofilm  cultures

Biofilm  culture preparation and application w ere perform ed as explained in section 4.3.1.2.

4.3.2.4 Fertilizer and agrochem ical applications

A m ixture o f  urea (17 g/m 2), TSP (27 g/m 2), and M OP (12.5 g/m 2) was m ixed with soil as 

a basal fertilizer mixture for the treatm ent TR1 plot (100%  CF). H alf (50%) o f  the 

recom m ended fertilizer was applied as a basal m ixture to the 50% CF treatm ent plots (TR2, 

TR3 and TR4). Fertilizer application (17 g/m 2 o f urea and 12.5 g/m 2 o f  M OP) was repeated 

after five weeks from seed sowing, sim ultaneously w ith the BFBFs applications. Since 

potato crop is highly susceptible to pest and disease attacks, agrochem icals were applied 

starting two w eeks from the seed sowing till harvesting. Two types o f  fungicides (M ancozeb 

and Cabriotop) were applied once in three weeks to prevent the em ergence o f  potato late 

and early blight diseases. All fungicides were applied using a hand spray only for the leaves 

w ithin the DO A recom m ended limits. W atering was carried out tw ice a  day (morning and 

the evening) starting from  seed sowing till harvesting. Since Bibile field location had sandy 

soil, the am ount o f  w ater applied during the m orning period w as increased. Plant growth
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and developm ent was facilitated by m aintaining and cleaning (rem oving o f  weeds) the 

treatm ent beds every three weeks. Frequent observations were m ade on the fields to check 

the em ergence o f any disorders or pest attacks and diseases.

4.3.2.5 H arvesting

A fter 90 days from  seed sowing, plants from selected locations w ere uprooted carefully 

w ithout dam aging the root system and were washed carefully with w ater to rem ove 

unw anted m aterials attached to the root system. Subsequently, the individual plants o f  

different treatm ents were collected into black polythene bags and were brought into the 

laboratory  to analyze underground and above ground biom ass o f  the plants. Soil sam ples 

w ere also collected  from selected locations into black polythene bags separately to analyze 

the soil param eters.

4.3 .2 .6  Statistical analysis

N orm ality  o f  the data and constancy o f  residuals were confirm ed. Statistical data analyses 

w ere perform ed on all data collected using the one way A nalysis o f  V ariance (A NOVA) 

M odel in M IN ITA B 16 Statistical Software. The m ean values o f  dry and fresh weights o f  

the tubers, roots and shoots were com pared on treatm ent basis using the tukey’s 

sim ultaneous test at 5%  significance level. Further, m ean values o f  soil param eters such as 

soil pH , organic C, total N  and total soil P were com pared on treatm ent basis using the 

tu k ey ’s sim ultaneous test at 5% significance level.
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4.4 Results and Discussion

4.4.1 Evaluation o f the biofilm effect on potato tubers under greenhouse conditions

4.4.1.1 Analysis o f plant biom ass t

Plate 4.1 shows the effect o f  different BFBFs and CF com binations on potato vegetative 

growth and tuber developm ent. According to the photographs, it was observed that CF 

treatm ents enhanced the vegetative growth com pared to other treatm ent combinations.

TR1 TR2 TR3 TR4 TR5 TR6 TR7

Plate 4.1- Tuber yield of potato obtained by treating with different BFBFs and CF combinations under 
greenhouse conditions. Treatments TR1-TR7 are 100% CF, 50% CF, 50% CF+ BFBF1, 50% CF+ BFBF2, 
BFBF1 alone, BFBF2 alone No amendments treatments respectively.

BFBFs treatm ents greatly enhanced the tuber num ber and size o f  potato (plate 4.1). Sim ilar 

effects have been reported by another study that the additions o f  soil m icroorganism s 

im proved quality and the size o f  the potato tubers. (Sugiarto et al., 2013).

M ean fresh w eight o f  the tubers for the treatm ent TR3 (131.19 g ±  4.33) was significantly 

higher (P < 0.05) than that o f  the other treatm ents (table 4.1). Treatm ent TR3 enhanced the 

tuber weight o f  potato by approxim ately 92%  com pared to the treatm ent TR2. Out o f  the 

seven treatm ents, the highest mean tuber num ber (8 ± 1.15) was observed in the treatm ent 

TR3. Another study has been reported that integrated application o f  CF and non-CF, 

im proved potato tuber yield by 39.9%  as com pared to the CF alone (From m el, Nowak and 

Lazarovits, 1993). M ean stolon num ber for the treatm ent TR3 (10.2 ±  1.67) was 

significantly higher (P < 0.05) than that o f  the other treatments. Both treatm ent TR3 and 

TR4 enhanced the m ean tube num ber, m ean stolon number and m ean fresh weight o f  tubers
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even com pared to the treatment TR1 (100%  CF). However, a significant difference was not 

observed (P > 0.05) between treatm ent TR3 and TR4 in term s o f tuber number. Further, 

treatm ent TR5 which was only the BFBFs w ithout any CF, enhanced the tuberization (tuber 

weight and tuber number) compared to the treatm ent TR 1. This m ight be due the effect o f  

the beneficial activity o f the developed m icrobial biofilm . It has been reported that the 

tuberization is a complex phenomenon influenced by a variety o f  intrinsic and extrinsic 

factors (Vreugdenhil and Struik, 1999) including m icroorganism s in the soil.

Further, treatm ent TR1 showed the highest m ean shoot dry weight and mean root dry weight 

o f  potato com pared to the other treatments. Further, T-test confirm ed that the mean shoot 

dry weight (P < 0.005, 4.99 g ± 0.56) and m ean root dry w eight (P < 0.005, 0.48 g ± 0.07) 

for the treatm ent TR1 were significantly higher than that o f  treatm ent TR2. However, it was 

clearly observed that treatm ent TR1 reduced the tuberization (m ean tuber weight and meant 

tuber number) compared to treatm ent TR2. The main reason o f this m ight be due to the 

stress factors w ith high accumulation o f  CF including N fertilizers inside the pot, thereby 

creating high N  concentration around the rhizosphere.

Table 4.1- The effect o f different CF and BFBFs treatments on different parameters o f potato.

Treatment Tuber weight 
(g/plant) 
Mean ±  SD

Tuber 
number 
(Per plant) 
Mean ±  SD

Stolon 
number 
(Per plant) 
Mean ± SD

Shoot weight 
(g/plant) 
Mean ±  SD

Root Weight 
(g/plant) 
Mean ± SD

TR1 61.03 ± 3 .75cd 5.00 ± 0.94ab 5.40 ± 0.89bc 4.99 ± 0.56a 0.48 ± 0.07a

TR2 68.15 ± 2 .9 9 bc 6.40 ± 1.43ab 7.20 ± 1.09b 3.95 ± 0.52bc 0.31 ± 0 .0 5 cd

TR3 131.19 ± 4.33a 8.00 ± 1.15a 10.20 ± 1.67a 4.19 ± 0.62ab 0.32 ± 0.05cd

TR4 80.94 ±  11.31b 7.80 ± 2.94a 7.00 ± 1.58b 4.60 ± 0.47ab 0.19 ± 0.02e

TR5 70.45 ± 8.16bc 5.40 ± 1.95ab 5.40 ± 2.07bc 3.11 ± 0.59cd 0.43 ± 0.04ab

TR6 46.28±8.25de 3.60 ± 1.07b 3.60 ± 1.14c 2.13 ± 0.29d 0.38 ± 0.03bc

TR7 41.72 ±  11,95e 3.80 ± 1.55b 3.80 ± 1.64c 2.15 ± 0.3 l d 0.24 ± 0.04dc

Treatments; TR1- 100% CF, TR2- 50% CF, TR3- 50% CF + BFBF1, TR4- 50% CF + BFBF2, TR5- BFBFl 
alone, TR6- BFBF2 alone, TR7- no amendments. Same letter are not significantly different at 5% probability 
level.

It has been well documented that the plant growth regulators have been suggested to play a 

prom inent role in the control o f  tuberization in potato (Ewing, 1987; Vreugdenhil and 

Struik, 1989; X u et al., 1998). Plant growth prom otion as a result o f IAA has been
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do cu m en ted  in  severa l p lan ts  in  recen t y ears  (S paepen , V an d erley d en  and  R em an s, 2007). 

It w as o b served  th a t exogenous IA A  trea tm en t induced  la rg e r tu b e rs  a t an earlie r stage o f  

the g row th  o f  po ta to  (H arm ey , C ro w le  an d  C lin ch , 1966). V ran y  and  F iker (1 984) repo rted  

a 4 -3 0 %  in crease  in  p lan t g ro w th  and  tu b e r y ie ld  w hen  p o ta to  seed  tu b ers  w ere in ocu la ted  

w ith  P G P R s befo re  p lan ting . F ew  o th e r  stud ies h av e  sug g ested  a p o s itiv e  ro le  o f  som e o f  

these  so il b ac te ria  on  p lan t g ro w th  (F ro m m el et al., 1989) an d  tu b e r y ie ld  (S tu rz , 1995) in  

po tato . A lso  it has been  p roven  th a t in  the  absence  o f  G A , ad d itio n  o f  IA A  resu lted  in m uch  

shorter sto lons th e reb y  en h an cem en t o f  tu b e r in itia tion  (T o rren t e t al., 2011). T his im plies 

tha t the  en h an cem en t o f  the  tu b e riza tio n  by  the trea tm en t T R 3 m ig h t be d ue  the effec t o f  

overa ll b en efic ia l ac tiv ity  sh o w n  b y  the B F B Fs.

Further, it has b een  rep o rted  th a t th e  h ig h  o r con tinuous supp ly  o f  N  fe rtilize rs  in h ib it the 

tu b e riza tio n  ev en  i f  th e re  is tu b er in d u c in g  a tm ospheric  co n d itio n s  and  it p rom otes 

p ro d u c tio n  o f  the  in h ib itin g  h o rm o n e  G A  and  depresses the  p ro m o tin g  h o rm o n e  A bsisic  

acid  (A B A ) (Jackson , 1999; K rauss, 2013). T he co rresp o n d in g  lo w  A B A : G A  ra tio  

increases shoo t g ro w th  and  d e lay s  tu b e r p ro d u c tio n , tend ing  to  d ecrease  tu b e r y ie lds o f  early  

po ta toes. F u rther, it has been  w ell d o cu m en ted  th a t the ap p lica tio n  o f  G A  p ro m o tes  sto lon  

e lo n g a tio n  and  inh ib its  tu b e r fo rm atio n  (S m ith  and  R appaport, 1969; K u m ar and W areing , 

1972). It w as a lso  rep o rted  th a t a  d ec lin e  o f  G A  activ ity  in  p o ta to  (Solarium tuberosum  L.) 

p lan ts  is asso c ia ted  w ith  tu b e riza tio n  (R a ilto n  and  W areing, 1973; K rau ss  and  M arschner, 

1982).

4 .4 .1 .2  E v a lu a tio n  o f  so il ch aracters

4 .4 .1 .2 .a S o il pH

T rea tm en ts  TR 3 show ed  the  lo w est so il p H  (4.11 ±  0 .07) co m p ared  to  the  o th er trea tm en ts  

(F ig. 4 .1 ). A ll trea tm en ts  sh o w ed  lo w  so il p H  (pH  b e lo w  5) co m p ared  to  trea tm en t T R 7  

(con tro l). H ow ever, the  pH  red u c tio n  reco rd ed  by  all the C F an d  B F B F s co m b in e  trea tm en ts  

(T R 1- T R 4) w as an  unusual an d  th is  m ig h t be  due to  the  h ig h  accu m u la tio n  o f  C F inside 

the po t th ro u g h o u t the g ro w th  period .
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Treatm ents

Figure 4 .1- Mean soil pH after different CF and BFBFs treatments. Treatments; TR1- 100% CF, TR2- 50% 
CF, TR3- 50% CF + BFBF1, TR4- 50% CF + BFBF2, TR5- BFBF1 alone, TR6- BFBF2 alone, TR7- no 
amendments. Columns with the same letter are not significantly different at 5% probability level. Vertical 
bars show standard deviations.

Further, acidic secretions o f  the microbial communities in the developed BFBFs might also 

have an effect on reducing the soil pH. Similar results showing the reduction o f soil pH by 

the inoculation o f microbial biofilm s have been reported by another study (Seneviratne and 

Indrasena, 2006).

4.4.1.2.b Soil nutrients

It has been well docum ented that the quantity and com position o f microbial biomass is 

sensitive to changes in the soil chemical and physical environm ent and organic matter 

quality changes (Jaiswal et al. , 2010). Therefore, their inclusion in biofertilizer/biocontrol 

consortia can improve the nutrient m obilization and improve the nutrient status o f soils and 

crops. The current study showed sim ilar results, to what others have found in terms of 

nutrient enhancement in soil by the soil microbial inoculation. According to the current 

study, treatments TR3 (11.15 m g/g ± 01.63) showed the highest total SOC content 

compared to all other treatm ents (table 4.2). Treatment TR3 enhanced the SOC content by 

approximately 14% than that o f  the treatm ent TR2 and by 80% than that o f the treatment 

TR7. All treatments enhanced the soil C content compared to the treatm ent TR7. Further, 

the current study showed the enhancem ent o f  other soil nutrients such as N and P by the 

application o f BFBFs. Out o f  the eight treatm ents, the highest soil total N  (241.7 mg/kg ±
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11.33) content was recorded by treatm ent TR1 whereas the highest total P content (39.4 

ppm ± 4.71) was recorded by treatm ent TR3 (table 4.2). Treatm ent TR3 enhanced the soil 

total N content by approximately 24% compared to the treatm ent TR2. Further, treatm ent 

TR3 significantly enhanced the soil P content com pared to treatm ent TR2 and it was 

approximately by 100%. Thus, it was clearly shown that the biofilm  combinations BFBF1 

and BFBF2 enhanced the total soil nutrient content w ith 50% recom m ended CF in 

comparison w ith the other treatments.

Table 4.2 -  The effect of different CF and BFBFs treatments on different soil nutrient contents in potato pot 
experiment.

Treatment SOC 
(mg/g) 
Mean ± SD

Total N
(mg/kg)
M ean ± SD

Total P 
(ppm)
M ean ± SD

TR1 10.83 ± 0 .6 1 a 241.7 ± 11.33a 35.50 ± 4 .6 9 a

TR2 9.74 ±  0.97ab 187.18 ± 4.31b 19.70 ± 0 .9 1 c

TR3 11.15 ±  1.63a 232.64 ± 5.86a 39.40 ± 4 .7 1 a

TR4 9.92 ± 0.46ab 177.58 ± 4 .6 5 b 22.1 ±  1.71bc

TR5 8.71 ±  0.63b 161.98 ± 3.1 l bc 27.1 ± 2 .8 6 b

TR6 8.87 ± 0.77b 167.32 ± 3 .89bc 20.6 ±  2.63c

TR7 6.16 ±  0.92c 117.82 ± 1.81d 17.5 ±  1.12C

Initial 6.15 ± 0.55c 126.30 ± 3.34cd 10.8 ± 2.08d

Treatments; TR1- 100% CF, TR2- 50% CF, TR3- 50% CF + BFBF1, TR4- 50% CF + BFBF2, TR5- BFBF1 
alone, TR6- BFBF2 alone, TR7- no amendments. Same letter are not significantly different at 5% probability 
level.

A significant enhancem ent in SOC has been recorded in m icrobe-inoculated soil which 

could be correlated w ith M BC values (Prasanna et al., 2011). Further, the inclusion of 

beneficial m icroorganism s has been well known for their C sequestering ability (Jaiswal et 

al., 2010) and may have served a significant role in the C enrichm ent o f  soil. M oreover, 

enhancem ent o f  soil nutrients including N  and P by the application o f PGPRs have been 

reported by several other studies (Prasanna et al., 2011: Rodriguez and Fraga, 1999: Duarah 

et a l, 2011).

Table 4.3 shows the correlation m atrix between potato plant param eters and SOC content 

for the pot experim ent. A significant correlation was observed between shoot dry weight 

and SOC content (r = 0.822, P = 0.023). However, a significant correlation was not observed
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betw een tuber w eight and SOC content. Therefore, it can be assumed that the SOC content 

was directly affected to enhance the vegetative growth o f potato plant.

Table 4.3- Correlation coefficients (r) between plant parameters and SOC content obtained from a potato pot 
experiment under greenhouse conditions

SOC Shoot dry weight Root dry weight

Tuber w eight 0.685 (0.089) 0.535 (0.216) -0.120 (0.798)

Shoot dry w eight 0.822 (0.023) - -

R oot dry w eight 0.311 (0.498) - -

Values within parentheses are probability levels.

SOC is im portant for all three aspects o f soil fertility, namely chem ical, physical and 

biological fertility (Chan, 2008). The maintenance or restoration o f  soil quality is highly 

dependent on organic matter and an array o f beneficial macro organism s and 

m icroorganism s that it supports. (Perera and W eerasinghe, 2014). It has been reported that 

the SOC is directly affected for the agricultural production and the soil quality enhancem ent 

(Jobbagy and Jackson, 2000). Further, SOC content o f soil contributes to enhance the health 

o f  soil m icrobial com m unity and thereby enhances the soil nutrient flow. This directly 

contributes to enhance the vegetative growth o f crop plants (Li and Feng, 2002).

4.4.2 E valuation o f the effect of biofilm on potato seed tubers under different field  

conditions

4.4.2.1 P lant responses at different field locations

It w as clearly  observed that the plants treated with BFBF1 were healthier (bright green in 

colour) and the shoot sizes were much larger than that o f the plants treated w ith 100% CT 

after six w eeks from  seed sowing. Further, the size o f the leaves o t BFBF1 treated plants 

were com parably  higher than that o f  the plants treated w ith 100/o Cl (appendix 6). Any 

pest attack or blight conditions were not observed after six weeks from seed sowing in both 

B FB Fs and CF treated plants.
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Field  lo cation  at H o ran a  fa iled  due  to  the  w a te r logg ing  and  u n fav o rab le  soil cond itio n s . 

P lan ts  d id  no t g row  ev en  a fte r e ig h t w eek s from  seed  sow ing  and  m o st o f  the  seed  tu b ers  

w ere ro tten  in b o th  B F B F s trea ted  and  C F  trea ted  beds inc lud ing  th e  con tro l. T here fo re , the  

site w as g iv en  up  and  a  d iffe ren t site a t P ad u k k a  a rea  (s im ila r c lim atic  co n d itio n  to  H o ran a  

site) w as se lec ted  to  co n tin u e  po ta to  fie ld  trial.

4 .4 .2 .2  A n a ly sis  o f  p la n t b iom ass

4 .4 .2 .2 .a  P lan t a n a lysis  fo r  fie ld  lo ca tio n - B an d araw ela

It w as observ ed  th a t the  trea tm en t TR 3 g rea tly  enhanced  the tu b e r n u m b er and  the  size  o f  

the  tubers. V eg eta tiv e  g ro w th  o f  the  p lan ts  w as enhanced  by b o th  trea tm en t TR1 and  TR 3 

(p la te  4 .2).

TR1 TR2 TR3 TR.4

TR5 TR6 TR7

Plate 4.2- Potato tuber yield for different BFBFs and CF treatments at Bandarawela field site, (a) and (b)- 
Tuber yield with vegetative biomass per seed tuber (seed tubers for the figure (a and b) were selected randomly 
in each treatment). TR1, TR2, TR3, TR4, TR5, TR6 and TR7 are the treatment o f  100% CF, 50% CF, 50% 
CF+ BFBF1, 50% CF+ BFBF2, BFBF1 alone, BFBF2 alone No amendments treatments respectively.
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O ut o f  all trea tm en ts, the  h ighest tu b e r w eigh t (428.9  g ±  48 .4 0 ) and  the  h ighest tu b er 

n u m b er (7.25 ±  2 .35 ) w ere  recorded  from  the trea tm en t TR3 (tab le  4 .4). A  T -test confirm ed  

th a t the fresh  w e ig h t o f  the  tubers  (P  <  0 .05) and  the num b er o f  tu bers  (P <  0 .05) fo r the 

trea tm en t TR 3 w ere  sign ifican tly  h ig h er than  tha t o f  the trea tm en t TR 2. T reatm en t TR 3 

en hanced  the  tu b er fresh  w eig h t by app ro x im ate ly  68%  com pared  to  the  trea tm en t TR 2 and 

app rox im ate ly  7%  even  com pared  to  the trea tm en t TR 1. F urther, m ean  tu b er w eigh t w as 

reduced  by  app ro x im ate ly  2 .5%  w ith  the app lication  o f  trea tm en t TR 4 com pared  to  

trea tm en t TR 2. T h erefo re , it w as c learly  observed  tha t th e re  w as no effect o f  b io film  

co m b in a tio n  B F B F 2 on  the  enhancem en t tuberization  at B an d araw ela  fie ld  site.

A ll the  trea tm en ts  en h an ced  the  m ean  tu b er w eigh t and m ean  tu b e r num ber com pared  to  

trea tm en t TR 7. F u rther, trea tm en t TR 3 enhanced  the  m ean tu b e r n u m b er by  approx im ate ly  

43%  com pared  to  tre a tm en t T R 2  and by  approx im ate ly  4%  ev en  com pared  to the trea tm en t 

TR 1. P late  4.3 c learly  show s that the sto lon  num ber (20.1 ±  6 .27 ) w as enhanced  by  

trea tm en t TR 3 and  th e  s to lons w ere en larged  to in itia te  tubers. T h is w as co n firm ed  by  the  

tab le  4 .4  w hich  show s the  m ean  sto lon  num ber w as s ign ifican tly  enhanced  by the  trea tm en t 

TR 3 com pared  to all o ther trea tm en ts  (P <  0.05). T rea tm en t TR3 enhanced  the sto lon  

num b er by  app ro x im ate ly  63%  com pared  to the trea tm ent T R 2 an d  by  app rox im ate ly  28%  

com pared  to trea tm en t TR 1. F urther, m ean  sto lon  num ber w as red u ced  by  app rox im ate ly  

24%  by the  ap p lica tio n  o f  trea tm en t T R 4  com pared  to the  trea tm en t TR 2.

It w as c lea rly  o b serv ed  th a t the  shoot (P < 0.05, 6.51 g ±  0 .88) an d  roo t dry  w eigh t (P < 

0.05, 1.62 g ±  0 .42) w ere  sign ifican tly  enhanced  by  the trea tm en t TR1 co m p ared  to all o ther 

trea tm en ts  (tab le  4 .4). F urther, trea tm en t TR3 show ed  som e effec t on  en h ancem en t o f  shoo t 

and  ro o t d ry  w e ig h t o f  p o ta to  com pared  to  trea tm en t TR 2. T he lo w est m ean  shoot dry  

w e ig h t (3.11 g ±  1.06) w as reco rded  by  the  trea tm en t TR 7 w h ereas  the  low est m ean  roo t 

d ry  w eigh t (0 .86  g ±  0 .38) w as reco rd ed  by trea tm en t TR5.
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Table 4.4— The effect o f  CF and BFBFs combinations on tuberization o f potato at Bandarawela field site.

Treatment Tuber weight 
Mean ± SD

Tuber number 
Mean ± SD

Stolon number 
Mean ± SD

Shoot weight 
Mean ± SD

Root Weight 
Mean ± SD

TR1 401.00 ± 45.77a 6.96 ± 1.93“ 15.72 ± 2.91b 6.51 ± 0 .8 8 a 1.62 ±  0.42a
TR2 256.1 1 ±  32.82b 5.08 ± 1.26b 12.35 ± 2 .9 9 c 4.29 ± 1.14bc 1.06 ±  0.3 l b
TR3 428.90 ± 4 8 .4 0 a 7.25 ± 2 .3 5 a 20.10 ± 6.27a 5.1 ± 0.82b 1.08 ±  0.27b
TR4 249.60 ± 46.60b 5.80 ± 1.54ab 9.44 ± 2.55cd 4.6 ± 1.01b 0.99 ±  0.30b
TR5 145.31 ± 4 5 .8 0 c 4.81 ±  1.57b 7.69 ± 3.22de 3.11 ±  1.06d 0.86 ±  0.38b
TR6 214.55 ± 31 ,56b 5.45 ±  1.8l ab 8.19 ± 2.01de 3.35 ± 1.32cd 0.99 ±  0.30b
TR7 113.34 ±  50.60c 3.94 ± 1.45b 5.62 ±  1.15e 2.55 ±  0.55d 0.92 ± 0.43b

Treatments TR1, TR2, TR3, TR4, TR5, TR6 and TR7 are 100% CF, 50% CF, 50% CF+ BFBF1, 50% CF+ 
BFBF2, BFBF1 alone, BFBF2 alone No amendments treatments respectively. Same letter are not significantly 
different at 5% probability level.

TR1 TR2 TR3 TR4

TR5 TR6 TR7

Plate 4.3- Development o f  stolon at different BFBFs and CF treatments at Bandarawela field site. One plant 
was selected randomly from each treatment for the photograph. TR1, TR2, TR3, TR4, TR5, TR6 and TR7 are 
the treatments o f 100% CF, 50% CF, 50% CF+ BFBF1, 50% CF+ BFBF2, BFBF1 alone, BFBF2 alone No 
amendments treatments respectively.

It has been  reported  th a t shortage o f  N  red u ces  the  g row th  o f  v eg e ta tio n  and  p h o tosyn the tic  

capac ity  necessary  to  support healthy  roo ts  and  rap id  tuber g ro w th  o f  po ta to . P rev ious 

stud ies have show n th a t increasing  the  con cen tra tio n  o f  C F up  to  an  op tim al level, can
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increase the  g row th  ch arac te ris tics, such  as; p lan t height, shoo t d ry  m atter, le a f  ex p an sio n  

and stem  b ranch ing  capac ity  (B iem ond  and  V os, 1992; S incik , T u ran  and G oksoy , 2008). 

Further, appropria te  use o f  N  fe rtilize r can  lead  to  the  ach iev em en t o f  o p tim u m  canopy  

d evelopm en t and subsequen tly  increase  crop  y ie ld  (K um ar et al., 2007 ; N ajm  et al., 2013).

4 .4 .2 .2 .b  P lan t an a lysis  for  fie ld  loca tion - B ib ile

It w as observed  that trea tm en t TR 3 grea tly  enhanced  the tu b er n u m b er and  the size o f  the 

tubers. F urther, trea tm en ts  TR1 and TR 3 enhanced  the v eg e ta tiv e  g row th  o f  p o ta to  

com pared  to  the o th er trea tm en ts  (p la te  4 .4  a  and  b).

TRl TR2 TR3 TR4

TR5 TR6 TR7

Plate 4.4- Potato tuber yield for different BFBFs and CF treatments at Bibile field site, (a) and (b)- Tuber yield 
with vegetative biomass per seed tuber (seed tubers for the figure (a and b) were selected randomly in each 
treatment). TR l, TR2, TR3, TR4, TR5, TR6 and TR7 are the treatment o f  100% CF, 50% CF, 50% CF+ 
BFBF1, 50% CF+ BFBF2, BFBF1 alone, BFBF2 alone No amendments treatments respectively.

O ut o f  all trea tm en ts, the h ighest s ig n ifican t tu b e r w eigh t (P  <  0 .05 , 98.23 g ±  12.25) w as 

observed  from  the  trea tm en t TR 3 (tab le  4 .5 ). In te resting ly  trea tm en t TR 3 enhanced  the 

tu b e r fresh  w eig h t by app rox im ate ly  98 %  co m p ared  to  trea tm en t T R 2 and  app rox im ate ly  

42%  ev en  com pared  to  trea tm en t T R l.  H o w ev er, m ean  tu b e r w e ig h t o f  po ta to  o b ta in ed  at
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B ibile  fie ld  site w as m u ch  low er than  th a t o f  the  po ta to  tu b e r y ie ld  o b ta in ed  at B andaraw ela  

fie ld  site. Further, m ean  w eigh t o f  tubers w as reduced  by  ap p ro x im a te ly  11% by the 

app lication  o f  trea tm en t T R 4  com pared  to trea tm en t TR 2. T h ere fo re  as in  the B andaraw ela  

site, it w as c learly  observ ed  tha t there w as no  effec t o f  b io film  co m b in a tio n  B FB F2 on  the 

enhancem en t tu b er w e ig h t at B ib ile  field  site. Further, the  h ig h est tu b er num ber w as 

reco rded  by  the  trea tm en t TR3 (5.25 ±  1.12) com pared  to  all o th e r trea tm en ts  at B ib ile  site. 

A  T -test con firm ed  th a t the  num ber o f  tubers for the  trea tm en t T R 3 w as sign ifican tly  h igher 

(P <  0 .05) than  tha t o f  the  trea tm en t TR 2. A ll trea tm en ts en h an ced  the  m ean  tuber w eight 

and  m ean  tu b er n u m b er com pared  to the  trea tm en t TR 7. Further, trea tm en t TR3 enhanced  

the m ean  tu b er num ber by  approx im ate ly  86%  com pared  to  th e  trea tm en t TR 2 and 

app rox im ate ly  26%  even com pared  w ith  trea tm en t TR 1. T he h ig h est m ean  sto lon  num ber 

(12.33 ±  2 .26) w as reco rded  by  the trea tm en t TR3 com pared  to  a ll o ther treatm ents. 

M oreover, trea tm en t TR3 enhanced  the m ean  sto lon  n u m b er by  approx im ate ly  56%  

com pared  to the  trea tm en t TR 2 and approx im ate ly  23%  even  co m p ared  to  the trea tm ent 

TR 1. A ll trea tm en ts  enhanced  the s to lon  num ber excep t trea tm en t T R 6 com pared  to TR7. 

Further, the h ighest m ean  shoot d ry  w eigh t (4.45 g ±  0 .57) and  m ean  ro o t dry  w eigh t (0 .06 

g ±  0 .02) w ere o bserved  from  trea tm en t TR1 com pared  to  all o th e r trea tm en ts. H ow ever, 

the  vegeta tive  g row th  o f  po ta to  w as considerab ly  effected  by  the  trea tm en t TR3 com pared  

to  the  o ther trea tm en ts excep t trea tm en t T R 1 . T reatm en t TR 5 (2 .4  g ±  0 .96 ) and TR 6 (1.99 

g =t 0 .83) show ed  the lo w est shoo t dry  w eigh t even  com pared  to tre a tm en t TR 7 (2.44 g ± 

0 .92) w h ich  w as the contro l.

Table 4,5— The effect o f CF and BFBFs combinations on tuberization o f  potato at Bibile field site.

Tuber
T reatm ent w eight

M ean ±  SD
T uber num ber 
M ean ±  SD

Stolon num ber 
M ean ±  SD

Shoot w eight 
M ean ±  SD

Root W eight 
M ean ±  SD

TR1 69.38 ± 8.98b 4.17 ±  1.4 l ab 10.00 ±  2.25ab 4.45 ±  0 .57a 0.70 ±  0.06a
TR2 49.62 ±  6 .82c 2.83 ±  0.96bcd 7.92 ±2.22b 2.58 ±  0 .71b 0.43 ±  0.07°
TR3 98.23 ±  12.25a 5.25 ±  1.12a 12.33 ±  2.26a 4.32 ± 0 .98a 0.62 ±  0.04b
TR4 44.37 ±  11.96c 3.42 ± 1 ,05bc 9.58 ±  1.46b 2.77 ± 0 .84b 0.42 ±  0.06c
TR5 19.42 ±  4 .05d 2.08 ±  0.72cd 4.83 ± 1.92° 2.40 ±  0 .96b 0.31 ±  0.04d
TR6 23.96 ±  5.62d 3.75 ±  1.40b 3.37 ±  1.40° 1.99 ±  0 .83b 0.36 ±  0.05cd
TR7 9.83 ± 2 .6 9 e 1.92 ±  0.85d 4.50 ±  1.96c 2.44 ±  0 .92b 0.23 ±  0.04de

Treatments TR1, TR2, TR3, TR4, TR5, TR6 and TR7 are 100% CF, 50% CF, 50% CF+ BFBF1, 50% CF+ 
BFBF2, BFBF1 alone, BFBF2 alone No amendments treatments respectively. Same letter are not significantly 
different at 5% probability level.
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4.4.2.2.C P lan t an a lysis  for  field  location - P ad u k k a

A s in  the  o th e r fie ld  locations, it w as observ ed  th a t the  trea tm en t TR 3 en hanced  the  tu b e r 

n u m b er and  the  size  o f  the  tubers  com pared  to  the o th er trea tm en ts  at P ad u k k a  fie ld  site 

(p la te  4 .5). V egeta tive  g row th  o f  the  p lan ts  w as h igh ly  affected  by the  trea tm en t TR1 and 

T R 3. S ize o f  the  po ta to  tu b er w ere  m uch  sm aller than  tha t o f  the  B an d araw ela  fie ld  site and  

B ib ile  fie ld  site.

TR1 TR2 TR3 TR4

TR5 TR6 TR7

Plate 4.5- Potato tuber yield for different BFBFs and CF treatments at Padukka field site, (a) and (b)- Tuber 
yield with vegetative biomass per seed tuber (seed tubers for the figure (a and b) were selected randomly in 
each treatment). TR1, TR2, TR3, TR4, TR5, TR6 and TR7 are the treatment o f  100% CF, 50% CF, 50% CF+ 
BFBF1, 50% CF+ BFBF2, BFBF1 alone, BFBF2 alone No amendments treatments respectively.

O u t o f  all trea tm en ts, the  h ighest m ean  tu b e r w e ig h t (6 .22  g ±  1.22), h ig h est m ean  tu b e r 

n u m b er (2 .33 ±  0 .23) an d  h ighest m ean  sto lon  num b er (2.83 ±  0 .37) w ere  o b ta ined  from  

trea tm en t TR 3 (tab le  4 .6). T rea tm en t TR 3 enhanced  the  tu b e r fresh  w eigh t by 

ap p ro x im a te ly  102%  com pared  to  trea tm en t T R 2  an d  app ro x im ate ly  33%  ev en  co m p ared
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to trea tm ent TR 1. H ow ever, m ean tuber w eigh t o f  po ta to  o b ta in ed  from  P adukka  field  site 

w as m uch low er than  th a t o f  the potato  tubers ob ta ined  from  B an d araw ela  and B ib ile  field  

sites. M ean  w eigh t o f  tubers  w as reduced  by approx im ate ly  52%  b y  the  app lication  o f  

trea tm en t TR 4 com pared  to trea tm en t TR 2. M oreover, m ean  tu b e r n u m b er w as reduced  by 

approx im ate ly  43%  by the  app lication  o f  trea tm en t TR 4. T herefo re  as the  o th er tw o sites, it 

w as c learly  observed  th a t there  w as no  effect o f  b io film  co m b in a tio n  B FB F2 on  the 

enhancem ent tu b er w eigh t a t P adukka fie ld  site. T uber d ev e lo p m en t w as no t observed  in 

trea tm en t TR 7. T rea tm en t TR 3 enhanced  the m ean  sto lon  n u m b er by  approx im ate ly  142%  

com pared  to trea tm en t TR 2 and approx im ate ly  22%  even  co m p ared  to  trea tm en t TR 1. A ll 

trea tm en ts enhanced  the s to lon  num ber excep t trea tm en t T R 6 co m p ared  to  trea tm en t TR7.

O ut o f  all trea tm ents, the  h ighest m ean  shoot dry w eigh t (3 g ±  0 .62) and  the h ighest 

s ign ifican t roo t d ry  w e ig h t (P < 0 .05, 0 .86 g ±  0.10) w ere o b serv ed  in  the  trea tm ent TR3. 

H ow ever, shoo t and roo t dry w eigh ts ob ta ined  from  P adukka  fie ld  site w ere  m uch sm aller 

than  th a t o f  the dry  w eigh ts ob ta ined  from  B andaraw ela  and B ib ile  fie ld  sites.

Table 4.6— The effect o f CF and BFBFs combinations on tuberization o f potato at Padukka field site

Tuber
Treatm ent w eight

M ean ±  SD
Tuber num ber 
M ean ± SD

Stolon num ber 
M ean ±  SD

Shoot w eight 
M ean ±  SD

Root W eight 
M ean ±  SD

TR1 4.68 ±  2.33ab 1.5 ±  0 .8 l ab 2.33 ±  0.79ab 3.00 ±  0 .62a 0.86 ± 0.10a
TR2 3.08 ±  0.34bc 1.17 ±  0.66abc 1.17 ±  0.84abc 1.81 ±  0 .72bc 0.54 ± 0.08bc
TR3 6.22 ±  1.22a 2.33 ±  0.23a 2.83 ±  0.37a 2.74 ±  0 .41a 0.60 ± 0.06b
TR4 1.47 ±  1.18cd 0.67 ±  0.42bcd 2.17 ±  0.3 l abc 2.51 ±  0.22ab 0.49 ± 0.09bcd
TR5 0.60 ±  0.47cd 0.33 ±  0.20ed 0.83 ±  0.60bc 1.95 ±  0.5 l bc 0.38 ± 0.04cde
TR6 0.62 ±  0.59cd 0.17 ±  0 .13cd 0.33 ±  0.3 l c 1.94 ±  0 .26bc 0.33 ±  0.04de
TR7 0 ± 0 d 0 ± 0 d 0.50 ±  0.34bc 1.52 ±  0.64c 0.30 ±  0.05e

Treatments TR1, TR2, TR3, TR4, TR5, TR6 and TR7 are 100% CF, 50% CF, 50% CF+ BFBF1, 50% CF+ 
BFBF2, BFBF1 alone, BFBF2 alone No amendments treatments respectively. Same letter are not significantly 
different at 5% probability level.

G reenhouse  experim en t and d ifferen t fie ld  experim en ts co n firm ed  tha t the b iofilm  

co m bina tion  BFBF1 w as positive ly  responded  to  all g row th  p aram eters  o f  potato  w hereas 

B F B F 2 co m bina tion  failed  to respond  specia lly  in  fie ld  cond itions. It w as c learly  observed  

th a t the  tu b e r responses o f  potato  a t B andaraw ela  fie ld  site fo r the  B FB F1 com bination  

coup ling  w ith  50%  CF w as considerab ly  h igher th an  th a t o f  the  o th e r fie ld  sites. H ow ever, 

it w as c lear tha t the trea tm en t TR3 (B F B F l+ 5 0 %  C F) enhanced  the  tu b eriza tio n  in  all three
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field sites whereas the full DOA recommended CF (100% CF) enhanced the vegetative 

growth of the potato crop. According to the previous DOA data, the average potato tuber 

yield obtained at Bandarawela cultivation area is approximately 15-18 MT/ha if the farmers 

follow the standard recommended fertilizers rates (Urea- 330 kg/ha + TSP- 270 kg/ha + 

MOP- 250 kg/ha). It was recorded that in some favorable seasonal periods the yield can be 

enhanced up to 22 MT/ha. However, our study showed that the maximum estimated tuber 

yield obtained for the 100% DOA recommended fertilizer rate was approximately 17 

MT/ha. It is noteworthy that the result recorded at Bandarawela field site, indicated that the 

estimated tuber yield could be maximized up to 21 MT/ha only by using 50% of the DOA 

recommended CF with developed BFBF. These findings imply that the input of CF can be 

reduced by 50% with the use o f developed BFBFs during the vegetative growth phase and 

possibly for the entire crop of potato, which could be a huge economic gain in terms of 

fertilizer saving.

Similar findings were recorded from Bibile and Padukka field locations in terms of potato 

crop responses for developed BFBFs. According to the previous climatic data, initially it 

was assumed that the Bibile field location has potential climatic conditions for potato 

cultivation during Maha season. According to the current study, the overall tuber yield for 

the 100% DOA recommended CF was much lower in Bibile field site (1.64 MT/ha) 

compared to Bandarawela location (17 MT/ha). It is noteworthy that the average potato 

tuber yield could be enhanced up to 2.67 MT/ha by using only 50% recommended CF with 

BFBF1 combination compared to 100% DOA recommended CF treatment at Bibile field 

location. However, the maximum tuber yield obtained from Bibile site is not enough to 

establish a profitable cultivation. This implies that even with the developed BFBFs it is 

impossible to establish a commercial potato cultivation at Bibile area. The unfavorable 

climatic factors at Bibile for potato tuber development could be the reason for the yield 

reduction. Further, tuber size was much smaller than that o f Bandarawela.

As expected, our results further confirmed that the potato tuber yield cannot be enhanced 

up to a commercial level at Colombo area since the atmospheric conditions are highly 

unfavorable for potato tuberization. The tuber yield and the size o f  the tubers (resemble to 

micro tubers) were significantly lower than that of the other two field sites. However, 

another most interesting finding was that tuberization could be initiated by the application 

of BFBF1 with 50% CF compared with full DOA recommended CF. Therefore, it was



104

clearly  observed  that there  w as an inducing  e ffect o f  the d eveloped  B FB Fs on potato  

tuberization  at P adukka field  site though the  c lim atic  cond itions are h igh ly  unfavorable. 

H ow ever, th is im plies th a t irrespective o f  the  a tm ospheric  cond itions B FB Fs has the 

potentia l o f  enhancing  the  tuberization  o f  po ta to  in  all th ree  field  sites.

4.5 C onclusions

It w as confirm ed  that the treatm ent TR3 (50%  C F  + B FB F1) responded  positive ly  to initiate  

tuberization , irrespective  o f  the clim atic  conditions. A ccord ing  to  the g reenhouse 

experim en t and  d ifferen t field  experim ents, trea tm en t TR3 w as considered  as the best 

trea tm en t for enhancing  the  crop p roductiv ity  o f  po ta to  w hereas all B FB F2 com binations 

failed to  respond  specially  under fie ld  conditions. It w as c learly  observed  that the tuber 

responses o f  po ta to  at B andaraw ela  fie ld  site for the  trea tm en t TR3 w as considerab ly  h igher 

than  th a t o f  the  o ther fie ld  sites. T hus, it can  be concluded  tha t the responses o f  th is trea tm en t 

should  be fu rther evaluated  and the m echanism  o f  enhancing  tuberization  should  be fu rther 

studied.



C H A PT E R  5

E V A L U A TIO N  O F TH E EFFEC TS O F R E SP O N SIV E  BIO FILM  O N
PO TA TO  T U B E R IZ A T IO N

5.1 Introduction

Potato tuberization  is a com plex process representing  a transition  o f  shoot to tuber involving 

several b iochem ical and m olecular changes under com plex  external and internal 

physiological, environm ental and nutritional regulation  (N ookaraju  et al., 2012). Potato 

tuberization  process can be divided in to four m ajor phases (Fig. 5.1a). A t the vegetative 

grow th phase, p lan t absorbs nutrients from  soil and enhances its vegetative grow th. 

Photosynthesis provides the energy for the developing plant and rap id ly  expanding  roots are 

active at th is stage to acquire m oisture and nutrients. Tuber in itia tion  and the bulking phases 

are considered as the  m ost critical phases o f  the tuberization  process (M ikkelsen and 

H opkins, 2009).

Srowth initiation bulkin9

Figure 5. la- Major stages o f growth and development o f potatoes (Source: Mikkelsen and Hopkins, 2009).

T uber in itiation occurs by the inhibition  o f  the longitudinal grow th o f  the stolon and is 

characterized by radical grow th o f  the subapical region o f  the sto lon  tip  (A ppendoorl et al., 

1999). Since the developing tubers ultim ately  becom e the largest sinks in the potato p lant, 

the transform ation  o f  stolons into tubers im pacts g reatly  on the physio logy  o f  the entire plant
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(O parka, 1985). A n  adequate  supply  o f  nu trien ts is im portan t during  th is stage to get 

abundant tuber initia tion. A t the bulking stage, tubers occur very  rap id ly  as they  becom e the 

m ajor sink fo r carbohydrates and nutrien ts (M ikkelsen  and  H opkins, 2009). The potato tuber 

functions as a  m assive sto rage reserve for a  range o f  m acrom olecu les. The accum ulation  o f  

starch and storage p ro te ins, quantity  and com position  changes o f  reducing  sugars and 

changes in  sucrose at the tuberiz ing  stolons are the m ajo r b iochem ical changes associated  

w ith  th is process (V isser et al., 1994; M inhas, R ai and Saini, 200 4 ).These biochem ical 

alterations at the tuber in itia tion  and bulk ing  phase leading to  the tuberization , are regulated  

by d ifferen t clim atic , physio log ical and  biochem ical stim uli and p rov ides signals to the p lan t 

to channel excess carbohydrate  from  vegetative and root grow th  to b eg in  setting tubers 

(M ikkelsen and  H opkins, 2009).

D ay/n ight tem peratu re  fluctuation  (therm o period) and pho toperiod  are som e o f  the key 

clim atic factors in regu la ting  grow th  and yield in  potatoes (E w ing, 1981; T ibbitts et al., 

1989). Low er day/n igh t tem peratu re  d ifference w ith  h igh  n ight tem peratu res inhibit tuber 

in itia tion  w hereas h igher day n igh t tem perature d ifference w ith  low  n ight tem peratures 

induce bo th  in itia tion  and bu lk ing  o f  the o rgan  th rough the regu la tion  o f  starch  accum ulation  

at the tips o f  the stolon (Ew ing, 1981; M inhas et al., 2004). It has b een  observed  that, induced  

plants (high day /n igh t tem peratu re  d ifference and cold  n ights) accum ulate  th ree tim es m ore 

starch in the leaves com pared  to non-induced  potato  p lan ts during  the  day  and then transport 

it out o f  the leaves during  n ight (L orenzen  and Ew ing, 1992). In cond itions that are n o n ­

inductive for tuberization , the stolons often grow  upw ard  and em erge  ou t o f  the soil to form  

a new  shoot. In  tuber-inducing  conditions, how ever, the sto lons g row  underground  until the 

tip  o f  the  sto lon  sw ells to form  the tuber. S tolon form ation  occurs in  bo th  tuber-inducing  and 

non-inducing conditions; how ever, the degree o f  sw elling  sto lon  tip  has been  significantly  

correlated  w ith  the streng th  o f  the inductive signal o r stim uli (V an den  B erg  et al., 1996).

It has been  found  tha t the external and in ternal cell s ignaling  ions and m olecules w ith  

different functional groups a lter the b iochem ical and  physio log ical status o f  plants directly  

(B anerjee et al., 2006). Like o ther b iochem ical and  physio log ical changes, phloem  

translocation  and the starch /sugar m ovem ent th rough  the  p lan t body  are induced  by d ifferent 

cell signaling m olecules (H arm ey et al., 1966). A ccord ing  to  p rev ious studies, it has been  

confirm ed th a t potato  tuberization  is sensitive to d ifferen t ex ternal factors w hich  act as 

exogenous inductive signals (O kazaw a, 1967; M inhas et al., 2004) such as tem perature
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(Ew ing and Struik 1992), light, photoperiod (Jackson, 1999), C alcium  (C a2+) level in soil 

(B alam ani, V elutham bi and Poovaiah, 1986) p lant grow th regu la to rs like IA A  and N 

availability  (K rauss, 1978). The tuberization  m ight be influenced e ither by one o r several 

com binations o f  such ex ternal inductive signals via the alternation  o f  in ternal biochem ical 

param eters. Therefore, the current study w as focused and proposed  a possib le  m echanism  o f  

signaling m olecules from  B FB Fs (as illustrated in figure 5.1b) to induce tuberization  through 

the alteration o f  internal b iochem ical and physio logical status.

Sucrose H* co-transporter

Induced potato plant

S o iw c e  i le a f)  

S ta rc h

Ca *" channel*

H igh Ca ** du*> 
t o  indu< t*on

Signaling molecules 
due to the microbial 

activity

(Ca;* IAA)

S u c ro s e  in  th e  p h lo e m

I
Soil Ca as signaling 
m olecules

S in k  t t u b e r ) 

S ta rc h

Figure 5.1b- Schematic diagram representing biochemical pathway leading to tuberization o f induced plants 
through signaling molecules

A s illustrated  in figure 5.1b, soil C a2+nutrition  around the rh izosphere  th rough  application  

o f  fertilizers plays an im portan t ro le in potato  tuberization. R ecen t studies have provided  

evidences for the role o f  soil C a2+ near the rh izosphere in potato  tuberization  by im proving  

the tuber num ber and tuber yield (N ookaraju  et al., 2012). S tudies fu rther suggested  that 

elevated soil C a2+ facilitates tuberization  by altering the in ternal horm onal and biochem ical 

(starch, sucrose and total sugar) balance (O zgen et al., 2006). For instance, an external 

stim uli causes the rapid increm ent o f  cy tosolic  C a2+concentration  (N ookara ju  et al., 2012) 

through the m assive influx o f  C a2+ from  C a2+ channels (Fig. 5 .1b) enhances the  tissue 

sucrose level w hich u ltim ately  serves as an in ternal signal for tuberiza tion  (Perl et al., 1991; 

G ibson, 2005). Further, it has been reported  that the enhancem ent o f  cy tosolic  sucrose
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content is also  stim ula ted  by  the  e levated  ex trace llu la r p ro ton  concen tra tion . T herefore, 

sucrose concen tra tion  increases along w ith  the  m assive  influx  o f  H + (B oorer el al., 1996) 

through sucrose/H + co-transporte r p ro te in  (Fig. 5.1b).

In add ition  to  these  fac to rs, som e strains o f  beneficia l rh izo b acte ria  w ere  reported  to 

influence tu b er num ber and  tuber y ie ld  in po ta to  (V rany  and  F iker 1984; S turz, 1995; O sw ald  

et al., 2010). The add ition  o f  beneficia l soil m icroorgan ism s are p ro v en  to im prove fertility  

and quality  o f  tuber, w h ich  is a larger size o f  po ta to  tuber th rough  th e ir beneficia l activ ities 

such as N 2 fixation , IA A  p roduction  etc. (S ugiarto , S u listiono  and  S oem arno , 2013). Further, 

it has b een  reported  th a t the  add ition  o f  Pseudom onas  sp. w ith  p o ta to  seed tubers enhanced  

the tuber y ie ld  by  approx im ate ly  by  30%  (B u rr et al., 1978; V rany and  F iker 1984). 

Sim ilarly, an  increased  tu b e r num b er and average tuber w eigh t have been  reported  w ith the 

application  o f  P G P R s (S turz , 1995). R ecently , P G P R s activ ity  on h ig h er tu b er yield th rough  

the enhancem ent o f  le a f  anatom y and g reater pho tosyn thetic  ra tes have  been  reco rded  

(O sw ald  et al., 2010). M oreover, it has been  reported  tha t inocu la tion  o f  Azospirillum  

brasilense  increased  ch lo rophy ll con ten t and photosyn thesis , w h ich  led  to dry m atter 

increm ent o f  p lan ts  under d ifferen t cu ltiva tion  cond itions (S w edrzynska, 2000). A part from  

tuberization , they  w ere rep o rted  to  have an  effect on b iochem ical and  physio log ical changes 

in bo th  soil and  p lan t b iom ass (F rom m el et al., 1991). H ow ever, the  exac t m echanism  fo r 

the a lte ration  o f  in ternal b iochem ica l status has n o t been  w ell studied. A ccord ing  to several 

studies, PG P R s have been  repo rted  to  a lte r p lan t physio logy  and b iochem ical status by  a 

variety  o f  m echanism s such  as fixa tion  o f  a tom ospheric  N 2 tha t is transferred  to the p lan t 

(K ennedy et al., 2004), p roduction  o f  s iderophore tha t chelate  iron  and  m ake it availab le  to  

the p lan t root, so lub ilization  o f  m inera ls  such  as P (B anerjee  and Y asm in , 2002), Z inc (Z n) 

(Iqbal et al., 2010), P o tassium  (K ), C a2+ (H an  and Lee, 2006) and  synthesis o f  

phy tohorm ones such  as IA A  (P atten  and  G lick , 2002; K um ar and  D ubey  2012).

It has been  estim ated  th a t up to  80%  o f  the rh izosphere  bacteria  can  syn thesize  IA A  (K halid  

et al., 2004; Patten  and G lick , 1996). B acteria  w h ich  produce  IA A  can act as a  s ignaling  

m olecu le  th a t in fluences the  levels o f  endogenous b iochem ical status (P atten  and G lick, 

1996). It is assum ed th a t p lan t g row th  p ro m o tio n  by  ex ogenously  app lied  aux in  like IA A  

acts by  increasing  root grow th , length  and surface area, thereby  a llo w in g  the  p lan t to access 

m ore nu trien ts and w ater from  the soil (V essey , 2003; M alfanova, 2013). It has been  reported  

that the  app lication  o f  IA A  led  to  earlier tu b e r in itia tio n  and  tu b e r en larg em en t (H arm ey el
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al., 1966; Sasam oto  and S uzuki, 1979). Further the inductive role o f  IAA on stolon in itiation  

and tuber induction  in po ta to  has been docum ented  in earlier stud ies (D ragicevic et a l,  

2008). A sim ila r in fluence  o f  Bacillus  strains in  p rom oting  potato  tuberization  under in vitro 

and in vivo cond itions has been observed  (N ookaraju , 2011).

Soil fertility  is ano ther m ajo r factor that affects the  y ield  and quality  o f  the potato. Several 

studies describe re la tionsh ips betw een fertilizer applications, le a f  nu trien t concentrations, 

potato (Solanum  tuberosum  L .) tuber y ie ld  and  tuber quality  (R ykbost, C hristensen  and 

M axw ell, 1993; A dikari and  sharm a, 2004). Few  bacteria  are also able to  release significant 

am ounts o f  usefu l m inera ls  to  the soil, such  as P, K , M g, M n, Fe, Cu, and Zn and thereby  

m odify  p lan t g row th  th rough  the enhancem ent o f  soil nu trien ts (P uente el al., 2004a). 

A nother study reported  an  enhancem ent o f  N ,P ,K  level in  soil after th e  inoculation  o f  PG PR s 

w ith  the com bination  o f  C F  (R odriguez and  F raga  1999). A  re la tive ly  h igher uptake o fN P K  

can be p red ic ted  in the treatm ent o f  ex ternally  app lied  N P K  w ith  the co-inoculation  o f  P 

so lub iliz ing  bacte ria  (D uarah  et a l,  2011).

H ow ever, d irec t app lication  o f  fungal-bacterial com m unities like B FB Fs to  the soil has been 

in troduced  recen tly , and  observed  to  be m ulti-functional and m ore effective than  the ir 

m onocultures. B enefic ia l m icroorgan ism s includ ing  b iofilm  com m unities have been  

recorded  h igher beneficia l activ ities like N 2 fixation, IA A  production , soil nu trien t 

enhancem ent and p lan t g row th  p rom otion  (B andara  et al., 2006 Seneviratne et a l ,  2008; 

B uddhika et a l ,  2014). Further, it has been  confirm ed  that the inocu la tion  o f  b iofilm s can 

produce and  secrete  d iverse  organic com pounds and p lan t g row th  regu lato rs like IA A  

(H erath  et al., 2013), som e o f  w hich  m ay be cell signaling  m olecu les tha t m ay  help to change 

the physio logy  o f  p lan ts (Fig. 5.1b). Further, accord ing  to prev ious studies, the  app lication  

o f  fungal-bacterial B F B F s under g reenhouse cond itions significantly  enhanced  the tuber 

fresh  w eigh t and  the num ber o f  tubers (H enagam age et a l ,  2014). In terestingly , ev idence 

w as found fo r the  enhancem ent o f  potato  tuberiza tion  by the B FB Fs inocu lation  along w ith  

50%  CF app lication  even  under non- induced  clim atic  factors. This can  be exp lained  by the 

a lteration  o f  in ternal b iochem ical status th rough  the induction  activ ities o f  either one o r 

several com binations o f  exogenous signaling  m o lecu les by  the  inocu la tion  o f  BFBFs.



5.2 O bjective

•  To evaluate  the  influence o f  m ost effective b io film  on  tuberization  through 

b iochem ical, physio log ical and physicochem ical p rocesses o f  so il-p lan t system s.

5.3 M eth od ology

5.3.1 Soil qu ality  en h an cem en t by the responsive b iofilm

The effect o f  d ifferen t C F  and B FB F treatm ents on  soil nu trien t en h an cem en t (soil pH , Total 

SO C, M B C , T otal N  con ten t, A vailab le P content, soil K  con ten t and  Soil C a2+ content) was 

evaluated  using  the fie ld  da ta  obtained  from  B andaraw ela, B ib ile  and  P adukka  field  sites 

(4 .3 .1 .5). A fter h a rvesting  the potato  b iom ass, soil sam ples from  each  trea tm en t p lo ts were 

co llected  into b lack  po ly thene  bags separately  and w ere transpo rted  to the  laboratory  at U va 

W ellassa  U niversity , B ad u lla  to  conduct the  soil quality  analysis.

Soil pH , SO C  con ten t and  T otal soil N  w ere m easured  acco rd ing  to  the p rocedure as 

exp lained  in  4 .3 .1 .5 .a  4 .3 .1 .5 .b and 4 .3 .1 .5 .c respectively  (A nderson  and  Ingram , 1998).

5.3.1.1 Soil ava ilab le  N  con ten t

A pprox im ate ly  10 g o f  fresh  soil sam ple w as w eighed  in to  an  ex tracting  bottles. 

S ubsequently  20 m l o f  P o tassium  sulfate solution w as added. B o ttles  w ere shaken for 30 

m inu tes and  filtered  th rough  N o. 1 W hatm an filter paper. F iltra te  w as u sed  to  analyze the 

availab le  N O 3'  in  soil sam ple. T hen 0.5 m L aliquot o f  soil ex tract w as transferred  to  the test 

tube and lm L  o f  Salisy lic  acid  so lu tion  w as added and m ixed  w ell im m edia te ly  w ith  vortex  

m ix ture  (S tuart SA 8, U n ited  K ingdom ) and  left for 30 m inutes. A fte r 30 m inutes 10 m L o f  

Sodium  hydrox ide so lu tion  w as added and m ixed  w ell. The test tu b es  w ere left for co lour 

developm ent for one hour. F inally  absorbance o f  standards and  sam ples w ere  determ ined at 

410  nm  using  U V  v isib le  spectrophotom eter (A nderson  and  Ingram , 1998).
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5.3.1.2 Soil M B C  con ten t

Soil sam ples from  each  trea tm en t w ere sieved to rem ove the s tones and  coarse particles. 

A pprox im ately  10 g o f  th ree  soil sub sam ple w as m easured  and  tw o o f  them  w ere p laced in 

50 ml beakers. T he rem ain in g  sam ple (un-fum igated sam ple) w as p laced  in a  125 m l w ater­

tight b lue cap bottle . S ubsequently , 50 m l o f  0.5 M  K 2SO 4 w as added  to  the un-fum igated  

soil sam ple fo llow ed by  v igorous shaking for 30 m in after tigh ten  th e  cap. The filtrate w as 

obtained  after filte ring  the  ex tract th rough N o. 42 W hatm an filter paper. D isso lved  SOC (C i) 

in the  filtrate  w as analy zed  as explained  in  4 .3 .1 .5 .b Fum igation  w as perfo rm ed  for one o f  

the soil sam ples p laced  in  50 m l beaker as follow s. The beaker w ith  the  soil sam ple w as 

p laced  in  a  vacuum  d esicca to r contain ing 30 m l o f  alcohol free ch lo ro fo rm  in a  shallow  dish. 

V acuum  w as app lied  un til the  chloroform  was clearly  evaporated . Subsequently , the  

desiccator w as sto red  in  th e  dark  fo r 5 days at 25 °C fo llow ed by  tran sfe rrin g  the fum igated 

soil sam ple into a  w a ter tig h t 125 m l extraction  bottle. The ex trac tion  w as perform ed as 

explained  above and  the  d isso lved  SOC content (C 2) w as determ ined  as explained  in

4 .3 .1 .5 .b D ry m ass o f  the  so il w as determ ined  using the rem ain ing  soil sam ple w hich  w as 

p laced  in  50 m l beaker accord ing  to  the oven drying m ethod. Soil M B C  w as determ ined  

using  the fo llow ing  equation .

P ercen tage o f  M B C  =  C 2-C 1 (V ance, B rookes, Jenkinson, 1987: A n derson  and  Ingram , 1998)

5.3 .1 .3  A vailab le  P con ten t

A vailab le  P con ten t w as m easured  according  to O lsen et al., (1954) m ethod. A pprox im ately

2.5 g o f  soil (<  2m m  size) sam ple w as w eighted  into a  conical flask  and added  0.2 g o f  P 

free -C into it. Subsequen tly , 50 m l o f  0.5 M  N aH C 0 3  (ex tracting  so lu tion , pH  = 8.5) w as 

added and  m ixed  th o rough ly  fo r 30 m in  using a shaker. The so lu tio n  w as then kept standing  

fo r a few  m inutes until the  supernatant becam e clear. The supernatan t w as filtered  th rough 

W hatm ann  N o. 5 filter pap er and 5 m l o f  the filtered  ex tract w as added  to  another 50 ml 

conical flask. S ubsequently , 5 m l o f  colour developing  reagen t (S o lu tion  ‘A ’- 12 g o f  

N H 4M 0O 4 in 250 m l d istilled  water. Solution ‘B ’- 0 .29 g o f  an tim o n y  po tassium  tartrate  in 

1L o f  5 N  H 2SO 4. S o lu tion  ‘A ’ and  ‘B ’ w as m ixed  toge ther and m ade  up to 2 L (solution 

‘C ’). T hen, 0 .739 g o f  ascorb ic  acid w as m ixed  w ith  140 m l o f  so lu tio n  ‘C ’) w as added to  

the  ex trac t and  m ixed  gen tly  fo r few  m inutes. A pprox im ately  15 m l o f  d is tilled  w ater w as 

added into the so lu tion  and  kept for 15 m inutes for the co lour developm en t. C olour in tensity
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w as m easured  using  U V  spectrophotom eter (S pec tron ic  21, M ilto n  R oy C om pany  at 

R egional A gricu ltu re  R esearch  and D evelopm ent C enter, B andaraw ela) at 880 nm  w ith  

K H 2PO 4 so lu tion  as a blank. Phosphorous con ten t in  the  soil sam ple  w as calcu lated  as 

follow s.

P in  soil (ppm ) = A  x 25 x 50 (A = calib ration  p lo t read ing)

5 x 2.5

5.3 .1 .4  Soil ava ilab le  K  content

A pprox im ate ly  5 g o f  soil (<  2m m  size) w as w e ighed  in to  a 100 m l con ical flask  and added  

50 m l o f  ex tracting  so lu tion  (19.27 g o f  am m onium  acetate  in  250 m l d istilled  w ater (pH =7). 

pH  w as ad justed  using  acetic  acid o r NH 4 OH) fo llow ed  by  v igo rous shak ing  for 1 hour. 

Subsequently , the ex traction  w as filtered  in  to  a  flask  th rough  a W hatm an  N o .l filter paper. 

The ex traction  w as sub jec ted  to the flam e pho to m ete r (Jenw ay, M odel PFP7 at R egional 

A gricu ltu re  R esearch  and  D evelopm ent C enter, B andaraw ela) to  de tec t the K  con ten t 

(L aborato ry  handbook  on  m ethods o f  soil analysis, D O A , Sri L anka) in the soil sam ple 

(ca lib ra tion  p lo t w as d raw n using standard  KC1 so lu tion . %  transm ittance- Y axis, K  

concen tra tion- X  axis).

5 .3 .1 .5  S oil ava ilab le  C a2+ content

Soil availab le  C a2+ con ten t w as m easured accord ing  to  P lank  (1992) m ethod. A pprox im ately  

1 g o f  d ried  (80 °C) soil sam ple (particle size  < 1 .0  m m ) w as p laced  in  a  m uffle  furnace and  

w as heated  to  500 °C fo r 4 hours to convert the  sam ple  to  ash. A fte r coo ling , the ash sam ple 

w as m o isten  u sing  C one. H N O 3 and rep eated  the  heating  step  again  for 4 hours. 

S ubsequen tly  the  resu lting  product w as w etted  w ith  a  sm all am oun t o f  de ion ized  w ater and  

b rough t in to  so lu tion  u sing  2 ml Cone. HC1. D ilu tion  w as perfo rm ed  using  deion ized  w ater 

up to  100 m l final volum e. A n aliquot o f  the  so lu tio n  w as d ilu ted  (10-fo ld) again  w ith  

L an thanum  standard  by m ix ing  1 m l o f  sam ple w ith  9 m l o f  1000 m g / L lan thanum  chloride. 

C a2+ concen tra tion  o f  the  lanthanum  treated  so lu tio n  w as determ ined  using  A A S (M odel N o. 

V arian  A  A  240) w ith  CaCC>3 standard.



5.3.1.6 M icrob ia l d iversity

A fter harvesting , soil sam ples co llected  from  B an d araw ela  fie ld  site w ere analyzed  to 

determ ine the e ffec t o f  d ifferent trea tm ents on  m ic ro b ia l d iversity . Iso la tion  o f  m icrobial 

strains from  soil sam ples trea ted  w ith  d ifferen t C F and  B F B F s com b in a tio n s  w ere perform ed  

as exp lain  in  2 .3 .1 .3  and the iden tifica tion  o f  the  stra ins w as perfo rm ed  based on 

m orpholog ical and  b iochem ical experim ents as ex p la in  in  2 .3 .2 . F urther, C FU  based on 

d ifferen t trea tm en ts  w ere  counted  using  a co lony  coun ter.

5.3.2 T h e effect o f  d ifferen t C F and B F B F s treatm en ts on b ioch em ica l param eters o f  

potato  p lan t b iom ass

The effect o f  d ifferen t C F and B FB Fs trea tm en ts  on  po ta to  p lan t b iochem ical p roperties 

(C hlorophyll con ten t o f  leaves, H + con ten t o f  d ifferen t p lan t tissues, s tarch  con ten t o f  

d ifferen t p lan t tissues, sucrose con ten t o f  d ifferen t p lan t tissues, reduc ing  sugar content o f  

p lan t tissues, tu b er n u trien t content and tissue  C a2+ con ten t) w as ev a lu a ted  using  the field  

data  ob ta ined  from  B andaraw ela, B ib ile  and  P ad u k k a  fie ld  sites. A fte r harvesting , po tato  

p lan t b iom ass from  each  trea tm ent p lo ts  w ere  co llec ted  in  to  b lack  p o ly th en e  bags separately  

and w ere transpo rted  to the  laboratory  at U v a  W ellassa  U n iversity , B adu lla  to  conduct 

fu rther analysis  as follow s.

5.3.2.1 P h otosyn th etic  effic ien cy  using ch lorop h yll con ten t o f  leaves

T he effect o f  d ifferen t C F  and B FB Fs trea tm en ts  on  p h o to sy n th e tic  effic iency  w as 

determ ined  using  the ch lorophyll content o f  leaves. A  d ig ita l ch lo rophy ll m eter w as used  to 

m easure  the ch lorophyll con ten t o f  the leaves in  p o ta to  p lan ts  trea ted  w ith  d ifferen t fertilizer 

com binations. T he ch lorophyll contents o f  3rd and  5th fu lly  ex p an d ed  leaves from  the apical 

bud  w ere m easured  a fte r six  w eeks from  seed  sow ing . T hree  read in g s  w ere obtained  

random ly  for each  leaf. C hlorophyll con ten t o f  the  le a f  tissues o f  po ta to  p lan ts from  differen t 

trea tm en ts w ere com pared  on  treatm ent basis  to  find  the e ffec t o f  trea tm en ts  on  the efficiency  

o f  the  pho tosyn thesis .



5 .3 .2 .2  T he e ffect on  b ioch em ica l p aram eters o f  p lan t tissues

The effect o f  C F  and  B F B F s trea tm ents on b iochem ica l p roperties  o f  d ifferen t tissues (leaf, 

areal shoot, s to lon  and  tu bers) o f  potato  p lan t w as evalua ted  u sing  d ifferen t co lorim etric  

analysis. T he analysis  w as perform ed  for p lan t tissu es  ob ta ined  from  all th ree  field  sites.

5 .3 .2 .2 . a H + con ten t o f  d ifferen t p lan t tissues

H + con ten t o f  d ifferen t p lan t tissues w ere m easured  based  on  the  pH  accord ing  to the 

p rocedure  as exp lained  in  4 .3 .1 .5a  (A nderson  and  Ingram , 1998).

5 .3 .2 .2 . b C a2+ con ten t o f  d ifferen t p lan t tissues

C a2+  o f  d ifferen t tissues o f  the potato  p lan ts trea ted  w ith  d ifferen t CF and B FB F 

com bina tions w ere ex trac ted  using  the m ethod  exp lained  in  5 .3 .1 .5 .T he concen tra tion  o f  the 

C a2+ w ere  m easured  u sing  A A S w ith  CaCC>3 standard .

5 .3 .2 .2 . C R ed u cin g  su gar content

R educing  sugar co n ten t w as m easured  accord ing  to  the m ethod  exp la in ed  by Som ogyi, 

(1952) and  M inhas et al., (2004). A pprox im ate ly  0.1 g o f  d ried  tissue  sam ple (ground) w as 

w eighed  in  a  10 m l cen trifuge  tube, and  5 m l o f  80 %  ethanol w as added. T he sam ple w as 

heated  in  an 80 °C w a te r b a th  for 30 m in  and cen trifuged  (3000  r/m in) for 5 m in. The 

supernatan t w as co llec ted  and  the ex traction  w as rep eated  tw ice  (3000  r/m in  for 10 m in  

each). A liquo ts  o f  0 .2  m l o f  the  supernatan t w ere p ipe tted  in to  separate  test tube and w ere 

m ade up  to  2 m l w ith  d is tilled  w ater. W ork ing  standard  so lu tion  series (0.01 m g/m l- 0.05 

m g/m l) w as p rep ared  u sin g  standard  g lucose solution. 1 m l o f  a lkaline  co p p er tartrate  reagen t 

(S o lu tio n  A - 2 .5g  anhydrous N a2CC>3 +  2 g N aH C 0 3 +  2.5 g po tass iu m  sod ium  tartrate +  20g 

anhydrous N a 2SC>4 and  d ilu ted  up to  100 m l w ith  w ater. S o lu tion  B - 15 g CuSC>4 + one drop 

o f  H 2SO 4 and  d ilu ted  up  to  100 m l w ith  w ater. S o lu tion  A  w as m ix ed  w ith  so lu tion  B 

acco rd ing  to  24:1 ratio  befo re  use) w as added  to b o th  w ork ing  standard  so lu tions and the 

ex trac ted  so lu tion  separa te ly  and kept for 10 m in  under bo ilin g  w ater for co lour 

developm ent. A fte r coo ling , 1 m l o f  a rsenom olybo lic  acid  reagen t (2.5 g N H 4M 0O4, 2.5 m l 

H 2S O 4, 0.3 g  N a2A s0 4 ) w as added to all the tubes and  d ilu ted  up  to  10 m l w ith  w ater.
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A bsorbance values w ere m easured  using  U V  v isib le  spectropho tom eter (M odel No. G enetics 

6) at 620 nm  w ith  d istilled  w ater as a  blank. A m o u n t o f  reducing  sugars in the sam ple w as 

calcu lated  from  the g raph  draw n.

5 .3 .2 .2 . d S tarch  con ten t

Starch content w as m easu red  accord ing  to  the m ethod  exp lained  in  H odge and H ofreiter, 

(1962) and Luo &  H uang, (2011). A pprox im ate ly  0.5 g o f  d ried  tissue  sam ple (ground) w as 

w eighed  in a  10 m l cen trifuge  tube, and  10 m l o f  80 %  ethanol w as added. The sam ple w as 

heated  in an 80 °C w ater ba th  fo r 30 m in  and  cen trifuged  (3000 r/m in) fo r 5 m in. The residue  

w as co llected  and  w ashed  repeated ly  w ith  ho t 80 %  ethanol till the w ash ings w ere not g iven  

co lour w ith  an throne reagent. The d ried  residue  w as ex tracted  w ith  a  so lu tion  con tain ing  5 

m l o f  w ater and  6.5 m l o f  52 %  percloric  acid  fo r 20 m in  at 0 °C. The m ix tu re  w as cen trifuged  

(3000 r/m in) and the supernatan t w as collected . E x trac tion  p rocedure w as repeated  and  w as 

poo led  the supernatan t fo llow ed  by  d ilu tion  up to  100 m l w ith  w ater. A liquo ts o f  0.2 m l o f  

the  d ilu ted  supernatan t w as p ipe tted  in  to  separate  te s t tube and w as m ade up to  1 m l w ith  

d istilled  w ater. W ork ing  standard  so lu tion  series w as p repared  using  standard  g lucose  

solution. 4 m l o f  an th rone reagen t w as added  to  bo th  w orking  standard  so lu tions and the  

ex tracted  so lu tion  separately  and heated  fo r e igh t m inutes under the  bo iling  w ater ba th  for 

the  co lour developm ent. A bsorbance  w as m easu red  using  U V  v isib le  spectropho tom eter at 

630 nm  w ith  d istilled  w a ter as a b lank. R esu lts  w ere ex trapo lated  from  a g lucose standard  

curve; am ount o f  starch  w as calcu lated  b y  m ultip ly ing  the equ ivalen t by 0.90 and  w as 

expressed  as m g o f  s tarch  g 1 fresh  w eight.

5 .3 .2 .2 . e S u crose con ten t

Sucrose con ten t w as m easu red  accord ing  to  Luo &  H uang, (2011) m ethod. 0.1 g o f  d ried  

tissue sam ple w as w eighed  in  a 10 m l cen trifuge tube, and  6-7 m l o f  80%  ethanol w as added. 

The sam ple w as heated  in  80 °C w ater bath  for 30 m in  and  cen trifuged  (3000 r/m in) for 5 

m in. The supernatan t w as co llected  and  the ex trac tion  w as repeated  tw ice (3000 r/m in  fo r 

10 m in  each). Supernatan t w as co llected  in to  a  flask  and  80 %  e thano l w as added  to  a final 

vo lum e o f  50 m l. S ubsequen tly  1 m l o f  the  ex tracted  so lu tion  w as added  to  a  test tube and  

heated  in a bo iling  w ater ba th  un til it condensed  to  0 .05-0.1 m l (no t g rea ter than  0.1 m L to 

avo id  longer co lo r develop ing  tim e). N ext, 0.1 m l o f  30%  K O H  w as added  and  the so lu tion



w as incubated in bo iling  w ater for 10 m in. A fte r the  so lu tion  coo led  dow n to room  

tem perature, 3 m l o f  an throne reagent w as added, and  the so lu tion  w as incubated at 40 °C 

for 10-15 m in. A bsorbance w as m easured  using U V  v isib le  spectropho tom eter at 630 nm  

w ith d istilled  w a ter as a blank. Sucrose content w as calcu la ted  from  the  g raph  drawn.

5.3.2.3 T he effect o f  d ifferen t treatm ents on tu ber n u tr ien t con ten t

The effect o f  CF and B FB Fs treatm ents on  nu trien t enhancem en t (sta rch  content, crude 

protein  content, crude fiber con ten t and crude fat con ten t) w as evalua ted  using  potato  tubers 

harvested from  all three fie ld  sites as follow s.

5.3 .2 .3 . a Starch content

A nalysis o f  starch  con ten t w as m easured  as exp lained  in 5 .3 .2 .2 .d

5.3 .2 .3 . b C rude protein  con ten t

C rude pro te in  con ten t o f  tuber tissues w as determ ined  according  to  G ul and Safdar (2009) 

and N az  et al. (2011) m ethods as follow s. A pprox im ate ly  2 g o f  pow dered  tissue  sam ple w as 

obtained  and p laced  in  d igestion  flask. Subsequently , 15 g o f  NazSCfi, lg  o f  CuSCfi, 1 g o f  

selen ized  bo iling  g ranules and 25 m l o f  C one. H 2SO 4 w ere added  to the flask  and the m ixture 

w as d igested  for about 2 hours until so lution w as a lm ost co lorless (b lue  green  in  color). The 

digest w as cooled  and transferred  to 100 m l volum etric  flask  and vo lum e w as m ade up to 

m ark by the addition  o f  d istilled  w ater. 10 m l o f  d igest w as in troduced  in  the  d istilla tion  tube 

then 10 m l o f  0.5 N  N aO H  w as g radually  added th rough  the  sam e w ay. D istilla tion  was 

continued  for at least 10 m in  and N H 3 produced w as co llected  as N H 4O H  in a conical flask 

contain ing  20 ml o f  4%  boric  acid  so lu tion  w ith  few  drops o f  m ethy l red  indicator. D uring 

d istilla tion  yellow ish  co lo r appeared due to  N H 4OFI. T he d istilla te  w as then  titrated  against 

standard  0.1 N  HC1 so lu tion  till the appearance o f  p in k  color. A  b lank  w as also run  through 

all steps as above. P ercen t crude pro tein  con ten t o f  the sam ple  w as ca lcu la ted  by using  the 

fo llow ing form ula:
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Percen tage C rude P ro tein  =  6.25* x  % N  (* C o rrec tion  factor)

Percen tage o f  N  =  fS -B ) x N  x 0 .014 x D______  X  100

W eigh t o f  the  sam ple (g) x V

W here

S =  Sam ple titra tion  read ing  

B =  B lank titra tion  read ing  

N  =  N o rm ality  o f  HC1 

D = D ilu tion  o f  sam ple a fter d igestion  

V  = V olum e taken  for d is tilla tion  

0 .014 =  M illi equ ivalen t w eigh t o f  N

5 .3 .2 .3 . c C rude fat con ten t

C rude fat con ten t w as de term ined  accord ing  to  the  m ethods exp la ined  in  G ul and Safdar, 

(2009) and H assan  and  U m ar (2006). A pprox im ate ly  2 g (W l)  o f  d ried  (m oisture free by  

heating  at 100 °C fo r 24 hours) pow dered  tissue  sam ple w as w eighed  and  p laced  into the 

ex trac tion  th im b le  o f  soxhelt apparatus (w eigh t o f  the ex traction  flask  w as obtained  

p rev iously - W 2). T he sam ple w as ex tracted  w ith  pe tro leum  ether u sing  the  soxhelt apparatus 

fo r 8 hours. A fte r the  ex traction , the  ex traction  fla sk  w as k ep t in  the  oven  and heated  at 100 

°C to  rem ove the  trace o f  so lven t rem ain ing  in  the flask. S ubsequen tly , the  flask w ith  the  

ex trac tion  w as w eighed  to  a  constan t w eigh t (W 3). C rude fat co n ten t w as calcu lated  as 

fo llow s. The fa t free sam ple  in  the ex traction  th im b le  w as kep t for crude  fiber determ ination. 

P ercen tage  o f  crude fat =  W 3-W 2 x 100

W l

5 .3 .2 .3 . d C ru d e fib er  content

C rude  fiber con ten t w as de term ined  accord ing  to  the  m ethods exp la in ed  in N az  et al. (2011) 

and  G ul and Safdar, (2009). T he dry  w eigh t o f  the  fa t free sam ple in  the  ex traction  th im ble 

(rem ain ing  fat free sam ple after the  ex trac tion  in  5 .3 .2 .3 .c) w as w eighed  (W l)  and 

transferred  in  to  a  fresh  beaker. S ubsequently , 200  m l o f  1.25 %  H 2 SO 4  w as added to the 

b eak er w ith  the  sam ple and  d igested  it by bo iling  for 30 m in  on  re flux  apparatus. A fter 

d igestion , the con ten ts in  the  beaker w as filtered  th ro u g h  a  c lean  m u slin  clo th  using a  suction



pum p. The residue  w as w ashed  several tim es w ith  h o t w ater until it free from  acid  and 

transferred  the w ashed so lid  residue into ano ther c lean  beaker. T he solid  sam ple w as 

digested again  w ith  200 m l o f  1.25%  N aO H  for 30 m in  using  the re flu x  apparatus. A fter the 

second d igestion  w ith  N aO H , the residue w as filtered  again  and the  w ash ing  w as repeated  

w ith ho t w ater. Subsequently , the residue w as p laced  on  a p re-w eighed  crucible and p laced  

it at 100 °C in hot air oven  until ob tain ing  a  constan t w eigh t (W 2). T he dried  sam ple w as 

then p laced  in a  m uffle  fu rnance and  ign ited  a t 660  °C fo r tw o hours fo llow ed by ob tain ing  

the final w eigh t o f  the sam ple (W 3). F iber con ten t o f  the  residue w as calcu la ted  as follow s. 

Percentage o f  the crude fiber =  W 2-W 3 x 100

W1

W l-  w eigh t o f  the  sam ple

W 2- w eigh t o f  the crucib le+  residue left a fte r d igestion  w ith  acid and  alkali so lutions 

W 3- w eigh t o f  the crucib le  + ash 

W 2-W 3- w eigh t o f  the c rude  fiber

5.3.3 S tatistica l analysis

N orm ality  o f  the data  and  constancy  o f  residuals w ere confirm ed. S tatistical data analyses 

w ere perfo rm ed  on  all data  co llected  u sing  the  one w ay  A nalysis o f  V ariance (A N O V A ) 

M odel in  M IN IT A B  16 S tatistical Softw are. The m ean values o f  each  soil nu trien t 

param eters w ere com pared  on  trea tm ent basis using  the  tu k ey ’s sim ultaneous test at 5%  

significance level. C orre la tions betw een  d ifferen t soil b iochem ical properties and potato  

tissue b iochem ical properties w ere constructed  by using  correla tion  analysis.



5.4 R esu lts and D iscu ssion

5.4.1 Soil properties

5.4.1.1 S oil pH

In com parison  w ith  all o th e r treatm ents, trea tm en t TR 3 sign ifican tly  reduced  (P <  0.05) the 

m ean  pH  (4.61 ±  0 .02) o f  soil at B andaraw ela fie ld  site (Fig. 5.2). F urther, treatm ent TR3 

show ed the low est m ean  soil pH  com pared  to all o ther trea tm en ts  a t B ib ile  (5.43 ±  0.058) 

and P adukka (5.28 ±  0 .1) field  sites. The soil pH  recorded  from  all th ree  field  sites in the 

cu rren t study  w ere  w ith in  the  range o f  average pH  (B andaraw ela- 4 .5 -5 .5 , B ibile- 5.5- 6.5 

and P adukka-5-6) w h ich  have been  reported  from  o ther stud ies (K odikara , W ijesundara  and 

Y atagam a, 2008).

Bandarawela Bibile Padukka
Treatments

■ TR1 TR2 Hi TR3 TR4 * TR5 =TR6 TR7 sT R 8

Figure 5.2- The effect o f  different BFBFs and CF treatments on mean soil pH at different field sites 
(Bandarawela, Bibile and Padukka). Treatments TR1, TR2, TR3, TR4, TR5, TR6, TR7 and TR8 are 100% CF, 
50% CF, 50% CF+ BFBF1, 50% CF+ BFBF2, BFBF1 alone, BFBF2 alone No amendments treatments, initial 
soil without growing plant respectively. Columns with the same letter are not significantly different at 5% 
probability level. Vertical bars show standard deviations.

It has been  reported  th a t som e o f  the beneficial m icrobial inocu lan ts p roduce  low  m olecu lar 

w e ig h t organ ic  acids m ain ly  gluconic and keto g luconic  acids in  ad d itio n  to low ering the pH  

o f  rh izosphere  (S harm a, K um ar and T ripathi, 2011) and  the tu b eriza tio n  is stim ulated  at low  

soil pH  levels (W an, C ao and T ibbits, 1994). M oreover, Jeavons, 1974 has been  reported  

tha t po ta toes cu ltiva tion  can  be m axim ized  by  reduc ing  soil pH  level (pH  4.8).
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5.4.1.2 T otal SO C  and M B C  contents

A ccording  to  the resu lts, trea tm ent TR3 show ed the  h ighest m ean  SO C  conten t com pared  to 

all o ther treatm ents at all three field  sites (B andaraw ela- 12.1 m g/g  ±  0.384, B ib ile -10.14 

m g/g ±  0 .255, P adukka- 11.01 m g/g ±  0.363). A ll treatm ents enhanced  the m ean SOC con ten t 

com pared to trea tm en t TR 7. Further, all B FB Fs trea tm ents w ith  50%  recom m ended  CF 

com binations (TR3 and TR 4) enhanced the m ean SO C  con ten t com pared  to  treatm ent TR1 

at B andaraw ela  and B ib ile  field  sites (Fig. 5.3 a). F igure 5.3b show s that the m ean M BC  

content w as sign ifican tly  enhanced  (P <  0.05) by  the trea tm ent TR3 com pared  to all o ther 

treatm ents at all th ree  field  sites (B andaraw ela-463 .07  pg /g  ±  43.8 , B ibile- 397.77 pg /g  

±11.4 , P adukka- 296.52  pg /g  ±  22.9). Further, h igher M BC  w as recorded  from  trea tm ent 

TR4 (50%  CF +  B FB F2) except treatm ent TR3 than tha t o f  the o ther treatm ents. Fligh SO C  

w as recorded  from  the treatm ents w hich show ed high  soil M BC  content. T his im plies that 

the app lication  o f  B FB Fs w ith  reduced  CF can enhance both  soil M B C  and SOC. Further, 

M BC  show ed a  d irect re la tionsh ip  w ith  SO C content. S im ilar results have been  observed  by 

ano ther study w here  the soil m icrobial b iom ass increased  sign ifican tly  by 80% , w hen the CF 

rate reduces by 50%  in the presence or absence o f  the B FBFs. Further, the reduced C F rate 

has been observed  to increase soil bacterial density  w hich  u ltim ate ly  reflects in e levated  

M BC (S enev iratne et al., 2011).
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Figure 5.3- The effect o f different BFBFs and CF treatments on mean soil organic carbon (SOC) content at 
different field sites (Bandarawela, Bibile and Padukka). (a)- The effect on total mean SOC content, (b)- The 
effect on mean microbial biomass carbon (MBC) content. Treatments TR1, TR2, TR3, TR4, TR5, TR6, TR7 
and TR8 are 100% CF, 50% CF, 50% CF+ BFBF1, 50% CF+ BFBF2, BFBF1 alone, BFBF2 alone No 
amendments and initial soil without plants, respectively. Columns with the same letter are not significantly 
different at 5% probability level. Vertical bars show standard deviations.

It has been  reported  that the SO C conten t can  be enhanced  e ith e r by application  o f  

decom posed organic m ateria ls ex ternally  o r by  the enhancem ent o f  soil decom posing  

activity (K ara  and B olat, 2007). A lthough  SO C is an im portan t com ponen t o f  soil quality  

and productiv ity , its m easurem ent alone does no t d irec tly  rep resen t changes in the quality  

and nutrien t status o f  the soil (F ranzluebbers, H ons and  Z uberer, 1995; B ezdicek, Papendick 

and Lai, 1996). Further, it has been w ell docum ented  tha t the SO C  is d irec tly  influenced to 

soil m icrobial com m unity  dynam ics and soil m icrobial d iversity  w hich  ultim ately  

contributes to  the p lan t g row th  and developm ent (K obabe, W agner and  Pfeiffer, 2004: De- 

Polli et al., 2007). For instance, the grow th p rom otion  o f  sugar b ee t w ith  PG PR s strains 

strongly depended  on soil organic m atter con ten t (C akm akc et al., 2006; E k in  et al., 2009). 

Therefore, m easurem ents o f  b io logically  active frac tions such as M B C  could  better reflect 

changes in soil quality  and productiv ity  tha t alter nu trien t dynam ics. Further, h igher nutrien t 

availability  can be expressed  by the effic ien t m icrob ial functionality  in a particu lar soil 

(Goyal et al., 1992; D illy  & N annip ieri, 2001). T herefo re , h ig h er SO C  and nutrien t 

availability  (organic C and P) in  the treatm ent TR 3 m igh t be resu lted  in h igh  M BC show n 

by the trea tm en t TR3. A nother reason  for h igher M B C  in trea tm en t TR3 could be the 

in troduction o f  m icroorgan ism s externally  in the form  o f  b iofilm s.
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Further, the low est soil m ean M B C  content w as observed  from  the trea tm ent TR1 w hich w as 

the recom m ended 100%  CF treatm ent, at all the field  sites (B andaraw ela- 138.67 pg /g  ±  

13.4, B ibile- 113.77pg/g  ±  9.6, Padukka- 162.55 pg /g  ±  8.6). T hough the treatm ent TR1 

enhanced the SO C  conten t o f  the soil com pared to  trea tm en t TR 2 w hich  w as the exact h a lf  

CF application  o f  TR 1, treatm ent TR1 reduced  the M B C  in the  soil com pared to the 

treatm ent TR 2 in all three field  sites (Fig. 5.3b). Therefore, th is c learly  im plies that m ore C F 

applications reduce the m icrobial b iom ass in soil. S im ilar resu lts have been  reported  by 

another long term  fertilization  trials in  w hich  the M B C  w as sign ifican tly  reduced  w ith eight 

years o f  continued  CF app lication  (S co tt et al., 1998; F isk and Fahey, 2001). M oreover, the 

application o f  50 %  CF w ith  B FB Fs treatm ents (TR3 and T R 4) show ed an enhancem ent o f  

m ean M B C  com pared to the  treatm ents w ith  only  B FB F applications (TR5 and TR6). 

Therefore, it w as clearly  observed  that the m oderate  app lication  o f  C F helped  to enhance the 

m icrobial populations in  soil. This re la tionship  has been  reported  by ano ther study tha t the 

m oderate application o f  the CF nutrien ts helps to  increase the m icrobial biom ass, w hich in 

turn tends to increase the m icrobial effic iency  or the functionality  in soil (Seneviratne et al., 

2009).

5.4.1.3 Soil N PK  level

The current study show ed that all treatm ents enhanced  the soil N  con ten t com pared to 

treatm ent TR 7 (Fig. 5.4 a). In  com parison  w ith  all o ther treatm ents, trea tm en t TR1 show ed 

the h ighest soil to tal N  con ten t in all field  sites (B andaraw ela- 120 m g/kg  ±  8, B ibile- 100.8 

m g/kg ±  14, Padukka- 118.9 m g/kg ±  12). It has been  reported  tha t the C F application is 

considered as the easiest w ay o f  enhancing  soil N P K  level (D uarah  et al., 2011). Therefore, 

the e levated  level o f  soil N  show n by the treatm ent TR1 m ight be due to the external CF 

applications in the form  o f  urea. Further, a significant reduction  (P <  0.05) o f  soil N  content 

w as recorded  by trea tm en t TR3 com pared to  trea tm en t TR1 at all field  sites except B ibile. 

M oreover, there w as no significant d ifference o f  m ean to tal N  con ten t betw een treatm ent 

TR3 and treatm ent TR 2 at all three field  sites. T herefore, it w as confirm ed that the 

application o f  B FB Fs w ith  the 50%  CF did  no t con tribu te  to enhance the soil N  level 

significantly . H ow ever, treatm ent TR3 recorded  the  h ighest tuber w eigh t and tuber num ber 

com pared to treatm ent TR1 (table 4.4, 4.5, 4.6). T h is im plies tha t N  cou ld  have been utilized 

to prom ote tuberization  in  TR3. T reatm ent TR1 show ed the h ighest availab le  N  content at
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Bibile (41 .21m g/kg  ±  0 .81) and Padukka (43 .94  m g /k g  ±  0 .78) sites com pared  to o ther 

treatm ents (Fig. 5.4b). H ow ever, TR3 (61.93 m g/kg  ±  3 .07) show ed  the  h ighest availab le N  

content in B andaraw ela  site com pared  to the o ther trea tm ents. F urther, availab le  N  con ten t 

w as h igher in all trea tm en ts at B andaraw ela site com pared  to o th e r tw o sites. Though total 

N  does not express m ore about the fertility  level o f  the  soil, availab le  N  is an im portan t 

m easurem ent w hich  express the  usable am ount o f  N  fo r the p lan t and  the  m icrobial b iom ass 

(Saeudi et al., 2009). N  availab ility  o f  a particu la r soil type is a ffected  by  d ifferent factors. 

One such fac to r is having  a h igher m icrobial activity . T herefore, the  enhanced  available N  

content show n by the trea tm ent TR3 at B andaraw ela  site m igh t be due to  the presence o f  

h igher m icrobial activity .
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Figure 5.4- The effect o f  different BFBFs and CF treatments on soil NPK level at different field sites 
(Bandarawela, Bibile and Padukka). (a) The effect on total N content, (b)- The effect on available N (c)- The 
effect on available P content, (d)- The effect on exchangeable K. content. Treatments TR1, TR2, TR3, TR4, 
TR5, TR6, TR7 and TR8 are 100% CF, 50% CF, 50% CF+ BFBF1, 50% CF+ BFBF2, BFBF1 alone, BFBF2 
alone, No amendments treatments and initial soil respectively. Columns with the same letter are not 
significantly different at 5% probability level. Vertical bars show standard deviations.

The ro le  o f  N  fertiliza tion  for tuber grow th, developm en t, y ie ld  an d  q u a lity  o f  potato is w ell 

know n (K um ar et al., 2007; E k in  et al., 2009). It has b een  rep o rted  tha t tuberization  could  

read ily  be m an ipu la ted  by altering  the supply  o f  N  to  the p lan t. Inadequate  N  fertilization  

leads to poor crop  grow th  and yield, w hile  excessive  and  co n tin u o u s supply  o f  N  leads to 

delayed  m aturity , poor tu b er quality , severely  d e lay ed  tu b e riza tio n  (K rauss, 1985; Ekin et
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al., 2009). T his im plies tha t N  is p robab ly  no t invo lved  in the induc tion  o f  tuberization; 

how ever, that it is able to  suppress tuber fo rm ation  once induction  has taken  p lace (D avod 

et al., 2011). Further, it has been  recorded  th a t h igh  N  levels in the  soil p rom ote  vegetative 

grow th that w ould  u tilize  m uch  o f  the  availab le  nu trien ts  and  the reb y  reduce the am ount 

availab le for tuber fo rm ation  (Jackson, 1999). M oreover, po tato  is considered  as a  heavy  

accum ulato r o f  N  in  the ir tissues. T herefore, inappropria te  rates o f  N  causes to accum ulation  

o f  th is  e lem ent as n itrate  w hich  u ltim ately  leads ti increase to x ic ity  (S aeudi et al., 2009).

M oreover, the trea tm en t TR 3 enhanced  the  m ean soil availab le  P con ten t com pared to all 

o ther trea tm en ts at B andaraw ela  (49.5 ppm  ±  4.8) and P adukka (32.83 ppm  ±  3.4) field  sites 

(Fig. 5.4 c). A n e levated  m ean availab le P con ten t (56.5 ppm  ±  3 .7) w as recorded  from  

trea tm ent TR1 com pared  to  all o ther trea tm ents at B ib ile  field  site. T his m igh t be due to the 

app lication  o f  TSP fertilizers. Further, tw o sam ple t-test show ed  a  sign ifican t enhancem ent 

o f  m ean availab le  P con ten t by  trea tm ent TR3 com pared  to  trea tm en t TR 2 a t all three field  

sites (B andaraw ela- P <  0.1, B ibile- P <  0.05 and  Padukka- P <  0 .05). T reatm ent TR3 

enhanced  the m ean  soil availab le  P con ten t by  approx im ate ly  32%  at B andaraw ela, 76%  at 

B ibile and 67%  at P adukka  field  sites com pared  to trea tm ent TR 2 w hereas it enhanced the 

m ean availab le  P con ten t by approx im ate ly  12.5%  at B andaraw ela  and 13.2%  at P adukka 

field  sites com pared  to trea tm en t TR 1. A vailab ility  o f  P  o f  a  particu la r soil is affected  by  

d ifferen t facto rs such  as P m inera lization  from  organ ic  m atter decom position , degree o f  

w eathering  and  erosion , fertilization , m inera liza tion  o f  P by p lan t secretions, uptake o f  P by 

p lan ts etc  (R ichardson , 1994). H ow ever, so lub ilization  using  beneficia l m icrobial species is 

one such  im portan t and p rom inen t factors. T herefo re , the  enhanced  availab ility  o f  P by  the 

trea tm en t TR3 m igh t be due to  the benefic ia l m icrob ia l activ ity  o f  B FB Fs. It has been  

reported  th a t P is an  essen tial nu trien t w hich  stim ulates g row th  o f  young  p lants w hile g iv ing 

them  a v igorous start. In potato , adequate P nu trition  is critical for tu b er developm ent and 

h igh  pho tosyn thetic  ra te  m ain tenance during  tu b er bulk ing . P nu trition  is also  linked to  the 

assim ila tion  o f  o ther m ineral nutrien ts and im provem ent o f  p ro te in  con ten ts (M ishra, M ohan  

and M ishra, 2007). S ince po tato  has an  inheren tly  lo w  roo t density  and restric ted  ab ility  to  

up take P fertilizer, P defic iency  is usually  a lim iting  fac to r to y ie ld  in  com m ercial potato  

p roduction  (M acK ay, C arefoo t and Entz, 1988). T herefore , large am ounts o f  chem ical P 

fertilizers have to be added  annually  to  enhance the  y ie ld  (R ichardson , 1994). H ow ever, a 

large po rtion  o f  soluble inorgan ic  phosphate  app lied  to  soil as C F is rap id ly  im m obilized  

soon a fter app lication  and becom es unavailab le  to p lan ts  (R odriguez  and Fraga, 1999). T here
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is strong  ev idence tha t rh izosphere  associated  soil b acte ria  are capab le  o f  transfo rm ing  soil 

P to  the  fo rm s availab le  to  p lan t (R odriguez and  F raga , 1999). T hese m icroo rgan ism s have 

the ab ility  to so lub ilize  and  m ineralize  P from  inorgan ic  sources and can  be used  as 

b io fe rtilize r to reduce  C F inputs (G yaneshw ar et ah, 2002; A sok  and  Jisha, 2006; Shah et 

al., 2007). F or instance, h ig h er order b io film  inc lud ing  Trichoderm a harzianum  and several 

species o f  Bacillus  are know n to  so lub ilize  unavailab le  form s o f  P and  convert them  to 

availab le  form s, thereby  enabling  better P up take  (S rinath , B agyaraj and  S atyanarayana, 

2003). M oreover, it w as c learly  observed  tha t the  m ean  P  con ten t w as reduced  in  all B FB Fs 

trea ted  soil excep t TR3 com pared  to in itial P level in  the  soil (T R 8). T his m igh t be due to 

the heavy  uptake o f  the  availab le  P by  the p lan ts and  the  in troduced  m icrob ia l b iom ass fo r 

the ir g row th  and  developm ent.

In com parison  w ith  all o ther treatm ents, the  m ean  exchangeab le  K  co n ten t in soil (241.9  ppm  

± 6 .0) w as enhanced  by  trea tm en t TR3 only  at B andaraw ela  fie ld  site (F ig. 5.4 d). H ow ever, 

tw o sam ple  t-tes t show ed  a  significant enhancem en t o f  m ean  exchangeab le  K con ten t in  soil 

by  the  trea tm en t TR3 com pared  to trea tm en t T R 2 at all th ree  field  sites (P <  0.05). T reatm en t 

TR3 enhanced  the m ean  soil exchangeab le  K  co n ten t b y  approx im ate ly  29%  at B andaraw ela , 

21%  at B ib ile  and  42%  at P adukka  fie ld  sites com pared  to  trea tm en t TR 2. H ow ever, all 

B F B F  trea ted  soil excep t trea tm ents TR3 and T R 4 reduced  the  m ean  K  con ten t com pared  to  

the in itia l P level in  the  soil (TR8). It has been  rep o rted  tha t potato  p lan ts  requ ire  m uch  m ore 

K  th an  any  o ther vegetab le  crop to  m ain ta in  the v ig o r o f  the p lan ts. Further, po tato  crop  

som etim es is regarded  as an  ind icato r crop  for K  availab ility  b ecause  o f  its h igh  K 

requ irem ent. (U lrich  and  O hki, 1996; K han  et ah, 2010).

Soil m icro -o rgan ism s p lay  a  sign ifican t ro le  in  reg u la tin g  the  dynam ics o f  organic m atte r 

decom position  and  the  availab ility  o f  p lan t nu trien ts  such as N P K  and o ther nu trien ts 

(D uarah  et ah, 2011). T he current study  con firm ed  tha t the  inocu la tion  o f  beneficia l 

m icroo rgan ism s in the  form  o f  B FB Fs w ith  only  50%  C F enhanced  P , K  and o ther nu trien t 

level in  soil. F urther, it w as confirm ed tha t the  ap p lica tio n  o f  B FB Fs along  w ith  CF created  

favorab le  soil N  level fo r po tato  tuberization . C o n siderab le  ev idence  ex ists tha t soil N P K  

level in fluence po tato  (Solarium tuberosum  L .) y ie ld s and  qua lity  (D obranszk i et ah, 2008).
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5.4.1.4 Soil C a2+ content

In com parison  w ith  all treatm ents, the h ighest C a2+ concen tration  w as observed  from  the 

treatm ent TR3 (B andaraw ela- 0.394 m g/g ±  0 .006, B ib ile-0 .362 m g/g  ±  0.001, Padukka- 

0.37 m g/g ±  0 .003) at all field  sites (Fig. 5.5). A  sign ifican t enhancem ent o f  soil C a2'  level 

w as recorded  in trea tm en t TR3 com pared to o ther trea tm en ts at B andaraw ela  and B ibile field 

sites (P <  0.05). Further, trea tm ent TR3 enhanced the  soil C a2+ level by approx im ately  4 %  

at B andaraw ela  field site and by approx im ately  9 .5%  at B ibile  field site even  com pared to 

treatm ent TR 1. M oreover, it w as clearly  observed  tha t the trea tm en ts w ith  b iofilm  

com bination  BFBF1 sign ifican tly  enhanced  the m ean soil C a2+ level com pared  to the 

treatm ents w ith  b iofilm  com bination  B FB F2 (T R 4) at B andaraw ela  (P < 0.05) and B ibile (P 

<  0.05) field  sites.
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Figure 5.5- The effect o f different BFBFs and CF treatments on soil Ca2+ level at different field sites 
(Bandarawela, Bibile and Padukka). Treatments TR1, TR2, TR3, TR4, TR5, TR6, TR7 and TR8 are 100% CF, 
50% CF, 50% CF+ BFBF1, 50% CF+ BFBF2, BFBF1 alone, BFBF2 alone, No amendments treatments and 
initial soil respectively. Columns with the same letter are not significantly different at 5% probability level. 
Vertical bars show standard deviations.

5.4.2 Potato p lan t b iochem ical param eters

5.4.2.1 C hloroph yll content in leaves

C hlorophyll in tensity  o f  potato  leaves w ere estim ated  using  a d igital ch lorophyll m eter. The 

chlorophyll m eter is for sim ple, rapid, and nondestructive  estim ation  o f  chlorophyll contents 

in d ifferen t p lan t leaves. In com parison  w ith  all o ther trea tm en ts, the h ighest m ean
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chlorophyll contents o f  bo th  3rd ( B andaraw ela- 24.2 ±  1.04, B ibile- 48.7  ±  1.26, P adukka-

15.5 ±  1.05) and 5th ( B andaraw ela- 29.0 ±  0 .83, B ibile- 55.6 ±  1.71, Padukka- 18.5 ±  1.09) 

potato leaves w ere observed  from  the treatm ent TR3 at all three field  sites (table 5.1). A ll 

treatm ents enhanced  the m ean chlorophyll content in both  leaves com pared  to treatm ent TR 7 

at all fie ld  sites. It w as observed  that the m ean ch lorophyll con ten t o f  5th le a f w as h igher than  

that o f  the 3rd le a f  at all fie ld  locations.

Table 5.1 - The effect o f different BFBFs and CF treatments on chlorophyll content o f 3rd and 5th leaves o f  
potato at different field sites.

B andaraw ela B ibile Padukka

C hlorophyll in tensity  C hlorophyll in tensity  C hlorophyll in tensity  

M ean ± SD  M ean ±  SD M ean ±  SD

5th L eaf 3 rd L ea f 5th L ea f 3 rd L e a f 5th L ea f 3 rd L eaf

24.5 ± 21 .7  ± 47.5 ± 45.6 ± 18.1 ± 14.5 ±
TR1 0.99ab 0 .86ab 1.13bc 1,49ab 1.03ab 0 .60ab

2 1 .8 ± 19.2 ± 46.6 ± 43.8 ± 15.5 ± 13.2 ±
TR2 0 .82bc 0 .72bc 1.72bc 1.50ab 1.05abc 0 .55ab

29.0 ± 24.2  ± 55.6 ± 48.7  ± 18.5 ± 15.4 ±
TR3 0.83a 1.04a 1.71a 1.26a 1.09a 0 .65a

26.0 ± 20.9 ± 52.7 ± 42.8 ± 18.1 ± 14.4 ±
TR4 1.51ab 1.16ab 1.67ab 1.3 5 ab 1.07ab 0 .84ab

18.4 ± 15.6 ± 40.9  ± 38.3 ± 14.2 ± 11.8 ±
TR5 0.97c 0.68c 1.61cd 1.96b 0.54bc 0 .48ab

21.7 ± 18.7 ± 42.1 ± 39.0 ± 13.6 ± 13.2 ±
TR 6 1.08bc 0 .72bc 1.69cd 2 .40b 0.58c 0 .57ab

19.8 ± 16.8 ± 35.3 ± 27.6  ± 8.3 ±
TR 7 0.81c 0 .74c 1.88d 0 .87c 0.91d 6.1 ± 0 .9 5 c

Treatments TR1, TR2, TR3, TR4, TR5, TR6 and TR7 are 100% CF, 50% CF, 50% CF+ BFBF1, 50% CF+ 
BFBF2, BFBF1 alone, BFBF2 alone and No amendments treatments respectively. Same letter are not 
significantly different at 5% probability level.
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It has been reported  that the young leaves o f  potato  p lants have ra ther less photosynthetic  

activity than  the o ld  m atured  leaves (O kazam a, 1967). A verage ch lorophyll contents o f  

leaves for all treatm ents w ere h igher at B ibile field  location com pared  to the other tw o field 

locations. This m ight be due to the presence o f  ex trem e clim atic  conditions like high sunlight 

intensity at B ibile field site. It has been  reported  tha t m ost p lan ts have the  ability  to acclim ate 

to a specific light env ironm ent and the chlorophyll concen tration  is considered as an 

indicator o f  p lant responsiveness to light in tensity  (V ieira, 1996). A no ther study has reported  

that the ch lorophyll concentration , ch lorop last density  and caro teno id  com position  can 

fluctuate according to the light in tensity  (D em -m ig-A dam s et al., 1997). It has been reported  

that there is a  relationship  betw een chlorophyll content and rate o f  photosynthesis, it seem s 

likely tha t equal am ounts o f  ch lorophyll should  cause equal rates o f  pho tosyn thesis (V ieira, 

1996). M oreover, PG PR s inoculation  has been  reported  to  enhance the physiological 

properties o f  the host p lan ts nam ely, photosynthetic  rate (M ia et al., 2005). L ea f area, le a f  

chlorophyll content and total dry m atter have been  increased significantly  due to PG PR s 

inoculation. This m ight be due to the balanced  N  accum ulation  by bacterial N 2 fixation and 

better root grow th, w hich  prom oted  the greater uptake o f  w ater and nutrients. Favorable soil 

N level has been reported  to  be contributed  for the form ation o f  chlorophyll, w hich  

consequently, increased the photosynthetic  activ ity  (M ia et al., 2005; M ia  et al., 2012).

5.4.3 T he effect o f d ifferent C F and B FB F treatm ents on tuber n u trien t content

In com parison w ith  all o ther treatm ents, the h ighest significant tuber starch content w as 

recorded from  treatm ent TR3 at B andaraw ela  ( P < 0.05, 24.1 % ±  0 .53) and B ibile (P < 

0.05, 14.24%  ±  0.16) field  sites (table 5.2). T reatm ent TR3 enhanced  the starch content o f  

the tubers by approxim ately  33%  at B andaraw ela  field  site and by  approx im ately  18% at 

B ibile field  site even  com pared  to treatm ent TR1. The h ighest tuber m ean crude pro tein  

content (table 5.2) w as observed  from  the treatm ent TR3 com pared  to the o ther treatm ents 

at all field  sites (B andaraw ela- 2 .04%  ±  0.03, B ibile- 1.88%  ±  0.02). It w as clearly  observed 

that the BFBF1 treatm ent com binations enhanced the tuber crude p ro te in  con ten t com pared 

to the B FB F2 treatm ent com binations at all field sites. Further, all trea tm ents enhanced  the 

tuber crude pro tein  content com pared to control (TR7). M oreover, in com parison  w ith  all 

other treatm ents, treatm ent TR3 significantly  enhanced  the  tuber m ean  crude fiber content 

at B andaraw ela (P <  0.05, 2 .69%  ± 0.01) and B ibile (P  < 0 .05 , 2 .29%  ±  0.02) field  sites ( 

table 5.2). BFBF1 treatm ent com binations enhanced  the  m ean tu b er fiber content com pared
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to BFBF2 treatm ent com binations. H ow ever, it w as clearly  observed  that the treatm ent TR3 

reduced the m ean crude fa t content o f  tubers com pared  to the trea tm en t TR1 and TR 2 at bo th  

field sites (table 5.2).

Table 5.2- The effect of different BFBFs and CF treatments on nutrient content o f  tuber at different field sites.

Starch (%) Crude protein Crude fiber (% ) Crude fat (%)
(%)

M ean ±  SD M ean ±  SD M ean ± SD M ean ±  SD

Ban Bi Ban Bi Ban Bi Ban Bi

18.09 12.05± 2.02± 1.86± 2.53± 2.1 ±0.0 O .lliO .O 0.0973
TR1 ±0.22b 0.59b 0.03a 0.02a 0.03b 2b l a ±0.01a

16.47± 11.64± 2.02± 1.84± 2.5±0. 2.12±0. 0 .103±0. 0.09±0.
TR2 0.69b 0.20bc 0.05ab 0.02ab 02b 01b 01ab 01ab

24.1±
14.24± 2.04± 1.88± 2.69± 2.29±0. 0 .103±0. 0.089±

TR3 0.53a 0.16a 0.03a 0.02a 0.01a 02a 01ab 0.01ab

13.85± 12.12± 1.89± 1.72± 2.53± 1,99±0. 0.079±0. 0.0793
TR4 0.31° 0.50b 0.02bc 0.02° 0.02b 01c OJab ±0.01cd

14.25± I0.95± 1.92± 1.76± 2.56± 2 .14±0. 0.078±0. 0.079±
TR5 0.35c 0.05bc 0.03abc 0.0 l bc 0.01b 01b 01ab 0.01cd

13.45± 10.16± 1.78± 1.67± 2.4±0. 1.91±0. 0.085±0. 0.0837
TR6 0.12c 0.20c 0.01cd 0.01c 02c 02c 02ab ±0.0 l bc

13.64±
10.7±

1.73± 1.56± 2.24± 1.68±0. 0.068±0. 0.0713
TR7 0.36° 0.3 l bc 0.01d 0.02d 0.02d 01d 01b ±0.0 l d

Treatments TR1, TR2, TR3, TR4, TR5, TR6 and TR7 are 100% CF, 50% CF, 50% CF+ BFBF1, 50% CF+ 
BFBF2, BFBF1 alone, BFBF2 alone and No amendments treatments respectively. Same letter are not 
significantly different at 5% probability level.

The results clearly  im ply  that the b iofilm  com bination  BFBF1 along w ith  50%  CF enhanced 

tuber nu trien t content (starch, crude protein and crude fiber) com pared  to the treatm ent TR1 

w hich w as D O A  recom m ended CF treatm ent. Further, it w as noted  tha t BFBF2 treatm ents 

(TR4 and TR 6) reduced the tuber nutrient level com pared  to trea tm ent TR 2. This im plies 

that B FB F2 treatm ent has no effect on  the enhancem ent o f  tuber nu trien t level.
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5.4.4 T he effect o f  C F and B FB Fs com b in ation s on b iochem ical p roperties o f d ifferent 

potato tissues

Treatm ent TR3 show ed the h ighest s ign ifican t m ean  sucrose con ten t in sto lon  tissues (P < 

0.05, 91.86 m g /g ±  3 .01) and  stem  tissues (P <  0 .05 , 79.33 m g/g  ±  4 .3 ) com pared  to all o ther 

treatm ents at B andaraw ela  field site (Fig. 5.6a). Further, TR3 enhanced  the sucrose con ten t 

in sto lon tissues by  approx im ately  31%  and the sucrose con ten t in  stem  tissues by 32%  

com pared to the trea tm en t TR1. H ow ever, the  m ean  sucrose con ten t o f  the le a f tissues fo r 

the trea tm en t TR3 w as significantly  low  (P <  0 .05 , 20.65 m g/g  ±  2 .8) com pared  to o ther 

treatm ents. Further, s ignificant d ifference in  sucrose con ten t w as no t observed  by  the 

treatm ent TR3 com pared  to  the  o ther treatm ents in tuber tissues at B andaraw ela  field  site.

In com parison  w ith  all o ther treatm ents, trea tm en t TR3 show ed the h ighest significant 

reducing  sugar con ten t (P <  0.05, 68.78 m g/g  ±  2 .9) in  le a f  tissues at B andaraw ela  field  site 

(Fig. 5.6b). Further, TR3 enhanced  the reducing  sugar con ten t in le a f  tissues by 

approx im ately  46%  com pared  to  the trea tm en t TR 2 and by approx im ate ly  26%  even 

com pared  to trea tm en t T R 1 . H ow ever, trea tm en t TR3 w hich  show ed  the h ighest tuberization  

effect (table 4 .4), resu lted  the low est m ean  reducing  sugar contents in  stem  (15.99 m g/g  ±  

1.1) and sto lon  tissues (15.34 m g/g ±  0.8) com pared  to  the o ther trea tm ents at B andaraw ela  

field  site. A no ther study has been  reported  tha t the reducing  sugar con ten t o f  the stem  and 

stolon tissues d ropped sharp ly  upon the fo rm ation  o f  potato  tubers (M inhas et al., 2004). 

T reatm ent TR5 w hich  show ed the  low est tuberiza tion  effect (table 4 .4), resu lted  the h ighest 

reducing  sugar con ten t in stem  (33.68 m g/g  ±  3.5) and  in  sto lon  (34.91 m g/g  ±  0 .944) tissues 

at B andaraw ela  fie ld  site. The h ighest sign ifican t tu b e r starch  con ten t (P <  0.05, 241 .5m g/g  

±  3.2) and  the low est le a f  starch con ten t (38.22 m g/g  ±  0.6) w ere recorded  by the trea tm en t 

TR3 com pared  to the all o ther treatm ents (Fig. 5.6c) at B andaraw ela  fie ld  site. A nother study 

has reported  sign ifican tly  low  am ounts o f  starch  con tejit in po tato  le a f  tissues (M inhas et al., 

2004). A ccord ing  to literature, this is due to  the  speed  translocation  o f  m ajority  o f  the  le a f  

pho tosyn thate  in  to  the tubers (M oorby, 1978; W olf, M arani and  R udich , 1990; F rom m er 

and Sonnew ald , 1995).
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Figure 5.6- The effect o f different BFBF1 and CF treatments on biochemical properties o f different potato 
plant tissues at Bandarawela field site, (a)- The effect on sucrose content (b)-The effect on reducing sugar 
content (c) - The effect on starch content. Treatments TR1, TR2, TR3, TR4 and TR5 are 100% CF, 50% CF, 
50% CF+ BFBF1, BFBF1 alone and No amendments treatments respectively. Columns with the same letter 
are not significantly different at 5% probability level. Vertical bars show standard deviations.

It has been  reported  tha t in  rice, w heat, co m  and m ost o f  the tuber crops like potato  and sw eet 

potato , starch  accum ulation  depends largely  on the synthesis, translocation  and  accum ulation  

o f  the  in ternal soluble sugar (Luo and H uang, 2011). R educing  sugar is the m ajor so lub le  

sugar in leaves, accounting  for over 74%  o f  the to ta l sugar. A ccord ing  to the resu lts stated  

in the earlier studies, it has been found th a t there  is a rem arkab le  accum ula tion  o f  reduc ing  

sugar in the s to lon  tips o f  potato p lants prio r to the in itia tion  o f  tuber fo rm ation  (O kazaw a, 

1967; Luo and H uang, 2011). R apid decline o f  reduc ing  sugar con ten t in  the sto lon  tips  has 

been recorded  w hile  the gradual increm ent o f  starch  accum ulation  im m edia te ly  afte r the  

onset o f  tuberization  (O kazaw a, 1967).

Sucrose is the  m ajo r transport form  o f  fixed  pho to  assim ila tes  in to  develop ing  potato  tubers  

and its concen tra tion  gradually  declined along the ax is (V io la  et al., 2001). A ccord ing  to the 

m echanism s, sucrose synthase enzym e cleaves the sucrose  into the  reducing  sugars like 

g lucose and  fructose after unloading the sucrose from  the ph loem  tissues at the sink o rgans 

(sto lon  tip). W hen  the tuber en largem ent is p roceed ing , the increasing  reducing  sugar con ten t 

at the sink  (sto lon  tip) tissues stim ulates the enzym es w hich  p rom otes starch  synthesis from  

the reducing  sugars, thereby  decreasing  the reducing  su g ar con ten t at the  sto lon  tip  (H aw ker, 

M arschner and K rauss, 1979; Sasam oto and Suzuki, 1979). F urther, it has been  reported  that
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the sucrose con ten t is very  low  in sto lon  tips and new ly  fo rm ed  tubers  and  increases later to 

a constant level, w hereas reducing  sugar con ten t is h igh  in s to lon  tips but decreases to a 

low er level during  tuberiza tion  (H aw ker et al., 1979). L ow  sucrose con ten t in the source 

leaves could  boost the pho tosyn thesis rate by  less sugar inh ib ition  (Y oujun, 2011). 

M oreover, the starch con ten t o f  the tubers increases rap id ly  a fte r tuberization  and then 

rem ain constan t at the la ter stages (H aw ker et al., 1979; Sasam oto  and  Suzuki, 1979). S im ilar 

results w ere observed  in the  current study in  term s o f  the quan tity  o f  reduc ing  sugar, starch 

and the sucrose in the sto lon  tissues and tu b er tissues (sink) at tuberization .

Further, the cu rren t study  show ed a  h igh  sucrose con ten t in s to lon  tissu es  (55.76 m g/g ±  2.5) 

and low  sucrose con ten t in  le a f  tissues (33.13 m g/g  ±  1.4) by the trea tm en t TR3 at B ibile 

field site (Fig. 5.7a). S ign ifican t d ifferences w ere no t observed  in tu b er sucrose content by 

the treatm ents. The h ighest significant reducing  sugar con ten t in  le a f  tissues (P < 0.05, 53.74 

m g/g ± 1 .1 )  and  the h ighest significant starch  con ten t in  tuber tissues (P <  0.05, 142.37 m g/g 

±  2.8) w ere observed  by  the trea tm en t TR3 at B ib ile  field  site (Fig. 5 .7b). T reatm ent TR3 

enhanced the le a f reducing  sugar con ten t by  approx im ate ly  61 %  com pared  to  treatm ent TR2 

and by 39%  even com pared  to trea tm ent T R 1 . Further, it enhanced  the  tuber starch content 

by approx im ate ly  22%  com pared  to  trea tm en t TR 2 and by approx im ate ly  18% even 

com pared to  trea tm ent TR1 (Fig. 5.7c).
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Figure 5.7- The effect o f  different BFBF1 and CF treatments on biochemical properties o f  different potato 
plant tissues at Bibile field site, (a)- The effect sucrose content (b)-The effect on reducing sugar content (c) - 
The effect on starch content. Treatments TR1, TR2, TR3, TR4 and TR5 are 100% CF, 50% CF, 50% CF+ 
BFBF1, BFBF1 alone and No amendments treatments respectively. Columns with the same letter are not 
significantly different at 5% probability level. Vertical bars show standard deviations.

It has been  w ell docum ented  that the  inocu la tion  o f  benefic ia l m icroo rgan ism s alter the 

b iochem ical status o f  the host plant; thereby creates favorab le  env ironm ent for the 

enhancem ent o f  crop production . F or instance, the  increm ent o f  lign in  con ten t o f  the rice 

p lant has been  recorded  by approxim ately  300%  in the p lan t trea ted  w ith  Trichoderma 

asperellum  and by 200%  in the p lan ts treated  w ith  Pseudom onas fluorescens. Further, total 

phenol con ten t has been enhanced  by 42%  and the flavono ids by approx im ate ly  26%  in the
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plants treated  w ith  T. asperellum  (Shoresh, H arm an  and M astouri, 2010). In the cu rren t 

study, it w as obv ious th a t the  inocu lation  o f  benefic ia l m icroo rgan ism s in  the  form  o f  B F B F s 

along w ith  50%  C F, enhanced  the b iochem ical param eters  in  the  tu b e r and o ther tissues o f  

the host plant.

5.4.5 T he e ffect trea tm en t com bin ations on pH  o f  d ifferen t p lan t tissues

In  com parison  w ith  all o ther treatm ents, trea tm en t TR 3 show ed the  low est pH  o f  the  le a f  

tissues (5 .44 ±  0 .006), s ign ifican t low est pH  o f  the  stem  tissues (P  <  0.05, 5.24 ±  0 .03) and 

the sign ifican t low est in s to lon  tissues (P <  0.05, 5.24 ±  0.02) at B andaraw ela  field  site (table

5.3). T hough  there  w as no sign ifican t d ifference, the  trea tm en t TR 3 show ed the  low est pH  

in  le a f  (5 .57 ±  0.04), s tem  (5 .36 ±  0 .03) and  sto lon tissues (5.31 ±  0 .05) a t B ibile  field  site 

(table. 5.3).

Table 5.3- The effect o f  different BFBF1 and CF treatments on pFl o f different potato plant tissues.

Treatments
pH -leaf 
Mean—SD

Bandarawela 
pH- stem 
M ean±SD

pH- stolon 
M ean iSD

pH- leaf 
M ean iSD

Bibile 
pH- stem 
M ean=SD

pH- stolon 
M ean=SD

T R 1 5.45=0.031* 5.35=0 .021 = 5.32=0.021= 5.61=0.025* 5.40=0.025= 5.36=0.025'°
TR2 5.50=0 .0 15* 5.37=0.026= 5.36=0.026= 5.6 1= 0 .0 17 ° 5.40=0.016= 5.37=0.020°
TR3 5.44=0.006* 5.24=0.Q32d 5.24=0.020= 5.57=0.038* 5.36=0.025= 5.3 1= 0 .0 50 °
TR4 5.72=0.057* 5.52=0.032* 5 .5 1= 0 .0 3 1* 5.74=0.015* 5.48=0.020° 5.49=0.023*
TR5 5.77=0.025* 5.68=0.025* 5 .7 1= 0 .0 15* 5.74=0.025* ■ 5.55=0.032* 5 .5 1= 0 .0 15*

Treatments TR1, TR2, TR3, TR4 and TR5 are 100% CF, 50% CF, 50% CF+ BFBF1, BFBF1 alone and No 
amendments treatments respectively. Columns with the same letter are not significantly different at 5% 
probability level. Vertical bars show standard deviations.

It has been  reported  that H + concen tration  o f  po tato  tissues is regu la ted  accom pany  w ith  the 

sucrose con ten t due to the p resence o f  sucrose- H + co tran spo rte r p ro te in  in the  cell 

m em brane. T herefore , H + concen tra tion  increases a long  w ith  the in flux  o f  sucrose in po ta to  

tissues (B oorer et al., 1996). It has been  proven  th a t the sucrose con ten t o f  the  sto lon  tissues 

is rem arkab ly  increased  along w ith  the  tuberization  (H aw ker et al., 1979). Therefore, in  the 

curren t study, low  pH  show n by the sto lon  and  stem  tissues m igh t be due to  the m assive  

influx  o f  H + along w ith  the  influx o f  sucrose.
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5.4.6 T he effect o f  d ifferen t treatm ents on  C a2+ co n ten t o f  d ifferen t p lan t tissues

In com parison  w ith  o ther treatm ents, sign ifican t enhan cem en t o f  C a2+ con ten t w as observed  

from  the trea tm en t TR3 in  le a f  (P < 0.05, 0 .54  p p m  ±  0 .07) and  s to lon  (P <  0.05, 0.42 pp m  

± 0 .006) tissues com pared  to  the o ther trea tm en ts  at B an daraw ela  fie ld  site (table 5.4). 

Though there w as no significant d ifference, trea tm en t TR 3 show ed th e  h ighest C a2’ con ten t 

in stem  tissues (0 .422 ppm  ± 0.006). Further, the  h ighest sign ifican t C a2+ con ten t w as 

observed  from  the  trea tm en t TR 3 in  all tissues (leaf- P <  0 .05 , 0 .56  ppm  ± 0.02. stem - P <  

0.05, 0.52 ppm  ±  0.03. sto lon- P <  0.05, 0.58 ppm  ±  0 .004) com pared  to  the o ther trea tm ents 

at B ibile fie ld  site (tab le 5.4).

Table 5.4- The effect o f different BFBF1 and CF treatments on Ca2* content o f different potato plant tissues.

Treatments
C’a-~-leaf
M eaniSD

Bandarawela 
Ca;*- stem 
Mean=SD

Ca-~- stolon 
Mean=SD

C’a*~- leaf 
Mean=SD

Bibile 
Ca-*- stem 
Mean=SD

Ca**- stolon 
Mean=SD

TR1 0.3 7=0.013b 0.33=0.008°" 0.32=0.00 l bc 0.38=0.025= 0.40=0.023’° 0.33=0.014°
TR2 0.29=0.041°° 0.30=0.012° 0.24=0.03 7°d 0.30=0.013d 0.27=0.044° 0.25=0.027°
TR3 o i.ji 4

- II O b -‘
4 w 0.42=0.006a 0.60=0.090® 0.56=0.018a 0.52=0.033a 0.5S=0.004a

TR4 0.49=0.007® 0.3S=0.002at 0.43=0.012b 0.47=0.038’° 0.42=0.014° 0.45=0.032’°
TR5 0.19=0.037= 0.17=0.040d 0.16=0.006° 0.11=0.018® 0.09=0.025° 0.11=0.023-

Ca2+ concentrations — ppm values. Treatments TR1, TR2, TR3, TR4 and TR5 are 100% CF, 50% CF, 50% 
CF+ BFBF1, BFBF1 alone and No amendments treatments respectively. Columns with the same letter are not 
significantly different at 5% probability level. Vertical bars show standard deviations.

Though B andaraw ela  has po ten tia l to  cu ltiva te  po ta to , favorab le  clim atic  cond itions 

(therm operiod) for com m ercial potato  cu ltiva tion  has not been  reco rded  at B ibile and 

P adukka reg ions. T herefore , those reg ions are considered  as po ta to  non- inducing  regions. 

H ow ever, in the  current study high  potato  tuberiza tion  w as observed  by the  app lication  o f  

beneficial m icroorgan ism s in the form  o f  B F B F s trea tm ents irrespective  o f  the  c lim atic  

conditions even  at the  B ib ile  field  site. Further, it w as no ted  tha t all b io film  treatm ents a long  

w ith  50%  CF (TR3 and T R 4) enhanced  soil and  tissu e  C a2+ con ten t com pared  to the o ther 

treatm ents at bo th  B andaraw ela  and  B ib ile  fie ld  sites. T herefore , there  m igh t be a 

re la tionsh ip  be tw een  the  enhancem ent o f  tu b eriza tio n  and C a2+ con ten t o f  the soil and 

tissues. S im ilarly  reports have suggested  the  p o ssib le  invo lvem ent o f  C a2+'sensor p ro teins 

such as calm odu lin  (C aM ) (Jena, R eddy and  P oovaiah , 1989) and  p o ta to  C a2+ dependen t 

protein  k inase (S tC D P K l) in tuberization  o f  po ta to  (M ac in to sh  et a l ,  1996; Jackson, 1999). 

In spite o f  ev idences for the  positive  ro le  o f  C a2+ and various C a2+- regu la ted  p ro teins in 

potato tuberization , the exact m olecu lar m echan ism  o f  C a2+ and  C a2+- induced  signal
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pathw ays contro lling  tuberization  is not stud ied  w ell. H ow ever, it has been reported  that 

cytosolic C a2+ in p lant cells is m aintained at a  low  concen tra tion  in the absence o f  a stim ulus 

but in response to an external stim uli including light, touch , w ind, gravity , horm ones, abiotic 

and biotic stresses, the concentration is rap id ly  elevated  v ia  an increased  C a2+ influx due to 

the release o f  C a2+ by C a2+ channels (P oovaiah  and  R eddy, 1993; N ookaraju  et al., 2012) 

Therefore, in the curren t study, the elevation o f  tissue C a2+ con ten t m ight be due to  the 

induction activ ity  o f  in troduced biofilm  in  the form  o f  BFBFs. T his im plies that the induced  

C a2+ ions have a particu lar m echanism  to regulate tuberization  o f  potato.

5.4.7 C orrelations betw een different b iochem ical and ph ysio logical properties o f  potato  

tissues and soil

Significant negative correlation w as observed betw een  m ean tuber w eigh t and m ean soil pH  

at both B andaraw ela  (r =  0.890, P =  0.043) and B ib ile  (r =  0.809, P =  0 .047) field sites (table 

5.5). Further, another significant negative correla tion  w as observed  betw een m ean tuber 

starch con ten t and m ean  soil pH  at both  field  sites (B andaraw ela- r =  0.991, P =  0.001 and  

B ibile- r =0.812, P =  0.043). This im plies that potato  tuberization  is greatly  affected  by  the 

soil pH  and this m ight be due to the in troduction  o f  beneficial m icroorganism s in the form  

o f  B FB Fs w hich creates low  pH  around the rh izosphere. In  the current study, the low est soil 

pH  (Fig. 5.2) and the h ighest potato tuberization  (tab le 4.4, 4.5, 4 .6) w ere recorded  from  

BFBF1 treatm ent along w ith  50%  CF at all th ree  field sites. Further, h igher IA A  production  

w as observed  by the b iofilm  com bination BFBF1 (Fig. 3.7b).
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Table 5.5- Correlation coefficients (r) between different potato plant and soil properties at Bandarawela (Ba) 
and Bibile (Bi) field sites

Soil pH T W TS LRS C h.5 th C h.3rd

TW B a -0 .890
(0 .043)

- - - - -

Bi -0 .809
(0 .047)

- - - “ -

TS B a -0.991
(0 .001)

0.891
(0.043)

- - - -

Bi -0.812
(0 .043)

0.948
(0.014)

- - - -

LRS B a -0.911
(0 .031)

0.865
(0.058)

0.900
(0.038)

- - -

Bi -0.808
(0 .098)

0.969
(0.007)

0.987
(0.002)

- - -

C h.5th B a -0.963
(0 .008)

0.926
(0.024)

0.974
(0.005)

0.819
(0.090)

- -

Bi -0.887
(0 .045)

0.974
(0.005)

0.942
(0.017)

0.972
(0.006)

- -

C h.3rd B a -0 .929
(0 .022)

0.961
(0.009)

0.945
(0.015)

0.807
(0.098)

0.989
(0 .001)

-

Bi -0 .974
(0 .005)

0.901
(0 .037)

0.788
(0.113)

0.865
(0.059)

0.946
(0 .015)

-

SCa B a -0.994
(0 .000)

0.893
(0.041)

0.972
(0.006)

0.914
(0.030)

0.947
(0 .014)

0.914
(0.030)

Bi -0.988
(0 .002)

0.836
(0 .077)

0.884
(0 .037)

0.866
(0.058)

0 .914
(0 .030)

0.959
(0 .010)

(TW- tuber weight, TS- tuber starch content, LRS- leaf reducing sugar content, Ch. 5th- Chlorophyll content o f  
5th leaf, Ch. 3ld- Chlorophyll content o f 3rd leaf, Sea- soil Ca2+ content)
Values within parentheses are probability levels.

It has been  reported  tha t beneficia l m icrob ial com m unities reduce soil pH  th rough  secre tion  

o f  d ifferen t types o f  o rgan ic  acids e.g. carboxylic  acid  (D eubel and  M erbach , 2005) and  p lan t 

grow th p rom oting  horm ones like IAA. It is  w ell-estab lished  tha t the  rh izosphere  is generally  

possess a  low  pH , and m an y  m icrob ia l strains in te ract e ffic ien tly  w ith  p lan ts  at th is low  pH  

(A ham ad et al., 2014). Further, a sign ifican t enhancem ent o f  m ean  tuber w eight, p lan t he igh t 

and the tuber num ber has been  recorded  by  the inocu la tion  o f  Bacillus  sp. (E k in  et al., 2009). 

A nother study has show n tha t the inocu la tion  o f  Azotobactor  sp. and  G lumus sp. sign ifican tly  

enhanced  the tuber num ber and the p lan t he igh t o f  po tato  (Y ao et al., 2002; D ouds et al., 

2007). It has been  recorded  tha t m ost o f  the  Bacillus  sp and Azotobactor  sp possess the ab ility  

to p roduce elevated  am oun t o f  IA A  and  thereby  enhanced  the  p lan t g row th  and  developm ent 

(S aharan  and  N ehra, 2011). T herefore , the re la tionsh ip  be tw een  soil p H  and the tuber w eigh t
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m ight be due the p roduction  o f  p lan t grow th ho rm ones like  IA A  by  th e  b io film  com bination  

B FB F1.

Strong sign ifican t p o sitive  co rre la tion  w as observed  be tw een  m ean  tu b e r s tarch  con ten t and 

m ean  le a f  reduc ing  su g ar con ten t at bo th  B andaraw ela  (r =  0 .9 , P =  0 .038 ) and  B ib ile  (r =  

0 .987, P =  0 .002) fie ld  sites (table 5.5). It has been  w ell d o cu m en ted  th a t reducing  sugar is 

the  substrate  for s tarch  syn thesis  and there is a c lose  re la tionsh ip  b e tw een  the reducing  sugar 

con ten t and  starch  syn thesis  in  p lan ts (X ing-lu , Z hong-yong  and  Y in g -h u a , 2006; Luo and 

H uang, 2011). This study  has fu rther show n tha t the  s tarch  accu m u la tio n  in the tuberous 

roots had  a positive  co rre la tion  w ith  the  so lub le  sugar co n ten t in  cassav a  leaves and a 

negative  co rre la tion  w ith  the  le a f  reducing  sugar con ten t as w ell as th e  sucrose con ten ts in 

leaves (Luo and H uang, 2011). H ow ever, in  the  cu rren t study , it w as c learly  observed  tha t 

the reducing  sugar co n ten t had  a strong positive  corre la tion  w ith  tu b e r s tarch  accum ulation  

o f  po ta to  p lan t. S im ilar re la tionsh ip  has been  observed  by an o th er s tudy  th a t the fluctuation  

o f  sugar con ten t in  w h ea t leaves and  stem s has co rre la ted  w ith  the  s tarch  accum ulation  in 

the seeds and  the trend  is tha t increasing  o f  sugar con ten t in  leaves and  stem s is good for 

s tarch  accum ula tion  in  th e  seeds. (L uo and H uang, 2011).

S ign ifican t positive  co rre la tions w ere observed  b e tw een  m ean  tu b e r s tarch  con ten t and  m ean  

ch lorophyll con ten ts 5th le a f  o f  po ta to  at B andaw ela  (r =  0 .974, P =  0 .005) and  B ibile  (r =  

0 .942, P =  0.017). Further, though  a sign ifican t positive  co rre la tion  w as observed  betw een  

tuber starch  and  3rd le a f  o f  potato  at B andaraw ela  fie ld  site (r =  0 .945 , P=  0 .015), sign ifican t 

co rre la tion  w as no t observed  at B ibile site (r =  0 .788, P =  0 .133). S im ilar positive  

re la tionsh ips betw een  ch lorophyll con ten t and the carbohydrate  co n ten t o f  the  p lan ts have 

been  reported  by  several o th e r studies (K apu ln ik  et al., 1981; C havan  et al., 1997). It has 

been  reported  tha t the  ch lo rophy ll con ten t o f  po ta to  leaves is d irec tly  enhanced  by  the  

activ ity  o f  N 2 fixing m icroorgan ism s through  the en h ancem en t o f  p lan t N  and  o ther nu trien t 

content. Further, th is  study  has show n that the carbohydrate  a ss im ila tes  o f  po ta to  p lan t has 

d irec t re la tionsh ip  w ith  the  ch lorophyll con ten t o f  the le a f  (K ap u ln ik  et al., 1981). M oreover, 

ano ther study has repo rted  th a t the inocu la tion  o f  benefic ia l m ic ro o rg an ism s enhanced  the 

m etal e lem ents like zinc, m anganese, iron and co p p er w h ich  help  to  sy n thesize  ch lorophyll 

o f  tissues in w heat, so rghum  and pan icum  p lan ts (C h av an  et al., 1997).
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Significant positive  co rre la tions w ere observed  be tw een  m ean so il C a2+ content and  m ean  

tuber starch  con ten t at bo th  B andaraw ela  (r  =  0 .972 , P =  0 .006) and  B ib ile  (r — 0.884, P =  

0.037) field  sites. F urther, a  significant positive  co rre la tions w ere  o b served  betw een tu b er 

starch con ten t and  tu b e r w eight o f  po tato  at b o th  fie ld  sites (B andaraw ela- r =  0 .891, P =  

0.043 and B ibile- r =  0 .948 , P =  0 .014). It has been  reported  by  an o ther study tha t the  starch  

content is positive ly  corre la ted  w ith  dry  m atter percen tage  o f  sto lon  tips, and is a  good  

indication  o f  transition  o f  s to lon  tips to tubers (H elder and  V reugdenh il 1999; M inahas et 

al., 2004). T his im plies tha t the  starch  deposition  p rocess is greatly  reg u la ted  by the  soil C a2+ 

content and the tuber w eigh t is m ostly  due to the starch accum ulation . S im ilar re la tionsh ip  

has been  observed  by  an o th er study tha t th e  increm en t o f  starch  and  p ro te in  con ten t in the  

tuber is p roportional to  the  fresh  w eigh t du ring  the w ho le  period  from  tuber in itia tion  to  tu b er 

en largem ent (S asam oto  and  Suzuki, 1979). T hough  a  significant co rre la tion  w as observed  

betw een soil C a2+ con ten t and  tuber s tarch  (r =  0.893, P =  0 .041) at B andaraw ela  site, a 

sign ifican t co rre la tion  w as no t observed  b e tw een  those  param eters (r =  0.836, P=  0 .077) at 

B ib ile  site.

The po tato  tu b er is a m assive  storage o f  m acrom olecu les, m ost n o tab ly  s tarch  and pro tein . 

Therefore, the  tuberiza tion  is m ostly  regu la ted  by  the m ovem ents o f  m acrom olecu les from  

lea f tissues to sink organs such as sto lon  tip s  w here the tuber is fo rm ed  (O kazava, 1967). It 

has been  reported  tha t a w ide varie ty  o f  soil, environm ental and horm onal stim uli are k now n  

to be invo lved  e ither d irec tly  o r ind irec tly  in the induction  o f  po tato  tuberization  through  

starch deposition  (S asam oto  and  Suzuki, 1979; N ookaraju  et al., 2012). F u rther it has been  

noted  tha t increased  sucrose transpo rt w ou ld  greatly  affec t carbon  a llocation  and sugar signal 

generation  (Y oujun , 2011). T herefore , it is im portan t to study the effec t o f  an exogenous 

stim uli on the  endogenous levels o f  d ifferen t b iochem ical p ro cesses w hich  induce 

tuberization .

A m ong the soil factors, C a2+ nu trition  p lays an  im portan t ro le  in  po ta to  tuberization . 

E xperim en ts w ith  sing le-node le a f  cu ttings from  induced  po ta to  (.Solarium tuberosum  L .) 

p lan ts p roved  the possib le  ro le  o f  C a2+ as a  m ed ia to r o f  tu beriza tion  stim ulus (B alam ani et 

al., 1986). Several o ther studies reported  the e ffect o f  C a2+ on tu b eriza tio n  o f  potato  under 

field  conditions (C hang et al., 2007; N ookara ju  et al., 2012). It has b een  reported  tha t C a2+ 

acts as in tracellu lar m essenger in the  cy toso l (M arschner, 1995). Further, it acts as a m ed ia to r 

o f  s tim ulus-response  and p rov ide  signals in the  regu la tion  o f  d iverse  b iochem ical and
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m orphological responses (N ookaraju  et al., 2012). It has been show n  tha t a  g iven  signal 

m ay induce a  d ifferen t C a2+ levels in d ifferen t cell types (K ieg le  et al., 2000). M ost o f  the 

C a2+-dependent cellu lar processes is fac ilita ted  th ro u g h  in tracellu lar C a2+ - b inding o r C a"+ 

m odula to r pro teins, a lso  know n as C a2+'senso rs. T he increase  in  the  cy tosolic  C a2+ 

concen tra tion  stim ula tes various C a2+"sensor p ro te in s  th a t convert th e  ex ternal signals in to  a 

w ide varie ty  o f  b iochem ical changes. It has been  repo rted  th a t soil C a2~ influences 

tuberization  by altering  the horm onal balance at th e  s to lon  tip  (N ookara ju  et al., 2012). In  a 

field  study, the  in fluence  o f  C a2+ app lica tion  o n  po ta to  tu b e r y ie ld  has been  investigated  

(S im m ons and  K elling, 1987). It has been  rep o rted  tha t app lica tion  o f  exogeneous C a2+ 

resu lted  h igh  qua lity  tubers w ith increased  tu b er size. This m igh t be due to the induction  

activ ity  o f  exogenous C a2+ on  starch accum ulation  p rocess, thereby  enhances tuber w eigh t 

(S asam otto  and  Suzuki, 1979). This ind icates the  induction  activ ity  o f  C a2+ on tuberization  

signal. A ccord ing  to  a  p rev ious study, com pared  to  non-induced  p lan ts, induced p lan ts 

accum ulate  th ree tim es m ore  starch in the  leaves during  the  day  and  subsequently  transpo rt 

it ou t o f  the leaves tow ards tubers during  the dark  p e rio d  (L orenzen  &  E w ing, 1992; M inhas 

et al., 2004). A pp lica tion  o f  P so lubiliz ing  m icroo rgan ism s has been  reported  to enhance soil 

C a2+ con ten t by re leasing  the  C a2+ from  C a- P hosphates due to  the acid  p roduction  (K han et 

al., 2009). T his c learly  im plies tha t the tuberiza tion  induction  activ ity  is regulated  by  

exogenous signals like C a2+’ o ther b iochem ical signals o r physio log ical fac to r through sugar- 

starch  conversion  process.

P lan t ho rm ones are also considered  as chem ical m essengers  tha t a ffect a  p lant's ab ility  to  

respond  to its environm ent. Further, it has b een  w ell docum ented  that exogenous p lan t 

grow th regu lato rs p lay  a p rom inen t ro le  in the  induc tion  o f  po tato  tuberization  (E w ing, 1987; 

G havidel et al., 2012). The possib le  ro le o f  G A  and A ux in  in  th is p rocess was ex tensively  

studied, m ain ly  in  experim ents in  w hich  th is  com pound  w as app lied  exogenously . T hese 

experim ents show ed  that app lication  o f  G A  p ro m o tes  s to lon  e longation  and inhib its tuber 

fo rm ation  (S m ith  and  R appaport, 1969; X u  et al., 1998). It w as a lso  reported  tha t a  decline  

o f  G A  activ ity  in po tato  (Solarium tuberosum  L .) p lan ts is associated  w ith  tuberization  

(O kazaw a, 1959; X u  et al., 1998). It has b een  ob serv ed  tha t IA A  trea tm en t induces larger 

tubers at an earlier stage and  auxin  con ten t is h ig h  in  the  stage befo re  tu b er in itia tion  and 

decreases during  tuber developm ent (H arm ey  et al., 1966; S asam oto  and  Suzuki, 1979). 

M any p lan t-associated  m icroorgan ism s have the  cap ab ility  o f  p ro d u c in g  p lan t ho rm ones 

such as IA A , G A  and C ytok in in  w hich  act as s ig n alin g  m o lecu les to  a lter the  b iochem ical
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and physiological status o f  the host p lan t (S reenivasa, N aik  and Bhat, 2009; Saharan and 

N ehra, 2011). P lan t-associated  IA A  producers inc lude  m any  species o f  bacteria , as w ell as 

fungi and yeasts (C ostacurta  and V anderleyden, 1995; K im  et al., 2011).

In the current study, it w as recorded tha t the app lication  o f  BFBF1 along w ith 50%  C F 

enhanced soil and tissue C a2+ content (Fig. 5.5 and  tab le  5.4), tuber starch content (Fig. 5.6) 

and ultim ately  tuber fresh  w eight at B andaraw ela  field  site (table 4 .4 ) w hich possess a  tuber 

inducing clim atic condition . It is notew orthy th a t sim ilar responses w ere recorded from  

B ibile field  site though it possesses non-induce clim atic  conditions for potato cultivation. 

Further, the b iofilm  com bination  in the treatm ent BFBF1 did not p roduced tuber inhib iting  

horm one, G A  (S m ith  and R appaport, 1969) and produced  e levated  am ount o f  tuber inducing 

IA A  horm one. Therefore, this im plies that the e levated  IA A  production  and soil C a2+ content 

by the treatm ent TR3 (BFBF1 along w ith 50%  C F) m igh t act as potential stim ulators for the 

tuberization  enhancem ent by altering the essential b iochem ical p rocesses in  potato tissues 

irrespective o f  the clim atic  conditions.

5.4.8 T he effect o f b iofiim  treatm ent com bin ations on m icrobial d iversity  o f soil

The h ighest significant m ean CFU  value w as observed  from  treatm ent TR3 (P <  0.05, 23.67 

g ' 1 ±  2 .5) com pared to  all other treatm ents except trea tm en t T R 4 (Fig. 5.8). It is notew orthy 

that treatm ent TR3 enhanced  the C FU  by approx im ately  39%  com pared  to treatm ent TR2 

( 1 7 g ! ±  1 ) and by approxim ately  69%  com pared  to  treatm ent TR1 (14 g ' 1 ±  1.7). A nother 

study has reported  the enhancem ent o f  C FU  in  soil m icroorganism s by the application o f  

h igher order b iofilm  including three d ifferent bacteria  w ith  Trichoderma harzianum  (Srinath 

et al., 2003). Further, it was noticed that the treatm ent TR1 reduced  the C FU  by 

approxim ately  21.5%  com pared  to treatm ent TR 2 w hich  w as h a lf  C F application  o f  T R 1 . It 

has been reported  that the N  fertilizers suppress the  action o f  m icrobes (K olb and M artin, 

1988; C ruz et al., 2009), thus, reduced fertilizer rates should  also enhance grow th o f  the 

m icrobes and consequently  their beneficial effects on  the p lan t grow th and the soil 

(Seneviratne et al., 2011). M oreover, all the B FB Fs treatm ents (TR3 and TR 4) enhanced the 

C FU  com pared  to the treatm ents w ith only  C F applications. C FU  represents the species 

richness and the species abundance o f  soil (B loem  et al., 2006). Therefore, this clearly  

im plies that h igher rate o f  CF applications reduces the species richness and abundance.
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Figure 5.8- Mean CFU values o f soil treated with different BFBFs and CF combinations at Bandarawela field 
site. Treatments TRl, TR2, TR3, TR4 and TR5 are 100% CF, 50% CF, 50% CF+ BFBF1, BFBF1 alone and 
No amendments treatments respectively. Columns with the same letter are not significantly different at 5% 
probability level. Vertical bars show standard deviations.

It w as noticed that the species richness o f  both  bacteria  and fungi w as h igh in treatm ent TR3 

com pared to the o ther treatm ents (Table 5.6). O rig inally , the BFBF1 contained  tw o bacteria  

and one fungi, o f  w hich the bacterial (Bacillus  sp .) and  the fungal species (Trichoderma  sp .) 

w ere isolated  from  B FB Fs treated  soil. M ajor bacteria l species observed  from  the soil treated  

w ith treatm ent TR3 w ere three d ifferen t Bacillus  sp. and one G ram ’s negative rod shape 

bacterial strain  w hereas m ajor fungal species w ere Trichoderma  sp., Colletrotrichum  sp. and 

tw o Aspergillus  sp. Further, Pseudom onas  sp. and one G ram ’s positive  bacterial sp. w ere 

the com m on species found in  all treatm ents w hereas Phytopthora  sp. w as identified  as the 

com m on fungal species in  all treatm ents. Phytopthora  sp. is a  com m on plant pathogen found 

in m ost o f  the potato  fields w hich causes severe d isease know n as ‘potato  late b lig h t’ (W u 

et al., 2013).

It w as noted tha t the application  o f  CF (trea tm en ts T R l and TR 2) reduced the species 

richness and the C FU  com pared  to the treatm ents w ith  B FB Fs (F ig .5 .8 and table 5.6). S im ilar 

reduction  o f  species richness has been observed  by ano ther study (B uddhika  et al., 2013). 

Fusarium  sp w hich  is a com m on plant pathogen  (D aboussi and Langin, 1994), and 

Phytopthora  sp w ere p rom inen t in the soil treated  w ith  only  C F (T R l and TR2). This m ay 

be due to the destruction  o f  natural balance o f  soil m icrobial d iversities and the lack o f  

natural control o f  pathogens due to  the application  o f  CF (S eneviratne, 2009; B uddhika et 

al., 2013). It has been reported  that the adverse soil conditions generated  by the 100%  C F 

app lication  collapse beneficial m icrobial com m unities (S eneviratne, 2009), leading the
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inactivation  o f  m etabo lica lly  active  m ic ro b ia l ce lls  (B u d d h ik a  et al., 2013). Therefore, the 

com position  and  the d iversity  o f  the  m ic ro b ia l co m m u n itie s  in  such  soil becom e altered.

It is no tew orthy  th a t the Fusarium  sp  w as n o t id en tified  in  the  soil trea ted  w ith  BFBFs. This 

im plies tha t the in tro d u ctio n  o f  the  b en efic ia l m ic ro o rg an ism s th ro u g h  B FB F suppress the 

grow th o f  pa thogen ic  m ic ro o rg an ism s an d  th e reb y  creates favo rab le  soil environm ent for 

plant grow th  and  developm en t. A n o th e r s tudy  has repo rted  the ab ility  o f  producing 

antim icrobial agents by Bacillus  sp  w h ich  su pp ress the  p a thogen ic  m icroorganism s (K um ar 

et a l,  2012). T his is an ind ica tion  o f  p o ssib le  e ffec ts  o f  the  B FB Fs along  w ith  50%  CF in 

m ain tain ing  m icrob ial ba lan ce  fo r na tu ra l b io co n tro l o f  pa thogens. T his w as confirm ed by 

another study exp ressing  th a t m any  w ild  stra ins o f  Bacillus subtilis  are capable o f  form ing 

biofilm s on p lant root su rfaces and tha t th is  cap ab ility  is critical during  the suppression o f  

phy topathogens th rough  the p roduction  o f  an tim icrob ia l agen ts (C hen  et al., 2012). It has 

been reported  tha t the  benefic ia l b io film  in ocu lum  suppress the  pathogen ic  m icrobial grow th  

through the p roduction  o f  d iverse  b iochem ical co m pounds (S enev iratne, 2003a; H erath  et 

al., 2013). These active com pounds inc lud ing  enzym es, an tib io tics, siderophores, and the 

p lan t horm one IA A , p roduced  by  po ta to -asso c ia ted  endophytes, have been  reported  to  

an tagonize fungal o r bacteria l pathogens in  the  rh izosphere  (S essitsch  et al., 2004; W u et al., 

2013). Further, it has been  reported  tha t the  b iocon tro l am endm ents Trichoderma virens, has 

increased m icrob ial activ ity  and bacteria l popu la tions in  organic and  conventional po ta to  

p roduction  system s (B ernard  et al., 2012). M oreover, fungus Glom us intraradices has been  

reported  to  suppress the developm ent o f  po ta to  dry  rot, a  post-harvest d isease caused by the 

fungus Fusarium sam bucinum  (N iem ira, H am m erschm id t and Safir, 1996; W u et al., 2013).
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Table 5.6-MicrobiaI isolates found in potato rhizosphere under different treatments

Treatm ents_________________________________ M icrob ial d iversity
B acteria Fungi

TR1 Pseudom onas sp.
U n-iden tified  G ram ’s positive  rod

Phytopthora sp. 
Fusarium  sp.

TR2 Pseudom onas sp.
Bacillus  sp. 1
U n-iden tified  G ram ’s positive  rod

Phytopthora  sp. 
Fusarium  sp

TR3 Bacillus  sp. 1 
Bacillus  sp. 2 
Bacillus  sp. 3 
Pseudom onas sp.
U n-iden tified  G ram ’s negative rod 
U n-iden tified  G ram ’s positive  rod

Trichoderma  sp. 
Phytopthora  sp. 
Aspergillus  sp. 1 
Aspergillus  sp. 2

Colletotrichum  sp.

TR4 Bacillus  sp. 2 
Bacillus  sp. 3
U n-iden tified  G ram ’s negative rod 
U n-identified  G ram ’s positive  rod

Trichoderma  sp. 
Phytopthora  sp.

TR5 Pseudom onas sp.
Bacillus  sp. 1
U n-identified  G ram ’s positive  rod

Phytopthora  sp 
Fusarium  sp.

Further, resu lts ind icated  tha t the app lication  o f  BFBF1 together w ith  50%  CF (TR 3) 

supported  em ergence o f  new  fungal species {Aspergillus 1, Aspergillus 2 and 

Colletotrichums sp) w h ich  w ere not identified  in o ther treatm ents. T his m igh t be due to the  

induction  o f  dorm ant m icrobial seed bank  w hich  already exists in the soil. It has been 

reported  tha t the app lication  o f  the B FB Fs along w ith  50%  CF tends to b reak  dorm ancy  o f  

m icrobial seeds bank  in  the  soil, w hich  causes em ergence o f  d iverse m icrobes (B uddhika  et 

al., 2013). Further, it has also been reported  tha t FB B s produce d iverse and  unique set o f  

b iochem ical com pounds (e.g. low  m olecu lar w eigh t sugars and am ino acids) w hich  have the 

ability  to  b reak  dorm ancy  o f  m icrobial spores and  con id ia  (Saini et al., 1986; D e Boer, 

Folm an and Sum m erbell, 2005; H erath  et al., 2013).
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5.5 C onclusions

It is no tew orthy  that the treatm ent TR3 (50%  C F +  B FB F1) responded  positive ly  to create 

favorable soil b iochem ical (SO C , M B C , N , P, K  and C a2+), physio log ical (pH ) and b io logical 

conditions (m icrobial d iversity) w hile  im prov ing  the in ternal b iochem ical (tissue C a2+, tuber 

nutrients, le a f  reducing  sugar, stolon starch) and  physio log ical (pH , chlorophyll content) 

status o f  the potato p lant, leading to the enhanced  tuberization . It w as confirm ed  that BFBF1 

treatm ent along w ith  50%  CF increased tu b eriza tio n  at all tested  fie ld  sites, irrespective o f  

the clim atic  conditions. Thus, it can be concluded  th a t the  exogenous favorab le  biochem ical 

physio logical and physiochochem ical factors created  by  the b iofilm  BFBF1 along w ith  the 

50%  C F w as capable  o f  inducing  the  in ternal b iochem ical and physio log ical status, leading  

to the im proved  tuberization . The biofilm  action  has com pensated  for the clim atic  conditions 

required  for increased tu b er production.



C H A P T E R  6

T H E  E F F E C T  O F  D E V E L O P E D  F U N G A L - B A C T E R I A L  B I O F I L M S  
O N  R H I Z O - R E M E D I A T I O N  O F  P O T A T O

6.1 Introduction

In the last five decades, the  rate  o f  N P K  fertilizer and agrochem ical app lica tion  has increased  

trem endously . A lthough  m ineral fertilization  has been  show n to have beneficial effect on  

crop yield , incorrect agro technical m easures and im proper fertiliza tion  prac tices can  lead  to  

seriously  d isturbed  functions o f  the entire agro ecosystem s and con tribu te  to  the fo rm ation  

o f  d ifferen t contam inan ts in  soil (e.g. n itrosam ines and heavy m etals) w h ich  are harm fu l fo r 

soil m icroorgan ism s and cu ltiva ted  plants, and in tu rn  for an im als and  hum ans. T his 

detrim ental phenom enon , a  side-effect o f  the use o f  chem icals in  agricu ltu re , defin ite ly  

influences the activ ity  o f  soil m icroorgan ism s, and  consequently  it ind irec tly  affects fertility  

o f  arable soils (B arabasz et al., 2002).

The app lication  o f  N  fertilizers in  large am ounts is associated  w ith  risks such as increased  

nitrate concen tra tion  in the  edible parts (Schenk, 2004). The n itrate  ion  has a  low  level o f  

acute tox icity , how ever it can  be transfo rm ed  into nitrite, w hich  has m uch  h igher acu te  

tox icity  (F ishbein , 1979). In  addition , m ineral N , in troduced  in to  soil env ironm ents, 

undergoes various b iochem ical transfo rm ations and  p roduce num erous tox ic  chem icals like 

nitroso com pounds (B arabasz et al., 2002). The m ost recent studies have indicated  tha t ou t 

o f  num erous con tam inan ts in the soil, n itrosam ines deserve special atten tion  as they  are 

included  am ong the m ost dangerous ecological po isons (B arabasz et al., 2002). The studies 

have dem onstrated  that n itrosam ines endanger also all organism s inhab iting  ecosystem s and 

biological p roductiv ity  o f  agro ecosystem s, fie ld  crops, food products, and  health  o f  an im als 

and hum ans.

N itrosam ines are cand idates for serious considera tion  as hum an carcinogens because they  

are such  po ten t p roducers o f  cancer in  a varie ty  o f  an im als (B arabasz, et al., 2002). To date 

num erous n itrosam ines have been  tested  and approx im ate ly  80%  have p roved  to  be 

carcinogenic, prim arily  in  the  liver, esophagus, resp ira to ry  system  and k idney  (F ishbein , 

1979). D im ethyl n itrosam ine is an  ex trem ely  tox ic  com pound  belongs to the  n itroso g roup

148
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com m only found in soil in low  concentrations (P ancho ly  1977; M hlongo, M am ba, K rause, 

2009). They can generate in agricultural soils trea ted  w ith  pestic ides, fungicides like th iram  

and receiv ing  heavy applications o f  N  fertilizer like urea (A yanaba et al., 1973a). E levated  

levels o f  n itrosam ines in soils and num erous agricu ltural p roducts like potato  have been  

previously  reported  (A non, 1976; R aym ond and A lexander, 1976). N itro so  com pounds have 

been found in am ounts rang ing  from  10‘3 ppm  to as h igh  as about 48 ppm  (F ishbein , 1979). 

A nother study has reported  that level exceeded even  25 ppm  in  h igh ly  con tam inated  soil 

(B arabasz et al., 2002). Further, it has been  reported  tha t the p recu rso r generation  and  

form ation o f  d ifferen t n itrosam ines in  soil env ironm ents depends on  m any  ecological and  

physicochem ical factors such as pH , type o f  soil, vegetation  cover, agro technical m easures, 

applied  pesticides and N  fertilization  rate (B rew er, D raper and  W ey, 1980; B arabasz et al., 

2002). The yield  o f  n itrosam ines has been  reported  to  increase w ith  decreasing  soil pH  

(Sander and Schw insberg , 1973; M irvish , 1972). T he acidic sandy loam  contained  tw ice as 

m uch n itrosam ines as the  neutral sandy loam  and clay loam  (P ancholy , 1977).

It has been  reported  tha t the natural degradation  o f  n itrosam ine con tam inan ts in soil is very  

slow  (T ate and  A lexander, 1975). A  greater persistence o f  d im ethyl n itrosam ine in  soil w ith  

low  organic m atter and low  m icrobial activ ity  has been reported  by  several o ther studies 

(Y ang et al., 2005; G an et al., 2006). S tudies conducted  w ith  undefined  aerobic m icrobial 

consortia  have dem onstrated  tha t d im ethy l n itrosam ine is b iodegradab le  in  labora to ry  

incubations (G unnison  et al., 2000). In addition , b io logical activ ity  has been  im plicated  fo r 

the d isappearance o f  d im ethyl n itrosam ine from  groundw ater at a  field  site in  C olorado 

(G unnison  et al., 2000). A nother study has reported  that a  varie ty  o f  m onooxygenase 

expressing  bacterial strains are capable o f  degrad ing  m ost o f  the n itrso  com pound availab le  

in soil (Sharp , W ood and A lvarez-C ohen, 2005).

M oreover, heavy  m etals are another im portan t g roup o f  env ironm enta l po llu tan ts th reaten ing  

the health  o f  hum an popula tion  and natural ecosystem s. H eavy  m etals can  affect the quality  

o f  agricu ltural soils, including  phyto tox icity  and tran sfe r o f  heavy  m etals to  the hum an diet 

from  crop  uptake (N icho lson  et al. 2003; P rem arathna, H ettiarachch i and Indraratne, 2011). 

E levated  concentrations o f  heavy m etals in  harvested  p lan t tissue  cou ld  expose consum ers 

to excessive levels o f  poten tia lly  hazardous chem icals (G eorge et al., 2011 ).M etals such as 

lead (Pb), m ercury  (H g), cadm ium  (Cd), and copper (C u) are cum ulative  poisons, w h ich  

cause environm ental hazards and are reported  to  be excep tiona lly  tox ic  (E llen , Loon and
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Tolsm a, 1990). It has been  w ell docum ented tha t synthetic fertilizers and pesticides contain  

trace m etals as im purities or active ingredients (M cL aughlin  et al., 2000; P ierzynski, Sim s 

and V ance, 2000). For exam ple, chem ical phosphatic  fertilizers such  as TSP can contain  

appreciable am ounts o f  C d (Pierzynski et al., 2000) and Cd con tam ination  in soils o f  m any 

countries is m ain ly  a  resu lt o f  the use o f  P fertilizers (M cL aughlin  et al., 1996). These P 

fertilizers also unin tentionally  introduce o ther contam inants, such as H g, A s, and Pb, into 

agricultural soils (P rem aratne et a l., 2005). F urther, those contam inants in p lants are d irectly  

associated w ith the ir concentrations in soils (O zturk  et al., 2011). For instance, high 

concentrations o f  e lem ental arsenic (A s), C d, Pb, and  Zn have been  found in potatoes 

sam ples from  overused phosphate-fertilized  soils, w hich  increased the daily  intake o f  m etals 

in food (C heraghi et al., 2013).

G enerally, heavy  m etals cannot be degraded  easily  and persist in  the environm ent 

indefinitely  (K han et al., 2009). Basically, the rem oval o f  those m etals is often perform ed 

by oxidation— reduction  processes, filtration, evaporation , ion  exchange or reverse osm osis 

(Q uintelas et al., 2009). H ow ever, these m ethods p resent several d isadvantages like h igh  

energy and chem ical requirem ents. In th is context, rh izo-rem ediation  th rough  soil beneficial 

m icroorganism s has been  considered  as one o f  the prom ising m ethods to  reduce soil 

toxicities. N um erous strains o f  PG P R s possessing  m etal reducing  ability  have been 

identified (Faisal and H asnain  2005; K han et al., 2009). The rem oval o f  m etals from  

contam inated soils by beneficial m icrobial com m unities can be carried  out by artificial 

introduction o f  viable population  to  contam inated  sites (b io-augm entation), or stim ulation  

o f  viable native m icrobial population (bio-stim ulation). O nce accum ulated  in the soils, the 

toxic m etals inversely  affect the m icrobial com m unities in  the rh izosphere including  

biofilm s. B iofilm s have been found to be suitable for the rem ediation  o f  pollu tan ts because 

o f  the ir h igh  m icrobial b iom ass and ability  to im m obilize  pollu tants (Q uintelas et al., 2009). 

There are reports  on the  app lication  o f  b iofilm s fo r the  rem oval o f  heavy m etals. R ecently , 

b iorem oval o f  C r (III) using  bacterial b iofilm  in a  continuous flow  reactor has been reported. 

The ability  o f  a b iofilm  o f  Escherichia coli supported  on  N a zeolite  for the rem oval o f  C r 

(VI), C d (II), Fe (III), N i (II) from  w astew ater w as also reported  (D as et al., 2012). For 

survival under m etal-stressed  environm ent, m icrobial b iofilm  com m unities in the soil have 

evolved several m echanism s including ( 1 ) the pum ping  o f  m etal ions ex terio r to the cell (2 ) 

accum ulation  and sequestra tion  o f  the m etal ions inside the cell (3) transform ation  o f  toxic
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m etal to  less tox ic  form s (W ani, K han and Zaidi, 2008 ) and  adso rp tion /deso rp tion  o f  m etals 

(M am aril, Paner and  A lpan te, 1997; K han et al., 2009).

6.2 O bjective

•  To investigate  the rh izo -rem ed ia tion  ab ility  o f  n itro sam ine  and heavy m etal 

con tam inations by the effective B FB F1.

6.3 M ethodology

6.3.1 R h izo-rem ed iation  abilities o f  d ifferen t treatm en ts on n itrosam in e

A p o t experim en t w as conducted  (as a sim ulation  experim en t) under g reenhouse  cond itions 

to evaluate  the rh izo -rem ed ia tion  ab ilities o f  d ifferen t trea tm en ts  on  n itrosam ine. T he 

experim ent w as conducted  from  M ay 2014  to  June  2014 at the  R egional A gricu ltu re  

R esearch  and  D evelopm ent C enter, B andaraw ela, Sri Lanka.

6.3.1.1 M ed ia  preparation  and p lan tin g  seed potato

R iver sand  w as s ieved  (partic le  size <  1m m ) and  w ash ed  th ree  tim es w ith  tap  w ater b efo re  

sterilization . T hen the sand m edium  w as heat sterilized  using  a  dry  oven  at 160 °C for 2 

hours a fter ad justing  the pH  to 5-7. Six inch  d iam eter b lack  p lastic  po ts w ere used  for the  

ex perim en t and w ere filled  w ith  sterilized  sand m edium . D isease free seed tubers ( ‘G ran o la ’ 

varie ty) w ere ob ta ined  from  goverm nent certified  R egional A gricu ltu re  R esearch  and 

D evelopm ent C enter, B andaraw ela. Tw o seeds w ere  grow n in  each  po t w ith  sand m edium  

separately .

6 .3 .1 .2  A p p lication  o f  b iofilm  cultures

R esponsive b io film  culture (B FB F1) w as m ain ta ined  in  a b io film  fo rm ing  m edium  under 

con tinuous m ixing . L ow  cost m edium  w as u sed  as the carrie r m ateria l to  inoculate  the 

b io film  cu ltu re  to  the  p lan ts. A pprox im ately  5 m l o f  b ro th  cu ltu re  w as inocu lated  in itia lly  

w ith  100 m l o f  sterilized  low  cost m edium  and incubated  fo r 5 days w ith  con tinuous m ixing. 

In the  m eantim e, susta in ing  ab ility  o f  the m ic roo rgan ism s in  the  b io film  w ith  the low  cost 

m ed ium  w as confirm ed  th rough  the m icroscopic  observations. A t the  tim e o f  seed sow ing,
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diluted b io film  m ix ture  (250 tim es w ith  c lean  w ater) w as sprayed  d irec tly  around  the ro o t 

zone o f  the potato  p lan ts grow n in sand pots. B iofilm  inocu la tion  w as repeated  again  a fte r 

five w eeks from  seed sow ing.

6.3.1.3 F ertilizer  ap p lica tion

A lbert so lu tion  (1% ) w as used  as the basal C F and applied  at the  tim e  o f  the seeds w ere  

sown. A fter 8 - 1 0  days, the  concen tra tion  o f  the  A lbert so lu tion  m ed ium  w as increased  to  

10% and app lied  once in  tw o days until the harvesting. R ates o f  the  C F app lica tion  w as 

calculated  p er p lan t basis  accord ing  to the D O A  recom m endations. W ater level o f  the  

m edium  w as m ain ta ined  constan tly  by app ly ing  250 m l o f  w ater fo r each  po t every  day. 

P lants w ere g row n w ith  a daily  m in im um -m axim um  tem perature  range  o f  20 °C — 30 °C.

6.3.1.4 A p p lica tion  o f  n itrosam in e

A pproxim ately  3 ppm  n itrosam ine stock  so lu tion  w as p repared  using  N -bu ty l-N - (4- 

hydroxybuty l) n itrosam ine o rig inal sam ple. T he sand m edium  in  each p o t w as am ended  w ith  

the d ilu ted  n itrosam ine so lu tion  a fte r 8 - 1 0  days from  seed sow ing  sim ultaneously  w ith  

B FB Fs app lication . The levels o f  n itrosam ines p resen t in  soil are m uch  low er th an  those  

used in  th is  investigation . S ubsequen tly  all the  po ts w ere arranged  accord ing  to  the C R D  

inside the g reenhouse and  five rep licates w ere m ain tained  for each  treatm ent. T reatm ents are 

as follow s. .

TR1- 100%  CF 

TR2- 50%  CF 

TR 3- 50%  CF +  BFBF1 

TR 4- BFBF1 alone

TR 5- N o am endm ents (inc lud ing  n itrosam ine)

T R 6- N o  am endm ents (exclud ing  n itrosam ine)
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6.3 .1 .5  H arvestin g

A fter 90 days from  seed sow ing, p lan ts w ere uproo ted  w ithou t dam aging  the tubers and  w ere 

w ashed carefu lly  w ith  w ater to rem ove unw anted  m ateria ls. S ubsequently , the tubers w ere 

transferred  into b lack  po ly thene  bags accord ing ly  w ith  the  d iffe ren t trea tm en ts and  w ere 

brought in to the laborato ry  for fu rther analysis. Sand sam ples w ere also  co llected  into b lack  

po ly thene bags separa te ly  to analyze  the n itro sam ine  contam ination .

6.3 .1 .6  A nalysis o f  n itrosam in e contam ination s

R hizo-rem ediation  ab ilities o f  d ifferen t trea tm en ts  on n itrosam ine w as evaluated  by  

analyzing  the tuber and  sand sam ples separately . T uber sam ples ob ta ined  from  each  

treatm ent w ere  w ashed  thorough ly  w ith  clean  w ater to  rem ove the d irect n itrosam ine 

con tam inations at the tu b er surface. S ubsequently , the  peel o f  th e  tubers w as rem oved  

carefu lly  using  a sharp  knife and tuber m ass w ere ob ta ined  up to 5 m m  depth  from  th e  

peripheral surface o f  the  peeled  o f f  tuber (as show n in  the d iagram  1 ).

T w enty  gram s o f  tu b er m ass ob tained  from  the periphera l reg ion  o f  the  tubers w as used  to 

ex tract n itrosam ine w ith  d ich lorom ethane at 55 °C using  S oxh le t apparatus. Subsequently , 

the ex tractions w ere evaporated  using  ro tary  evap o ra to r to concen tra te  the availab le  

n itrosam ines. T he resu lting  ex tracts w ere analyzed  by  fourier tran sfo rm  infrared (F T IR ) 

spectroscopy  fo r the availab ility  o f  n itrosam ine. P eak  resem bles to  1440 c m '1- 1460 cm ' 1 

(N N O  bond) w aveleng ths w as considered  as the responsib le  peak  fo r n itro sam ine  de tec tion  

(M istry , 2009). N itrosam ine availab ility  o f  the sand  m ed ium  w as evalua ted  using  the sam e 

m ethod  as exp lained  above. S tatistical da ta  analyses w as perfo rm ed  on  all da ta  co llec ted  

using  the one w ay A nalysis  o f  V ariance  (A N O V A ) M odel in  M IN IT A B  16 S tatistical
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Softw are. The m ean values o f  the absorbance ob ta ined  from  the F T IR  spectroscopy  (N ico le t 

6700 FTIR , available at Institu te  o f  Fundam ental S tudies, K andy, Sri L anka) for n itrosam ine 

availability  (at 1440 c m '1- 1460 c m '‘w avelengths) in sand and tu b er b iom ass w ere com pared  

separately on treatm ent basis  using  the T u k ey ’s sim ultaneous test a t 5%  significance level.

6.3.2 R hizo-rem ed iation  ab ilities o f  d ifferent treatm ents on heavy m etals

A pot experim en t w as conducted  to  evaluate  the  rh izo -rem ed ia tion  abilities for heavy m eta ls  

by d ifferent treatm ents including  the responsive b iofilm  under g reenhouse conditions. The 

experim ent w as conducted  from  M ay  2014 to June 2014 at R egional A gricu ltu re  R esearch  

and D evelopm ent C enter, B andaraw ela, Sri Lanka.

6.3.2.1 M edia preparation  and p lan tin g  seed potato

Soil co llected  from  0 - 1 0  cm  dep th  o f  a  loam y soil in  R egional A gricu ltu re  R esearch  and 

D evelopm ent C enter, B andaraw ela  w as used  as the  m edium  for the po t experim ent. T he soil 

sam ple w as sieved  to  ob tain  un ifo rm  soil partic les (particle size <  2 m m ). The initial 

concentrations o f  C d and Pb w ere determ ined  (C d-0.3 ppm  and Pb- 3.5 ppm ). T hen the soil 

m edium  w as artificially  sp iked  w ith  a  so lu tion  contain ing  know n concen trations o f  C d and 

Pb com pounds (Cd- 5 ppm  and Pb- 25 ppm ). The heavy  m etal contain ing  so lu tion  w as m ixed  

thoroughly  w ith  the soil m edium  to d istribu te  the  heavy m etal com pounds evenly  th roughou t 

the soil. The levels o f  heavy  m etals that m ay  be form ed in soil are m uch  low er than those 

used in  th is  investigation. Subsequently , d isease free potato  tubers (tw o seed tubers in  each 

pot) w ere sow n in  each  po t w ith  the con tam inated  soil m ix ture  and kept inside the 

greenhouse at R egional A gricu ltu re  R esearch  and D evelopm ent C enter, B andaraw ela, Sri 

Lanka.

6.3.2.2 A pp lication  o f cu ltures

R esponsive b iofilm  culture (B FB F1) w as p repared  w ith  the carrier m ateria l as explained  in 

6 .3.1.2. A t the tim e o f  seed sow ing, d ilu ted  b io film  m ix ture  (250 tim es w ith  clean w ater) 

w as sprayed  d irectly  around the root zone o f  the po tato  p lan ts grow n in con tam inated  soil 

m edium . B iofilm  inoculation  w as repeated  again  a fte r five w eeks from  seed sow ing.
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6.3.2.3 Fertilizer app lication

A m ixture o f  urea (2.0 g /kg), TSP (3.33 g/kg), M O P (1.33 g/kg) w as m ixed  w ith  the soil as 

a basal fertilizer m ixture at the tim e o f  the seeds were sown. F ertilizer app lication  (2 .0  g /kg  

o f  urea and 1.33 g/kg o f  M O P) w as repeated after five w eeks from  the  seed sow ing  

sim ultaneously  w ith the b io fertilizer application. Rates o f  the chem ical fertilizer application  

was calculated  per p lan t basis according  to the D O A  recom m endations. M oisture level o f  

the m edium  w as m ain tained  constantly  by  applying 250 m l o f  w ater for each  po t every day. 

Plants w ere grow n w ith  a daily  m inim um -m axim um  tem perature range o f  20 °C — 30 °C. A ll 

the pots w ere arranged according  to the CRD  inside the greenhouse and five rep licates w ere 

m aintained for each  treatm ent. T reatm ents are as follows.

TR1- 100% CF 

TR2- 50%  CF 

TR3- 50%  C F + BFBF1 

TR4- BFBF1 alone 

TR5- N o am endm ents

6.3.2.4 H arvestin g

A fter 90 days from  seed sow ing, p lan ts w ere uprooted w ithout dam aging the tubers and w ere 

w ashed carefu lly  w ith  w ater to  rem ove attached  soil particles. Subsequently , the tubers w ere 

transferred  into b lack  poly thene bags accordingly  w ith  the d ifferent treatm ents and w ere 

brought in to  the laboratory  for further analysis. Soil sam ples w ere also collected  into b lack  

polythene bags separately  to analyze the heavy m etal contam ination.

6.3.2.5 D eterm ination  o f  the availab ility  o f  heavy m etals

R hizo-rem ediation abilities o f  d ifferent treatm ents on heavy  m eta ls  w as evaluated  by  

analyzing the availability  o f  heavy m etals in the soil sam ples and by  analyzing  the heavy  

m etal uptake in the tuber biom ass.

Tuber sam ples obtained from  each treatm ent w ere w ashed  thorough ly  using  clean w ater to 

rem ove airborne pollu tants at the tuber surface. The peel o f  the tubers w as rem oved  carefu lly
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using a sharp knife and m iddle tuber m ass w as ob ta ined  for further analysis. Subsequently , 

10 g o f  chopped tuber sam ples w ere m easured  and  air-d ried  for a  day separately , to reduce 

the w ater content, follow ed by oven-dry ing  at 70 °C for 48 hours to constant w eight. 

Preparation o f  soil sam ples w as perform ed as exp lained  above.

The dried sam ples (both tuber and soil sam ples separately) w ere ground m anually  w ith  

ceram ic m ortar and pestle to pass through a  2  m m  non- m etal sieve to ensure uniform  partic le  

size. To 1 g o f  each dry  sam ple, 10 ml o f  concen trated  acid so lu tion  (1 perchloric acid: 4 

nitric acid) w as added and the m ixture w as allow ed to stand overnight, and then heated for 

4 hours a t 125 °C on  a  hot plate. The hydrolyzed  sam ples w ere transferred  to a centrifuge 

tube for centrifugation at the rate o f  3000 rpm  to rem ove solid  particles. The presence o f  

lead (Pb detection lim it- 0.5 ppm ) and cadm ium  (C d detection  lim it- 0.1 ppm ) w ere analyzed 

using the A A S (M odel N o. G B C  933A A , A ustralia) at 217.0 nra and 228.8 nm  w avelengths, 

respectively (standard  sam ples for Pb- Pb(NC>3)2 and C d-C d(N 03)2 ) Sam ples w ere analyzed  

in triplicates. B ased on the absorbance data, heavy m etal concentrations in the tuber and soil 

sam ples w ere determ ined. M ean concen tra tion  values o f  the soil for treatm ents w ere 

com pared w ith  the concentration  obtained from  initial soil sam ple (K isku et al., 2011).

6.3.2.6 Statistica l analysis for heavy m etal content

Statistical data analyses w as perform ed on all da ta  co llected  using the one w ay A nalysis o f  

V ariance (A N O V A ) M odel in  M IN ITA B  16 S tatistical Softw are. T he m ean values o f  the 

heavy m etal content o f  soil and tuber b iom ass w ere com pared separately  on treatm ent basis 

using the T u k ey ’s sim ultaneous test at 5%  s ignificance level.

6.4 R esults and D iscussion

6.4.1 T he effect o f  d ifferent treatm ents on n itrosam in e content

Due to the unavailability  o f  dim ethyl n itrosam ine w hich  is the m ost com m only found nitroso 

com pound in the soil, N -buty l-N - (4- hydroxybuty l) n itrosam ine, a  hydroxylated  derivative 

o f  n itrosam ne w as used in the current study. In com parison  w ith all o ther treatm ents, the 

low est soil nitrosam ine content (0.00123 A U  ±  0 .001) w as observed  in  the treatm ent TR3 

except treatm ent TR N i-ve (Fig. 6.1a). It is no tew orthy  tha t the trea tm en t TR3 reduced  the 

nitrosam ine content o f  the  sand m edium  by approx im ate ly  76%  com pared  to treatm ent T R 1 .
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Furtherm ore, the s ign ifican t low est (p <  0 .05) n itrosam ine con ten t w as detected  from  the 

treatm ent TR3 (0 .000963 ±  0.0002) except trea tm en t TR 4 and T R N i -ve in tuber b iom ass 

(Fig. 6.1b). This im plies that the beneficial m icrobial com m unity  in the b iofilm  com bination  

BFBF1 along w ith 50%  C F effectively  rem ediate  n itrosam ine in the sand m edium . Further, 

the m icrobial b iom ass o f  the b iofilm  com bination  BFBF1 reduces the penetration  o f  

nitrosam ine into the tuber m ass. It w as noted  that the treatm ent TR3 reduced  the tuber 

nitrosam ine content by approxim ately  96%  com pared  to trea tm en t TR1 and by 

approxim ately  by 95%  com pared  to  the trea tm en t TR 2. Further, trea tm en t TR 4 (0.0118 ±  

0.003) reduced  the tuber n itrosam ine con ten t com pared  to the trea tm en t TR1 and TR2.
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Figure 6.1- The effect o f  different CF and BFBFs treatments on nitrosamine content in sand and tuber tissues 
analyzed by FTIR spectroscopy, (a)- Nitrosamine content in sand medium, (b)- Nitrosamine content in tuber 
tissue. Treatments TR1, TR2, TR3, TR4, TRNi+ve and TRNi-ve are 100% CF, 50% CF, 50% CF+ BFBF1, 
BFBF1 alone, No amendments (including nitrosamine) and No amendments (excluding nitrosamine)treatments 
respectively. Columns with the same letter are not significantly different at 5% probability level. Vertical bars 
show standard deviations.



S tu d ies  h a v e  rep o rte d  that soil nitrate, generated from heavy C l ap p lica tio n s  is co rre la ted  

w ith  th e  fo rm a tio n  o fW -n itroso  com pounds (H otchkiss e , a l  1 992; /h o n g .  1 lu. W ang. 2 0 0 2 ). 

A n o th e r s tu d y  h as  a lso  reported  that the occurrence o f  the n itrosam ines in the soil, due  to the 

p re sen c e  o f  p re c u rso r  com pounds (e.g., secondary am ines, n itrogen  ox ides, n itrate , n itrites), 

by  th e  p e s tic id e s , h e rb ic id es , fungicides like thiram  (T esfai, M allik and Paneholy . 1977) 

h eav y  a p p lic a tio n s  N  fertilize rs  o r nitrogenous organic m aterials (A yanaba et a l .  1973a; 

O liv e r an d  K o n tso n , 1978; Fishbein, 1979). In certain soils under fairly high am m o n ia  

re su ltin g  t ro m  h e av y  fertiliza tion  w ith urea, nitrite and N have been reported  to persist for 

sev era l m o n th s  (C h a p m an  and Liebig, 1952) and thereby creates favorable cond itions for the 

sy n th es is  o f  N -n itro so  com pounds (A ten and Bourke, 1977).

N -n itro so  c o m p o u n d s  are stable in soil (Tate and A lexander, 1976) and can  be translocated  

from  so il in to  v e g e ta b le  crops (R aym ond and A lexander, 1976; B rew er cl a l.  1980). 

In te n s iv e  a p p lic a tio n  o f  N  fertilizers and agrochem icals is a com m on p ractice  in cu ltiva tions 

like  p o ta to . T h e re fo re , th e re  is a great potential for the form ation o f  n itroso  com pounds in 

p o ta to  c u lt iv a te d  so il due  to  the excessive application o f  agrochem icals and N fertilizers. 

S ince  p o ta to  tu b e r  is an  underground  part, there is a  great possib ility  to con tam inate  the tuber 

w ith  th e  so il to x ic itie s  like  nitrosam ine. It has been reported that n itrosam ines can be  rem ain  

in so il fo r  9 0 -1 5 0  d ay s, and  the ir biodegradation is very slow  (Barabasz. cl a l .  2002).

H o w ev e r, so m e  so il m icroo rgan ism s can degrade nitrosam ines to sim ple  com pounds in c o ­

m e ta b o lic  p ro c e sse s , an d  then  use them  as nutrients. Som e o f  those  bacteria  are be long ing  

p r in c ip a lly  to  th e  g en era  Arthrobacter  and Eubacler (B arabasz et a /., 2002). Several o ther 

b a c te r ia  e x p re s s in g  b road-specific ity  m onooxygenasc enzym es have been reported  to 

d e g rad e  n itro so  c o m p o u n d s  via co-m etabolism . These include the Rhodococcus sp. (S h arp  

et al., 2 0 0 5 ; S h a rp  et a l ,  2007), Rhodococcus ruber (S trcger et a l., 2003) as w ell as 

M yco b a c teriu m  vaccae  (S harp  et al., 2005), Methylosinus frichosporiw n  (Y osh inari and 

S h afe r, 1990 ; F o u rn ie r  et al., 2009). Bacterial strain Pseudomonas m endocina  has also  

re c en tly  b e e n  re p o rte d  to  be capable o f  m etabolizing dim ethyl n itrosam ine  (S harp  et al.. 

2 0 0 5 ), b u t th e  d e g ra d a tio n  pathw ay is unknow n. In terestingly , b io rem edia tion  ab ilities  o f  

B acillus  sp . fo r  d iffe ren t n itroso  com pounds have been reported recently (O liv c iia  el al.. 

2010 ). T h e  d a ta  p re sen te d  herein suggest that the bacterium  o x id izes the n itro sam ine  

p rim a rily  to  TWnitro d im ethy l am ine (N TD M A ), w hich is then m etabo lized  fu rther to
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produce less toxic com pounds like jV-nitro m ethyl am ine (N T M A ) and  form aldehyde 

(Fournier, et al., 2006). N itrosam ine availab ility  in the natural so il is very  low  and the 

detection  and  the quan tifica tion  are highly  im possib le  using  FT IR  spectroscopy. Further, 

Soil is a com plex  m edium  contains d ifferent N  con tain ing  com pounds w hich  can be in terfere  

w ith FT IR  spectroscopy. The m ain  in ten tion  o f  the  curren t study  w as to detect and analyze 

the N itrosam ine availab ility  o f  the m edium  and the  tissues after the  respective treatm ents. 

Therefore, purified  sand w as used as the m edium  to  avoid  the m ajo r in terferences from  o th er 

N contain ing  com pounds and to obtain  c lear FT IR  spectrum .

6.4.2 T h e effect o f  d ifferent treatm ents on h eavy  m etal contam ination

In com parison  w ith  all o th e r treatm ents, BFBF1 trea ted  soil show ed  low er Pb availab ility  

and the low est (17.07 pg/g  ±  0.48) w as recorded  (per one gram  o f  soil) from  the trea tm ent 

TR 4 (table 6.1). The m ean Pb content w as s ign ifican tly  reduced  by the trea tm ent TR 4 (P < 

0.05) com pared  to  trea tm en t TR1 w hereas a sign ifican t d ifference o f  soil Pb content w as n o t 

observed betw een the trea tm en t TR 2 and TR3 at 5%  significance level. Further, it w as 

observed that significance difference o f  the tissue Pb availab ility  w as not observed  by  any 

treatm ent. H ow ever, the low est tissue  Pb availab ility  w as observed  in  the  treatm ent TR 4 

(2.94 pg /g  ±  0.30).

M oreover, the low est sign ifican t soil C d con ten t w as observed  in the trea tm ent TR3 (P < 

0.05, 1.64 pg/g  ±  0.34) com pared  to all o ther trea tm en t except trea tm en t TR 4 (table 6 .1). A ll 

BFBF1 trea ted  soil (TR3 and TR 4) reduced  the  C d availab ility  com pared  to  all o ther 

treatm ents. T reatm ent TR 3 reduced the soil C d level by approx im ate ly  59.5%  com pared  to 

treatm ent TR 2 and by approx im ately  67%  com pared  to treatm ent T R 1 . It is no tew orthy  that 

the C d availability  after the treatm ent TR1 (5.58 pg /g  ±  0.3) w as h igher th an  the initial soil 

Cd level (5 .26 pg/g =fc 0.21). This m igh t be due to  the e ffect o f  C F app lication , especially  due 

to the C d con tam inations in  TSP fertilizers. It has been  reported  tha t phosphate  fertilizers are 

the m ost im portan t source o f  C d con tam ination  o f  agricu ltural soils am ong m ineral 

fertilizers. T hese fertilizers are m anufactured  from  phosphorites (phosphate  rocks), w hich 

can con tain  re la tively  h igh  concentration  o f  C d (C asova et al., 2009). For instance, T S P has 

been recorded  the h ighest C d concentration  (23.5 m g/kg) am ong the phosphate  fertilizers 

used in potato  cu ltivation  (P rem arathne et al., 2011). Further, the low est significant tissue



160

C d level w as recorded  in  the  treatm ent TR3 (P <  0.05, 0.10 pg /g  ±  0 .02) com pared  to  all 

o ther trea tm en ts ex cep t trea tm en t TR 4 (0 .12 pg /g  ±  0.02). A ll the  BFBF1 treatm ents 

significantly  reduced  (P < 0.05) the C d level in  tissues com pared  to  all o ther treatm ents. 

T reatm ent TR3 reduced  the tissue C d level by  approx im ate ly  86 .6%  com pared  to trea tm en t 

TR2 and by approx im ately  87.6%  com pared  to  trea tm en t TR1.

Table 6.1- The effect o f different CF and BFBFs treatments on heavy metal contaminants in soil and tuber 
tissues analyzed by AAS.

T reatm ents Soil C d
(fig/g)
M ean±SD

T issue Cd
(pg /g)
M ean±SD

Soil Pb
(Pg/g)
M ean±SD

T issue Pb
(pg /g)
M ean±SD

TR1 5.58± 0 .30a 0 .90± 0 .07ab 21 .90± 1 .31b 3 .90± 0 .60a
TR2 4 .40 ± 0 .2 1 b 0 .85± 0 .06b 18.38±0.74cd 3 .54± 0 .81a
TR3 1.64±0.34c 0 . 10 ± 0 .02c 17 .10±0.67d 2 .98± 0 .69a
TR4 2 .21± 0 .73c 0 . 12 ± 0 .02c 17.07±0.48d 2 .94± 0 .30a
TR5 4 .25± 0 .09b 0 .98± 0 .06a 20 .81± 1 .42bc 4 .00± 0 .81a
Initial 5 .26± 0 .21a 28 .39± 2 .31a

Treatments TR1, TR2, TR3, TR4 andTR5are 100% CF, 50% CF, 50% CF+ BFBF1, BFBFI alone and No 
amendments treatments respectively. Initial- soil just after artificial spiking o f heavy metals. Columns with the 
same letter are not significantly different at 5% probability level.

It has been  reported  tha t in tensification  o f  agricu ltural practices such as excessive use o f  

synthetic  agrochem icals, C F , organic m anures resu lt in accum ulation  o f  heavy m etals like 

Cd and Pb in  cu ltivated  lands (L am bert and Indraratne, 2014).The average soil Cd level in 

up coun try  soil has been  recorded  as approxim ately  4.0 ppm  (P rem aratne et al., 2005) and 

the average Pb  level as approxim ately  20  ppm  (P rem aratne et al., 2011). Therefore in the  

current study, the in itial levels o f  the C d  and Pb w ere ad justed  to  the  availab le standards 

(C d- 5 ppm , Pb- 25 ppm ).

G enerally , heavy  m eta ls  are im possib le to be degraded  b io log ica lly  and  persist in  the 

env ironm ent for ex tended  periods o f  (K han  et al., 2009). H ow ever, soil beneficia l 

m icroorgan ism s have b een  proved to  be effective in  detoxify ing  po llu tan ts in the soil tha t 

include heavy  m etals such  as Pb and  Cd (H arrison, 1997;C asova et al., 2009 ).For instance, 

a stra in  o f  Pseudom onas m altophilia  has been show n to m in im ize environm ental m obility  

o f  tox ic  ions such as H g2+, P b 2+, and C d2+ (B lake et al., 1993; Park, K eyhan  and M atin, 1999; 

K han  et al., 2009). In  a  study, Cd, Cu, Se and Z n  w ere reported  to be b iosorbed  by  

Streptococcus aureus, Bacillus subtilis, Bacillus licheniform is, Pseudom onas aeruginosa
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and Serratia marscecens, in the m ixtures o f  G ram  positive and G ram  negative bacteria  

(K han et al., 2009). R ecently , the inoculation  effects o f  p lan t grow th  p rom oting  rh izo- 

bacteria M ethylobacterium  oryzae and Burkholderia  sp. iso lated  from  rice (Oryza sativa) 

tissues, on potato , g row n in N i and Cd treated  soil has been studied (M adhaiyan, 

Poonguzhali and Sa, 2007). These bacterial strains have significantly  reduced  the toxicity  o f  

both m etals under pot cu ltu re  conditions (K han et al., 2009).

Further, tox icity  increm ent has been reported  w ith CF application, due to phy to tox ins 

accum ulation in rh izosphere  (M onnier et al., 2011). H ow ever, reduced  rates o f  CF, w hen 

coupled w ith  B FB F a llow  detoxification  o f  allelochem icals (i.e phenolic  com pounds). 

B iofilm s have been  reported  as good candidates for b ioaccum ulation  studies (D oering and 

U ehlinger, 2006; O gbuagu  et al., 2011). R hizo-rem ediation  o f  certain  heavy  m etals has been  

studied w ith  the use o f  E. coli b iofilm s. (Q uienteles et al., 2009). Therefore, m anaging the 

m icrobial populations in  the  rh izosphere  by using  m icrobial inoculum  consisting o f  a 

consortium  o f  p lan t grow th  prom oting  rh izobacteria  could p rovide p lan ts w ith  benefits in 

term s o f  rh izo -rem ed ia tion  o f  m ost o f  soil toxicities (K han, 2004). In the current study, it 

w as obvious th a t the b iofilm  com bination  BFBF1 reduced the level o f  n itrosam ine and heavy  

m etals (C d and Pb) in  soil and thereby reduced the possib ilities o f  those soil tox icities 

accum ulating in tuber tissues. E ffect o f  B FB Fs on  rh izorem ediation  in th is m anner aids for 

sustainability  o f  m aize agricu lture in Sri L anka w ith increased b io logical functioning  w hich  

cannot be observed  in the CF application.

6.5 C onclusions

A ll BFBF1 treatm ents (TR3 and TR 4) reduced the level o f  n itrosam ine and  targeted heavy  

m etal (C d and Pb) availab ility  in the soil and the tuber tissues. BFBF1 trea tm ent along w ith 

50%  CF w as the best treatm ent in reducing  nitrosam ine and Cd con tam inations in tuber 

tissues. Therefore, it can be concluded tha t the b iofilm  treatm ent BFBF1 has the ability  to 

rem ediate nitrosam ine, C d  and Pb contam inants in soil and thereby to reduce the possib ilities 

o f  those soil toxicities accum ulating  in tuber tissues.



C H A P T E R  7

D ISC U SSIO N , C O N C L U SIO N S A N D  F U T U R E  PE R SPE C T IV E S

7.1 D iscussion

The results o f  the current study show  tha t the effective estab lishm ent and  application  o f  

BFBF under greenhouse conditions and d ifferen t fie ld  conditions reduced  the CF use by 

50%  w ith several o ther beneficial functions needed  fo r susta inability  o f  potato  cultivation. 

S im ilar resu lts have been reported  by several o ther studies on reducing  CF application  by 

50%  for m aize (B uddhika et al., 2012a), tea  (S eneviratne et al., 2011) and  rice (W eerarathne 

et al., 2012) cultivations w ith the inoculation o f  B FB Fs. Further, the proposed m echanism  

(Fig. 5.1b) for inducing potato  tuberization could  be clearly  explained, based on the obtained  

results. It w as clearly  observed  tha t soil and  tissue  C a2+ contents (F igs. 5.5 and  table 5.4), 

soil nutrient levels (Figs. 5.3 and 5.4) and soil pFI (Fig. 5.2) w ere enhanced  by the b iofilm  

BFBF1 w hile  inducing  tuberization, irrespective o f  the  clim atic factors at all tested  field 

sites. M oreover, the b iofilm  BFBF1 ( Trichoderma harzianum  +  Bacillus pum ilus  +  

Bradyrhizobium japonicum  + Bacillus subtilis) show ed h igher beneficial activ ities, viz ; 

production o f  tuber inducing horm one IA A , h igher n itrogenase activ ity  etc. (Fig. 3.7), w hich 

induce p lan t grow th prom otion. T uber induction  in  potato  (Solarium tuberosum  L .) is a 

com plex, m ultilevel process, w hich in tegrates environm ental and in ternal signals to ensure 

optim al life strategy during  the grow ing season. G enerally , pho toperiod ic  signal is in tegrated  

w ith  o ther environm ental factors, such as nu trien t availability , tem perature  and light 

intensity, as w ell as w ith the overall m etabolic  status o f  the p lan t (Jackson, 1999; F ischer et 

al., 2008). T uber inducing potential o f  exogenous C a2"1" (N ookaraju  et al., 2012) and IAA 

(H arm ey et a l,  1966; Sasam oto and Suzuki, 1979) has been  w ell docum ented  in several 

other studies and the production  o f  those signaling  com pounds and ions by the rh izosphere 

associated  beneficial m icroorganism s has also been  recorded  (S paepen et al., 2007). Further, 

it w as clearly  observed  tha t the  b iofilm  BFBF1 inocu la tion  altered  the internal biochem ical 

status (sugar and starch com positions) o f  d ifferen t tissues (Fig. 5.6, Fig. 5.7, table 5.3 and

5.4), leading to potato tuberization  at all fie ld  sites (table 4.4, 4.5, 4 .6) as proposed in figure 

5.1b. Therefore, th is im plies that the  enhancem ent o f  exogenous IA A  and C a2+ availabilities 

by the b iofilm  BFBF1 m ay have acted as poten tia l stim ulato rs for enhancing  tuberization  o f  

potato, irrespective o f  the clim atic conditions.

162
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Further, app lication  o f  BFBF1 along with only 50%  recom m ended C F enhan ced  th e  p o ta to  

yield up to 21 M T /ha and  it is noteworthy that this yield lim it is beyond  the  average  p o ta to  

yield (15-18 M T/ha), generally recorded at B andaraw ela. E nhanced  tu b eriza tio n  w as 

recorded  from  the sam e BFBF1 application at B ibile and Padukka fie ld  sites w here  p o ta to  

cu ltivation  is no t p racticed  com m ercially. Previous clim atic data confirm ed  th a t B ib ile  fie ld  

location has som e potential clim atic conditions for potato cu ltiva tion  only  du ring  M ah a  

season. H ow ever, the current study showed that the average tuber y ie ld  o b ta ined  from  B ib ile  

field  site (2 .67  M T/ha) and Padukka field site (0.18 M T/ha) w ere m uch  low er th an  th a t o f  

the yield  at B andaraw ela  field site and was not sufficient to estab lish  large scale p ro fitab le  

com m ercial cultivation.

It has been reported  that the annual potato production (approxim ately  70 ,000  M T ) is n o t 

sufficien t to cater to dem and (approxim ately 140,000 M T) and the needs o f  co n su m ers  in  

Sri Lanka. Q uality  and  the  size o f  the potato tubers are the m ain  factors th a t the  co n su m ers  

in  especially  u rban ized  areas o f  Sri Lanka are greatly concerned. H ow ever, it is n o ticed  th a t 

the size and  the quality  o f  the tubers available in the local m arket is g reatly  v a riab le  s in ce  

p roper grading  or branding  is not practiced. Therefore, it is hard for hou seh o ld  co n su m ers  to  

choose the best potatoes. M arket data indicates that a kilo o f  potatoes have a  h igh  re ta il p rice  

ranging  from  Rs. 70/- to Rs. 120/- com pared to the other vegetable com m odities. T h ere fo re , 

consum ers p refer to buy high quality small size potato tubers rather than  buy ing  large  tubers . 

This is m ain ly  because, consum ers have m ore chances to buy greater num b er o f  tu b e rs  p e r 

k ilo  i f  they  buy sm all tubers. Further, the m ain part o f  the potato p roduction  in  Sri L an k a  is 

sold  fo r fresh  consum ption  w ithout any processing. H ow ever, there is a  g row ing  d em an d  

and m arket trend  fo r processed food products am ong the m iddle and  upper m idd le  c lass  

society  in  Sri Lanka. Potatoes possess a great potential to be m arketed  as p ro cessed  p o ta to es  

like potato  chips, frozen potatoes, and m inim ally processed po ta toes and  are cu rren tly  

em erg ing  in the superm arket sector in Sri Lanka. A part from  the househ o ld  co n su m ers , 

restauran ts, ho tels and canteens are the m ajor end points o f  potato m arke t chain , u sing  fresh  

potato  m ain ly  fo r food preparations. They obtain potato directly from  the large scale  o r sm all 

scale grow ers w ithou t m uch  concern about grading or branding. In the cu rren t study, it w as 

obv ious tha t there is a  potential to cultivate potato in B ibile area though  the y ield  is lo w er 

than  B andaraw ela. H ow ever, the size and the quality (nutrient content) o f  the  tubers o b ta in ed  

by the app lication  o f  BFBF1 along with only 50%  CF at B ibile fie ld  site w as co n sid e rab ly
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higher than  that o f  the tubers obtained on ly  by  app ly ing  the recom m ended  CF. F urther, it 

was noticed  tha t the size o f  the  tubers obtained  from  B ib ile  site w as h igher than  som e o f  the 

potato tubers available in the local m arket in  Sri Lanka. T herefore, i f  cu ltivated , there w ou ld  

be a  great m arket po ten tia l and dem and fo r the tubers obtained  by  app ly ing  BFBF1 along  

w ith 50%  C F a t B ibile area. A s such, it is hoped that it w ould  be possib le  to popularize  po ta to  

cultivation am ong the farm ers though  potato  cu ltiva tion  is no t currently  p rac ticed  in B ib ile  

area.

Further, global agricu lture w hich  had  greatly  depended on chem ical inputs is now  being  

changed into a  m ore ecofriendly  sustainable agriculture. Sustainable agricu lture is an 

im portant e lem ent o f  the  overall effo rt to  m ake hum an activ ities com patib le  w ith  the  

dem ands o f  the earth 's eco-system . L ow -input agriculture is the  base  o f  susta inab le  

agricultural system s w hich  reduces (but n o t necessarily  e lim ination) C F and  agrochem icals 

w hile reducing  production  cost and m in im izing  the im pact on the environm ent. In the case 

o f  Sri Lanka, m ost o f  the  N  fertilizers are no t p roduced w ithin  the country  its e lf  and has to  

be im ported  from  o ther countries. It has been  reported  that the CF requ irem en t for po ta to  

cu ltivation is around 1000 kg ha"1 and from  that the N  requ irem ent is as h igh  as 336 kg  ha "1 

for an expected  y ield  o f  5000 kg  ha"1 (D avies et al., 2005b; Lang et al., 1999). T herefore , 

the governm ent has to invest huge capital (approxim ately  Rs. 68 ,000 /=  p e r ha, considering  

1 kg o f  fertilizer at Rs. 80/=) to fu lfill the C F requirem ent for potato. H ow ever, accord ing  to  

the policy  o f  the Sri Lankan governm ent, im ported  CF are being g iven  to farm ers u n d er a 

subsid ized  price (Rs. 24/kg) and thereby  the governm ent o f  Sri L anka has to bare an ex tra  

burden in  term s o f  CF and agrochem icals. Further, the country  is experiencing  adverse  

effects o f  the unnecessary  use o f  C F like som e chronic k idney  d iseases and  cancer issues. 

The governm ent has therefore, in itia ted  m easures to control the  excessive use o f  

agrochem icals and fertilizer consum ption  and p rom ote the use o f  organ ic  fe rtilizer in farm  

lands. The findings o f  the  current study im ply  th a t the input o f  CF can  be reduced  by 50%  

along w ith  the developed B FB Fs during the en tire  vegetative grow th  phase o f  potato . 

Therefore, halv ing  C F use in the BFBFs app lication  could  save h a lf  o f  the expense fo r C F  

im port, thus contributing  to the coun try ‘s econom y in  term s o f  fe rtilizer saving. M oreover, 

bio logical functions o f  m icrobes in the bio film  BFBF1 seem ingly  helped  the  detox ifica tion  

o f  tox ins like n itrosam ine (Fig. 6.1) and heavy  m etals (table 6.1) accum ulated  in  the  soil- 

p lant system  during potato  cropping  w ith  the  C F inputs. Further, the  y ie ld  enhancem ent o f  

potato  by the application  o f  B FB Fs + w ith  only  50%  CF, cannot be achieved  by  the
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application  o f  100%  recom m ended  CF. T hus, the  b io film  BFBF1 assisted  to bu ild  up a 

robust soil in  ag roecosystem s to produce h igh  q u a lity  tubers w hile  rem ed iating  tox icities. 

This cou ld  pro tect agricu ltu ral soils, steering to  susta inab le  ag roecosystem s. B FB Fs w hich  

tu rned  a new  page in b io fertilizer research  open ed  avenues for m icrob io log ist to  hand le  

m icrobes in m icrobial com m unities for susta inab le  agricu ltu re . T herefore, the  B FB Fs can be 

recom m ended strongly  as soil m icrobial am elio ra to r in  the developm ent o f  sustainable 

agroecosystem s tha t co u ld  gain both  econom ic and  eco log ica l benefits. H ow ever, the  y ie ld  

enhancem ent and the soil quality  am elioration  a fte r the  app lica tion  o f  the developed  BFBF1 

to the  real potato  fa rm er’s fields in  the re levan t c lim atic  areas o f  Sri L anka  should  be fu rther 

evaluated  since m ost o f  the fa rm er’s fields m ay be h igh ly  con tam inated  o r degraded.

7.2 C onclusions

E xogenous m icrob ial signals created  by  the app lication  o f  the  m icrob ial b iofilm  along w ith  

50%  CF induced  the required  in ternal b iochem ica l and  physio log ical conditions fo r 

increased  tuberization  o f  potato  w hile  im prov ing  rh izo -rem ed ia tion  o f  so il tox icities like 

n itrosam ine and heavy  m etals. Thus, it seem s tha t the  p lan t b iochem ical and  physio log ical 

cycles requ ired  fo r tuberization , generally  induced  by the specific  c lim atic  factors like 

day/n ight tem peratu re  d ifference have  been  stim ula ted  by  the m icrob ia l signals o f  the 

b iofilm . A s such, the  c lim atic  requ irem ents fo r po ta to  tuberization  have been  com pensated  

by the b io film  m icrob ial actions. This is the first report o f  such a  m echanism  in  po tato  

tuberization . T his find ing  opens a new  avenue for po tato  cu ltiva tion  in  reg ions w here there  

are no su itab le clim atic  requirem ents.

7.3 F u ture p ersp ectives

O ctober to  A pril is considered  as the best period  for po ta to  cu ltiva tion  in B andaraw ela  area 

o f  Sri Lanka, since the requ ired  day/n ight tem pera tu re  d ifference fo r po tato  tuberization  is 

reached  during  th is  period . The current study w as undertaken  to  evaluate  crop responses and 

soil nu trien t im provem ent by  the app lication  o f  m icrob ia l b io film s, using  sm all scale field  

experim ents from  N ovem ber to M arch  during  one season. T herefore , it is suggested  tha t 

fu rther studies are needed  to test the b io film  action  in  large scale cu ltiva tions in  year-round 

fie ld  experim ents. Further, changes o f  ex isting  so il m icrob ia l com m unities by  the  app lication  

o f  developed  B FB Fs should  be evaluated using  m o lecu lar approaches.
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APPENDICES

Appendix 1-

Extraction of genomic DNA from bacteria and fungi using CTAB (Cetyl trimethyl 

ammonium bromide) method

Approximately 1.5 ml o f  each broth culture (bacteria and fungi) was added to clean sterile

1.5 ml eppendorf tubes separately. Tubes were centrifuged at m axim um  rpm (12,000 g) for 

10 min using a bench top eppendorf centrifuge (BIORAD). The process was repeated again 

until obtaining considerable amount o f  pellet. The pellet was obtained by discarding the 

supernatant and was re-suspended with 100 pi o f lysozyme (lysozyme +TE buffer, lOmg/ml) 

followed by 20 min incubation at 33°C. After incubation, 700 pi o f  CTAB buffer (2% 

hexadecyl trimethyl ammonium bromide-CTAB, 1.4 M NaCl, 100 m M  TrisHCl (pH=8.0), 

20 mM EDTA) and 10 pi o f  proteinase K enzyme were added simultaneously to the 

lysozyme treated samples. The mixture was incubated at 60°C for one hour and 700pl o f 

mixture o f  chloroform and isoamyl alcohol (chloroform 24: isoamyl 1) were added to the 

incubated eppendorf tubes. Tubes were shaken thoroughly to mix the two layers (two layers 

appeared after adding chloroform+ isoamyl alcohol) and centrifuged at 12000 g for 8 min. 

The contents o f each tube appeared as three layers just after centrifugation. The upper 

transparent aqueous layer o f  the tube was transferred carefully to another clean eppendorf 

tube without disturbing the other layers. DNA was precipitated out by adding 560 pi o f 

isopropanol to the transparent upper layer. DNA was visualized as small white cotton strand 

after gentle mixing. Samples were centrifuged at 12000 g for 10 min and subsequently the 

pellet was obtained by discarding the supernatant carefully without disturbing the pellet. 

About 1.5 ml o f  70% ethanol was added to each pellet separately and centrifuged again at 

12000 g for 5 min. Bulk o f the supernatant was removed carefully and centrifuged again at 

12000 g for 5 min in order to adhere the DNA to bottom o f the tube as a pellet. After the 

centrifugation, the ethanol remaining in the tubes, was removed as much as possible using a 

micropipette without disturbing the pellet. Tubes were kept open for 10 m in to evaporate the 

trace amount o f  ethanol remaining in the tube. Subsequently, 50pl o f  TE buffer was added 

to each tube separately and the extracted DNA samples (high m olecular weight) were stored 

in low temperature until further processing.



Appendix 2-

PCR master mix reagents

Reagent Quantity (from 25 pi reaction mixture)

dd H 20 16.8 pi

5x My Taq reaction buffer 

Forward prim er (1 OpM) 

Reverse primer (lOpM )

My Taq polymerase (5U/pl)

5 pi 

1 pi 

1 pi 

0.2 pi

RFLP master mix (12 pi reaction mixture)

Reagent Quantity

dd H20 6.3 pi

1 OX NEB cut smart buffer 1.2 pi

Taq a  1/ H hal/ MSPI 10 pM 

PCR product

0.5 pi

4 pi (depending on the concentration) 

12 pi (Total)
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A ppendix 3-

Extraction o f DNA from a fungal-bacterial biofilm community

DNA extraction from the purified biofilm community using MO BIO Power Soil DNA 

isolation kit (Cat No- 12888-100) with the bead beating method

Approximately 0.25 g o f purified biofilm mass was transferred into the Power Bead tubes 

provided with the isolation kit followed by mixing gently using vortex mixer to mix the 

biofilm mass with the digestion solution inside the tube. Then, 60 pi o f  solution C l (contains 

SDS and other cell disrupting agents) was added to the power bead tubes with the biofilm 

mass and was mixed gently using vortex mixer. Tubes were subsequently placed on MO 

BIO vortex adapter horizontally (tubes were tightly attached to the flat- bed vortex pad with 

clips) and the content o f the tubes was mixed at maximum speed for 10 min. After, mixing 

with MO BIO vortex, the tubes were centrifuged at 10,000 g for 30 s at room temperature. 

Supernatant was transferred to a clean 2 ml collection tube and added 250 pi o f  solution C2 

(a reagent to precipitate non- DNA organic and inorganic material)was added followed by 

incubation at 4 °C for 5 min, followed by centrifugation at 10,000 g for 1 min. The 

supernatant (maximum 600 pi) was carefully transferred to another clean 2 ml collection 

tube and 200 pi o f solution C3 (a reagent to precipitate additional non- DNA organic and 

inorganic material and cell debris) was added followed by incubation at 4 °C for 5 min. 

Again the mixture was centrifuged at 10,000 g for 1 min and 750 pi o f the supernatant was 

transferred to another clean 2 ml collection tube. Then 1.2 ml o f  solution C4 (high 

concentrated salt solution) was added to the supernatant and was mixed using vortex mixer 

for 5 s. Approximately 675 pi o f the mixture was loaded onto a spin filter and was 

centrifuged at 10,000 g for 1 min at room temperature. The flow through was discarded and 

the process was repeated another two times. Then 500 pi o f  solution C5 (ethanol based w ash 

solution to clean the DNA that was bound to the silica m embrane in the spin filter) was added 

to the spin filter and centrifuged at 10,000 g for 30 s at room temperature. The spin filter 

was centrifuged again at 10,000 g for 1 min after discarding the flow through. The spin filter 

was carefully transferred to a clean 2 ml collection tube without splashing any remaining 

solution. Finally 100 pi o f solution C6 (sterile elution buffer to complete release the DNA 

attached to the silica membrane) was added to the center o f  the white spin filter membrane 

and centrifuged at 10,000 g for 30 s at room temperature. The spin filter was discarded and 

the DNA in the tube was stored in low temperature (-20 °C)
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Appendix 4-

RFLP mastermix (30 |al reaction mixture)

Reagent Quantity (taken from 30 pi reaction mixture)

dd H 20 5.5 pi

1 OX NEB cut smart buffer 3 pi

Taq a  1/ Hhal 10 pM 0.5 pi

PCR product 21 pi (depending on the concentration)

30 pi (Total)

Extraction of genomic DNA from microorganism

The CTAB method that was followed in the current study resulted in a high molecular weight 

DNA from all biofilm forming microbial strains. Proteinase K and the heat treatment o f the 

CTAB method for all microbial strains including fungi was very effective to extract 

microbial genomic DNA. Further, lysozyme treatment o f the CTAB method was useful to 

extract genomic DNA with greater purity. All the bands were visualized as smears rather 

than having clear sharp bands. The dark black smear was due to the RNA contamination 

and the faint smear at the top o f the gel was due to the genomic DNA. However, the presence 

o f RNA contamination was not considered as a major effect on further DNA manipulations.

M l  2 3 4 5 6 M

Agarose gel electrophoresis o f the extracted genomic DNA from biofilm forming bacterial and fungal strains. 
Lanes M, banding pattern of 1Kb (Hyperladder 1Kb, BioLine). Lanes 1-2, DNA extracted from Bacillus sp. 
Lane 3, DNA extracted from Rhizobium  sp. Lane 4-5, negative and positive control. Lane 6, DNA extracted 
from Trichoderma sp.
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Appendix 5-
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UV spectra for different PCR products obtained from Nano Drop 2000 spectrophotometer, (a) — (b), spectra 
obtained for PCR products of Bacillus sp. and Rhizobium  sp. respectively, (c)- Spectrum obtained for PCR 
products o f Trichoderma sp.

Concentration o f different PCR products obtained from Nano Drop 2000 spectrophotometer

Sample Concentration (ng/pl) A260/280

B1 430.8 1.98

B7 270.4 1.95

F2 466.0 2.19
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Appendix 6-

Potato plant growth responses for BFBF1 and 100% CF treatments at different field locations after six weeks 
from seed sowing, (a) and (b)- growth responses for 100% CF and BFBF1 at Bandarawela field site, (c) and 
(d)- growth responses for 100% CF and BFBF1 at Bibile field site, (e) and (f)- growth responses for 100% CF 
and BFBF1 at Padukka field site.
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Potato field location at Horana for BFBF1 and 100% CF treatments after six weeks from the seed sowing.



VIII

CZAPEK DOX AGAR (M075) -  HIMEDIA

Czapek Dox Agar is a semisynthetic medium used for the general cultivation o f fungi

Composition

Ingredients g /L

Sucrose 30.000

Sodium nitrate 2.000

Dipotassium phosphate 1.000

Magnesium sulphate 0.500

Potassium chloride 0.500

Ferrous sulphate 0.010

Agar 15.000

Final pH (at 25°C) 7.3±0.2

Directions

Suspend 49.01 g in 1000 ml distilled water. Heat to boiling to dissolve the medium 

completely. Sterilize by autoclaving at 15 lbs pressure (121 °C) for 15 minutes. Mix well and 

pour into sterile Petri plates.

Quality Control 

Appearance

Cream to yellow homogeneous free flowing powder 

Gelling

Firm, comparable with 1.5% Agar gel 

Colour and Clarity o f prepared medium

Light yellow coloured, clear to slightly opalescent gel with a slight precipitate forms in Petri

plates

Reaction

Reaction o f 4.9% w/v aqueous solution at 25°C. pH : 7.3±0.2



CZAPEK DOX BROTH (M076) - HIMEDIA

Czapek Dox Broth is a semisynthetic medium used for the general cultivation o f fungi.

IX

Composition

Ingredients g /L

Sucrose 30.000

Sodium nitrate 3.000

Dipotassium phosphate 1.000

Magnesium sulphate 0.500

Potassium chloride 0.500

Ferrous sulphate 0.010

Final pH ( at 25 °C) 7.3±0.2

Directions

Suspend 35.01 g in 1000 ml distilled water. Heat i f  necessary to dissolve the medium 

completely. Sterilize by autoclaving at 15 lbs pressure (121°C) for 15 minutes. Mix well and 

dispense as desired.

Quality Control 

Appearance

Cream to yellow homogeneous free flowing powder 

Colour and Clarity o f prepared medium

Light yellow coloured, clear to slightly opalescent solution in tubes 

Reaction

Reaction o f  3.5% w/v aqueous solution at 25°C. pH : 7.3±0.2



Combine Carbon Medium (CCM)

Nitrogen-Limited Medium:

Glucose - 2.5g/L

Sucrose - 2.5 g/L

Mannitol - 3 g/L

Sodium Malate - 2.0 g/L

Sodium Lactate (ml, 60%, v/v) - 5 ml/L

K2HPO4- 0.20 g/L

KH2PO4 - 0.60 g/L

Na2Mo04.2H20 - 0.002 g/L

M gS04. 7 H20 - 0.20 g/L

CaCl2 - 0.02 g/L

(If agar, use 10-15 g Phytagar/L)

Distilled water 1000 ml 

Final pH (at 25°C) -  6.8 ± 0.2

Sterilize by autoclaving at 15 lbs pressure (121 °C) for 15 minutes. Mix well and dispense as 

desired.

(Koomnok el al., 2007)
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R-2A Agar (M962) - HIMEDIA

R-2 A Agar is used for heterotrophic plate count o f water samples using longer incubation
periods

Composition

Ingredients g / L

Casein acid hydrolysate 0.500

Yeast extract 0.500

Proteose peptone 0.500

Dextrose 0.500

Starch, soluble 0.500

Dipotassium phosphate 0.300

Magnesium sulphate 0.024

Sodium pyruvate 0.300

Agar 15.000

Final pH ( at 25°C) 7.2±0.2

Directions

Suspend 18.12 g in 1000 ml distilled water. Heat to boiling to dissolve the medium 

completely. Sterilize by autoclaving at 15 lbs pressure (121°C) for 15 minutes. M ix well and 

pour into sterile Petri plates.

Quality Control 

Appearance

Cream to yellow homogeneous free flowing powder 

Gelling

Firm, comparable with 1.5% Agar gel 

Colour and Clarity o f prepared medium

Light yellow coloured clear to slightly opalescent gel forms in Petri plates 

Reaction

Reaction o f 1.81% w/v aqueous solution at 25°C. pH : 7.2±0.2
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