
A study on the mechanisms of salinity tolerance 

and developmect of molecular markers 

in pearl millet [Pennisetum glaucum (L.) R. Br,] 

Thesls Submitted to 
Osmania University, Hyderabad 

For The Award of the Degree of 
Doctor of Philoeophy in Genetice 

Rupasree Mukhopadhyay 
hf .8~ .  (Marine Biotech.) 

DEPARTMENT OF GENETICS 
OSMANIA UNIVERSITY 
HYDERABAD 500 007 

ANDHRA PRADESH, INDLA 



Jaswant S. Kanwar Library 
I C R I S A - T  



. \ f t ( /  ( 4 )  

\I,\, 7'c*trc~ltc~r\ 
I l 'ho prcfi'itlc.rl irr ~~r~lrrrr/~lc,  \err ri.c8 t!/ \rrc,ttnrl~ rrrrd irt.v/?irotiort 



Department of Genetlca 
Osmrnir UnlvrniQ 

@ Hyderabrd - 500 007, lndla 
Phone (On) 91 -40-2768-235b 

91 40-2709-5171 

dF Rnr : 91 40-2766-014E 
FIX : 91 -40-2709.5171 

,rot. P.B. Kavi Kishor 
-and Co.ordlnalw. UGC.SAP (DSAI - 

Email : pbkavi(Dyahoo.com 

CERTIFICATE 

This is rn ccrtlf\. t ha f  the, t t lrsts c.~lt~tl!.d "A study on the mechanisms of 

salinity tolerance and development o f  molecular markers in pearl millet 

[Pennisetum glaucurn ( L . )  R. Br.]" 111 ~ ~ ; i r c ~ ; i I  f i ~ I I t I l ~ i ~ ~ ~ t i t  111 111c r(.1111111.ttt1.111 101 

Ihc aa.ard of dc.grc.c, of I)oc.lor ! ~ r  I ' ~ I I I ) ~ I I ~ I I I Y  1 1 1  ( ; I , I I ( , ~ I I  k ,  O h ~ t i , i ~ i ~ i i  ~ I I ~ I ~ ' ( , ~ \ I I V ,  

i iydttrabad, t.rn11odlc.s t h (<  rc ,sui~s  of I~ori,ifitlr~ 1 1  . ; ! . , I I I . I I  \ v r ~ ~ k  ~ ~ . t r t ~ c ~ t l  (111r I I Y  Ms 

Rupasrcc M u k h o p a d h y ; ~ ~ ,  under in\. S I I ~ ) ! , I . \ I S I I I ~ I  ;ill(! ~ I I I [ ~ . I I I ! , I .  ;111(1 1 1 1 ~ 1 1  1111 

part of  t h r  thcsis tjCls sci far bc,cii s l~ l in i~~ tc . t i  ; i l l \  \ \ I I I , ~ I .  1111. i l l>\ .  otl irr  I J ( , ~ T ( Y .  or 

diploma. 

ThC a s s t s t a ~ ~ c r  u i d  help t;ikvti r l ~ i r i l l ~  t 1 i 1 .  lo l i rs ( ,  1 1 1  I I I < ,  I I I V ! ~ S ! I ~ ; I ~ I I ~ I ~  i~tlci I I U  

s ~ ~ u r v c .  of lttc~ratitrc, a n d  matcr~.il  11.1s l1<.c.ti t I \ i l \  , I (  ~ I I I I \ < I ~ . I I ~ I , I I  I N  i11.1 

Date: I - - ~1 - ; I  : t 

Place: Hyderat ad 

' j y , . { ~ ' ~ ~  ILJ L 
(P.B. Kavi Kishor) 

Research Supervisor 



International Crops Research Institute for the Semi-Arid Tropics 
fieddquatten: Pafaocheru 502 324 Andhra Pradesn, lndla 

TeI 191 40 30713071 FBX +91 40 30713074 +9' 40 30713075 Emall icrisatIcgar org 
Liaison OWe: CG Centers Block NASC Complex Dev Prakash Shastii Marg New Deln 110 a12 indi, 

701 191 1' 258A8552 2584955325048554 Fax +01 ' 1 3flR.li:)si 

CERTIFICATE 

This is to certify that a part of the thesis pntitled "A atudy on the 

mechanisms of salinity tolerance and development of molecular 

markers in pearl millet [Penniseturn glaucurn ( L . )  R. Br.]" In partial 

fulfillment of the requirement for the award of degree of Doctor of 

Philosophy in Genetics. Osmania Universltv, Hyderabad, was carried out  

by Ms. Rupasrer Mukhopadhyay, under my advisonj supt.ivision :ind 

that it has  not previously formed the b a s ~ s  for rhc award of any degrrr or 

diploma or other simllar title. 

C' C' 
Date: '06 
Place: Patanc eru, A.P. 

( ~ r .  C .  T ,   ash) 
Research Advisor (External] 

Visit us at www.icrisat.org 



DECLARATION 

I hereby declare that the research work entitled "A study on the 

mechanisms of salinity tolerance and development of molecular 

markers in pearl millet [Pennisetum glaucum (L.) R, Br.]" has been 

carried out by me in the Department of Genetics, Osmania University, 

Hyderabad-500 007, under the supervision of Prof. P.B. Kavi Kishor. 

The work done is original and no part of the thesis has been submitted 

for any other degree or diploma of any other University. 

Date: 15 , 2 C i7 
, -  \ 

Place: Hyderabad 

( ~ u ~ a s r e e  Mukhopadhyay) 

M.Sc. (Marine Biotech.) 
CSIR-SRF, Department of Genetics 

Osmania University 
Hyderabad -500 007 



OUTLINE 

CHAPTER TITLE I'ACES 

Chapter 1 

Chapter 2 

Chapter 3 

Chapter 4 

Chapter 5 

Chapter 6 

Chapter 7 

Chapter 8 

Chapter 9 

Acknowledgements 

Preface 

Table of Contents 

List of Tables 

List of Figures 

Lbt of Plates 

List of Abbreviations and Symbols 

Introduction 

Review of Literature 

Materials and Methods 

Results 

Discussion 

Summary and Conclusions 

Literature Cited 

Publications 

Appendices 

ii-iv 

v 

vi-ix 

x-xi 

xii-xiii 

xiv-xv 

xvi-xviii 

1-8 

9-40 

4 1-62 

63-82 

83-112 

113-121 

122-170 

171 

172-187 



ACKNOWLEDGEMENTS 

T11i.s 1,s 1111do11hr1'd~l~ rile. ~ r / ~ ~ i r v ~ ~ r t r t ~ ~ i  purr r l f  ~t.!.iriir,q ,I !/I, $1, .I< Arlo\, 1, il,pir~g rlil ~~frllorrurrr roIt,.t 

rIi(i LY/ h orhr~r l~ i ,opI i ,  iii UIIJ. oc.ri\.ir) i s  rror or111~ rl~,(~i~vvur?, hr~r  u 1 ~ 0  , ~ I I ~ o ~ ~ I ~ ~ / , ~  .\(I II,,I~,~ par,, 

Firvr [rrld / i ~ r t ~ ~ ~ r ( ~ s l ,  OJI 1111.s Oui 1 \ r [~r id  ohIry,,~/ UIILI ~r~i / t , l~rc~O ro 1~11, f11.r) q111~1~,, I?I!/, P.H. Kavi  

Kl,vhor, H t d  /)~~~U~IIIIL,II/ o/ ~;1~11r~/r~~~,  O . s ~ r r ~ ~ r ~ i ~ ~  ' i ~ l ~ ~ , ~ i ~ s r r i ~  t / ~ d ~ ~ r ~ r t ~ ~ r ~ /  I ,)it,, ,111 ,er,,,~r ,/,,I,IIIOII, I(,,/>,< I 

irrid proforriid ,crurrrrrdt, lo\rlirf/x 11rr11 tor l r i v  i r r r l u i l ~ r~ ,~  ~ ~ i ~ r l r ~ r . ~ i u . ~ r ~ ~ .  VII~ rlrr!crp~,~rl( r ~ r  ~IIILI qi.rl( ~OII! /I,~//) tic, 

\trr\ II/IIU~,Y u ~ u i / ~ ~ l ~ l i ~  /or LO!~.~II/III/~OII UIII/ ~I/II.~II~,: ,vtnc IIIC, 11 /MIII,~III IIC,CII.III,~, ,,I,,II H/I<,II 11, ~ t o s  t ~ v r ~ ~ ~ ~ r r ~ ~ ~ l r  

h l i ~  1 ,  Hi,s ~II~~IIII<,I, UIII~ ~,~L,LIIII,L, ~ r i r l i  1.srrr t ~ r ~ r i < ~ / r ~ ~ i /  1/11, q1ru1111 01 .$<  I~,IIIII;, ~~III/~~~IIC III 11, /I,I~/ IW,,II 

~ w r ~ ~ r r 1 < ~ 1 1 ~  ~ i i ~ d ~ , r \ r ~ r r r d r r ~ q  i1hr1111 1111 /iroh1~,111.\ t ~ i ~ d  \110r1< OIIIIII,~, 1 IIIJISI tr/jr, IIJLIIIA IIJIII /or I r r t  II~%I~I,,IIC,,, orr 

r i ~ ~ r i ~ ~ / ~ r r ~ ~ i r ~ , q  /1r,p11 \ru~~dcrri I \  III '111 r11111,q.s. 

I II,IS/J 10 c,tpri,.\\ 1111 ! i i r ~  I I~II~I/~~I~~~III~I~~~/ ,~~CIIIIII~<~ ro Dr. ('. T. //U~/I, I'~IIIC r/1<11 ,Y, i(,11/15r 

/Cc,r<,ul Molt3r,r~l[rr Br~,r,rI~ri,yi~ ICRlS4 T, P~I~~ IJ~~ I IL ,~ I I  / i~r ,yi i , i~~,p JII[* r11~ ~J/I/I~~IIIIIIII~ ro IIOI,~ '11 '/~/.Y.I 7' CIIIC/ 

/or pro~,idir~,q ~~.!L~c~I/L~III r ~ , s e ~ ~ r i , l ~  /~ r~~ i l i r r~~ .v  II,I~/I C~OJII/II( in, ~ ~ ~ i ' i r f ~ r ~ r r ~ i , i ~ /  / I<, IIIIS IWII IJIIIC 11 IIIOI,? IIICIII UJI 

I J  i ( IIIII l ! l i J r l r l l ! l l l /  I I / ~  I / I o r  I I J ,  I r I HIP 

i~~,sig/r/.v in/u di//;1-111/ / ~ r o h / ~ ~ ~ r r s  ~wrc, ~J~(!/(JIIII~ uird ori,vi11111 11 11'11s 1111r,,/i, 111, ~I~//II<,II~,~, ir1111 /I<,//> /II(II 

c ~ r ~ u h l ~ ~ ( /  JIIO 10 V~IIIII~LI OIII u IIL,,I (rlurkcr ILY~III~~III, 111 1111. ~ t o r k  I .~11~1/1 U/\I,CII \ r ~ , i ~ ~ c r ~ r I ~ c r  IIIV III\IIIC,II~,L 111(1/ 

i 1 c 3  r,o~ildpr*l,fi)r!~~ i.l>.\t circ,11 I/I(II II,II,\ rr111i II,LOIII/ ro JI(JII, i11 t 11~  LI r1r111. /III/C,I d I UIII II/I~~(II(~,,I/ IIJ IIC, OIIC of 

his r r l ~d i~~ l r s .  

1 hig1111 III~IIOII,/I,~/:L, r11r~ s ~ ~ o r ~ v o r ~ ~ i l  Junior  r111d .'i~,f~lor Rr,\rsurch Ft,//on~\/~ip.\ 111 CWR, N~II' 

Dulhi. / thlrrlk ~III~III /!I! { ~ r o ~ i d i t r a  me /hc / i i !a~rt,~ui .supporl irl //it. /or111 of / i ~ / / o i t ' v /~ r~~  11.11holtl II,/IJ< /I ,hi.\ 

ri,.\c,urclr ~bn rk  itorr/(l II~II lrui,[~ hc i8r1 I~~II~~~I~.\/IL,II, 

I ~,.vyr~~hs ~/r,cp \t3rr\c !J/ g r u ~ i ~ r r i l ~ ,  [III(/ .sir~~~orr, th[11rk,s ro Dr. Dut~t, l l ~ r i \ i f ~ # i ( i ~ i ,  (;/(I/III/ TIIC~III~, 

Lc,udr,r, ~~~/~,c/TII~,/o,~I~, /C'R/S,f T Pu/u~II-/Ic~I.(I, / i ~ r / ~ c ~ r ~ ~ ~ i I ~ i t r , ~  //I(, i ~ t ~ ~ / p r . o ~ ~ f d ~ i r g  1/11, r?v~~?r< /I / i i ~ ~ l / r t i ~ ~ v  III /hi, 

M. S. S~vurnirrurilon .4ppIrrd G~~lornic..r L u h o r u ~ o r i ~  (A(;L/ riird u l \ o  /or /!I\ /~IIII/II~ ~ r r g r ~ ~ \ f i ( ~ r ~ ~  iil 1111, n.ol.k 

I t  i, rr,! inrrrior.st, pk'uiirre to [*~prc.ss IN! ~trrri(i.\r ~~~IIIIU~I, u ~ l d  rc\'crc,~ii.r, ro Dr. .% Si,nrhi/vt~/ 

S/)ecrtll Prqjcir Scirrlti.r/. ICXISAT His rrdcir,cv, purie~rr.r~, 1uppor.1 uric1 ~ ~ ~ ~ r ~ ( i r r r u , ~ r ~ r r r t ~ ~ r r  IIULV rrrj do i rh~ 

~1iu11lc'd 1ne 10 (~~~c,rr.orrz<~ u l l  //IC /III~~/c),Y i t1  111.1 III~/L,CII/II~ ivork. HL, WU.I U\ \~JCI I~ IL ,~~  1t1111 II~! I I O ~ ~  .\IIIL,L, 11\ 

i~ t i l ia / ion r7i1d 5t.u~ u l i ru~ 'n m~orluhle /o r  culuuhle vlrggi,srionv und ~ o r r ~ ~ i ~ l i o i i . ~  ill IIII. il'ork //is vi.slnn und 

adept disc~itssiuil rcchr i icu l l~~ ,rrld orhcnt,isc h ~ l p c d  nrt, ro Ii,orrr und ~rndcrsrund rki, r I~u/ l~~rr ,q~~.r  of rhr\ l ie ld  

arld rlrr p o ~ c ~ n ~ i u l  i t  hu.~. / rukr, rhc pr idc irr hurirrg hcen u.v.\uciu/cd II.I~/I .sir~./r u leu( hcr. 

Wirh p l t~u. rur~~.  I 1hu11k Dr. Rujeev. K. Vurshney, who hus h r ~ r r  [I greur .sollrt I, rfirtvpirur~on lo  rnc 

r v r r  srnce I mrr him at  AGL, ITR/SAT, Al lho i r~ l r  he go/ involved ut o loler .scugc i r r  nf.1. rr,. \~,ur~h n o ' k  hi? 

sugg~stions and encolrragemrnr mean u lor ro me und lo r  my fururc r7ndcuvour~. 



T h u ~ r b  urc ulso dtrt3 ro Dr .  Jayasrre Balaji. Brorrt/or~n~rrr~:s L'rrir. IC'HIS.47. Portrnc,h<.n~ lor  

h t , l /~ ing mt3 \cir/i rhv primc'r-d~,.iigrlr~rg U I I ~  ht,r i~uiuuhl,~ ~ I I ~ ~ L . ~ , ~ I I I ~ I I S  

I 11,ish /(I ~ h i ~ r ~ k  Dr. J. t'. Rue, S ~ , ~ l i o r  S ~ . i < ~ ~ r r l ~ r ,  Tol~,,,,l,>,q\ ( ,111, / / ( . / ;  / / I ~ I , ~ ' I ~ ' I , /  a r ~ ~ , /  / I I V  ,gr1111/,, 

fitr 1r1,lpirll: nlr, oltr 1ti1h rhr. a n r r o s ~ ~ l u t i ~ ~ ~ ~  t.rln,mc, os\,nt. whr,.Ii ir,it vlii/,,il rr.,r./rrl I . ( I I I I ,~I~I  10 IIII ~ , , . Y I ~ u ~ L . / I  

unrk, 

,Mi p ~ ~ r ~ ~ o r r u l  I/IIIII~.\ 10 hfr. Rumji,tor JIIII  or111 h, I I I I I I ~  I I I ' ,  W I I / I  1111 \t,ork '11 , YC, I I  / / I < ,  O I I ~ I I , ~ I  IIIII,,.~, 

~ I I I  ~11,\o fur  I ~ ~ , l ~ ~ r r i l :  rrrl, ill I I I I  ('SIR- / ~ ~ / I I I ~ I ~ Y / I ~ / ~  rc 1<11t '1 1 1 1 ~ 1 1 1 ~ ~ ~ ~ ~  11 IIIIOIII / I I Y  / I , , / /> 1 OII/ ' /  1101 11'11 1 '  ~ I , / ~ I I ~ ~ I I , , , /  

1111 r / rcs i~,  ~ ' I I I I I I ~ Y  urt, 111rt~ 10 ,%Ira ,Jfuhe>h U I I ~  ,Mr. C' l~uiiru R1~1dy !,)I  r11,'1r / I , , / / I  

,%I1 ! p ~ , ~ , i < i l  / r l ~ ~ ~ r ~ / ~ ~ l r  111u1~k.s trrt, ~ I I C  1 ~ 1  Dr. KC'. ~ I u j r ~ r r ~ ~ l u r  Dr. ,t/.K, ( ' h u f f ~ ~ p ~ r d l ~ ~ ~ u y  ~IIIII th14r 

KrtJitp*, ( 'c,II I~,I- /or C'~~I11tl~rr utrd ~ h l o / t , ~ ~ r l ~ i r  t t r r~ lo , y~ ,  / / i ~ l c  r t t l ~ ~ ~ ~ l ,  /< , I  111t.rr I I I I ~ ~ I I c ~ ~ ~ I ~ I ~ I ~  ( / I $ <  I I ~ Y I O I I  ,r11,1 Li1ri1 

lrt,I/) 111 U I I ~ J I I ~ I I I C  1111, I I J  / l i*r/ i~rrrr mi, / ~ r ~ > r t , i ~ r - / ~ r ~ ~ i i I i r ~ , c  vi11rr1111, 111, r r r  I / I , , I I  1,1/1\ '11 t11, I I IO\ I  I / I / I ; , ~ I ~ / I  <J I IC /  

i rtrr1111 ritrrv i!/ III) 1 ~,.si,un,h o l d  lib' 

(;rurt'lirl r i r i i~ lk .~ (rrt, rrI.so dirr, ro '111 I / !<  ,fuculr) m<.n~hcsr~ rrl l i l t ,  Dt.purrmt,nf ~!f(;~.nr,ric,$. O \ I I I~ I I IO  

1,11rvi,rsir1, 111 ~ l c~ r t i hu~ /  for rlrc,~r /~ t , / p ,  1~111~11r1r~1,q~~111~~111 I I I I ~  ~ I I / ~ ( I I ~  

I 1,tpre.is rrrj pr(rfi1111r11 grur1/1111', III ,Mr. 1'. Rumlr, .Sc I ,  r~r i / ;<  ' ~ I I . \ J ~ / ~ ~ I I I I ,  l('kI.Y,.l I ,  101 1 1 1 ~  / I ~ , / I I  

~ I , I I I / C T C , ~  I(J 1111, ill ~ / ~ ~ . s i , ~ ~ r i r r g  !/I', pruru,r\ U I I ~  sk r I l t ~~ / / i  /',,rc / I I I I , ~  I I I ~ '  t /r t ,  I I I \ ~ I ~ / I I ~ I ~ / C  hri~i1111~rrrru11~ s /ool\ I do 

IIOI / I ~ I , c ,  1111rd.\ 111 c3.!prc,.s.\ 11r), Krurir~rd~, 10111irt1.v 'Mr. R, R u j ~ r r u n ~  '11r~1 hfr, C ,4.+ht#k Kumur I I , / IO  \tl,rc, 

~ I I I ' I \ . \  U I ~ U ~ / I I / ~ / P  111 , S ~ I / N  CIII) ( I /  rrrj ~ ~ I J / I / ~ , I I I \ ,  C I , I I ~ ~ I  /ram / I C , / ~ I I I ~  ! ! i t '  I I I  I I I I  I I ' O I ~  771, I ,  I ICI I ' I  IIO! or111, I I ~ C I I  

i t n  go11~1 i r i c~ r ' i . ~  111 CIII rt,.\/)t2~.r\ h~rr ~1.si1 (1 IJII\JUIII S I I I I ~ ' ~  ( I /  I I I \ / I ~ I Y I I J O I I  I I I I ~  C ~ I I C ~ I ~ ~ I ~ O ~ ~ , I I I ~ , I I /  / I I I ~ I J I I ~ / I O ~ I I  

1111 ~ w r k  $ c  / I 'Y /~ I /~ ,  ut ,4 (;I., /CRl.SA 7' 1 u/,<o cr/fr<,.$.\ 111~ ,5111~ ( , I ,  l/~cr~rk.$ to Dr. ,Vtptr/~,~rfl ,Y/JCI lo/ / ' ~ I I /< , I  I 

Si~ir,rrrrr/. I('RIS,4 7: /or rhr, / IP//J rcrrdr'rl,i/ III nlc, n ! r r I ~  p r ~ , / ~ u r i r ~ q  riio <)Ti. tri<r/l\ hll I~c~i r r / / i  it rli<r~~k.\ or<, 11111' 

lo 1)r. Suntush P. I)rsl ipundc /or rukruy ui l  /hi' purrls o l  l<,uc l i~r lq  III,  I I I  ;L ' / i i i /  ulirrr~l 077. I I I ~ I I ~ / I ~ ! I ~ :  crrrd 

I.,,'II~I/) Iri'Ipirrg rnc, olir (4 i i ' ~ r j ,  /or  IIIJ, r~ , . \~~urc/ r  nark, I I ~ I ~ \ L ' I I / U I I ~ I I ~  U I I ~  ~ / I ~ \ I Y  \i,r11111y . Y / ~ ~ ~ C ~ ! ~ I /  1/1u11ks 

o i l ,  ulso I/ I IL,  10 Dr. Runjunu Bhurruchurjre u ~ i d  Dr .  1'. /.ova Kurnur /or th~arr /I I , / / I  urrd I ' I I / I I U ~ / L ,  

~~ rg ,~~ , \ r ro r~ .s ,  I I / I I '  11 ht,lpt,d IIIL' 11 101 ( l~( r i~r ,q  I I IL  / I I~~,VI,\ 11 r irrr~g 

I u.or11d 1rk1, io uckrro~t~lr~dyr~ \~,rrh h lg l~ spirr/,, I ~ I I ,  r1.1 ll11ilir1 Iivlrr r r ~ ~ l i l r , r r ~ I  11,. Mr. P. Surcnder 

Rcsddy U I I ~  Ms. ,V. Juluju ddrrrirr,e / / I V  /i~~r.slrrrry sr~~y<,s o/ I I I I  rt.,c,trrt 11 11r1r.A fir 11rc D ~ , / ~ ~ ~ / I I I I , I I I  ( I /  ( ; ~ ~ I I I ~ / I I ~ ~ .  

Osmu~riu 1'1iirr~r.rig.. t l ~ d t ~ r u h u d  A lor q/ 1ho11k.1 yo or11 10 l l ~o r l  

I urrl j i rrrr~~ful ro Mrs. Srethu Kunnun, 1.uh Mu~ruy i~ r ,  A(;/. ,  IC'RISA?; Mr.  Hryun Mu+> ,  S<vlror 

Rc~.,<,~~rch I t , r . h r i~ i~u r~  iirld rrir.mh~'r.r of'rhc (~'c,ntrrrl Slr/~port I .uh/or  rlrt,ir. ~ ~ ~ r ~ r ~ r r r u y ~ ~ r n ~ ~ ~ r l  u ~ r d  r~r~-iil)c,r~rlrorr 

drtritry ml. luh 11;ork; orhcr AGl. E r l i o r  Rt:rc.uri.h try.h/rri~~unv 111u1rrl1 Mr .  ,Vursi Rrddy, ,Mr. Guffuer. Mr.  

Sumuruju urid Mr .  E.+hwa* /or rhcir i ~ r ~ ~ u l u u h l ~ ~  help rn I C I I ~  hilly I I I ~  cr,r/urrr lob \kills rvhri h h u v ~  hr, l /~[,d u 

grcur dc,i~/ 111 i.ompic,rirrl: I,!\, work .~lrcce.ss/iu/i~ 

Ib ull rhe people In /he Depumnenr of Genetics, osmuniu liniversity U I I ~  ICRIS.4 T, Patuncheru 

ivherr I spt3rlr nlorr of my rescurch II'/c /ha.\r pasr t h rw  vaur$,  hrur1li.11 l lrunk~ Jrlr .s/urldirr~ hv III!~ \ id(, 111 ul l  

ups und dr~rvns of m)' re~earch.  The:,. mode rhe /ah more rhur~ ~ u s t  u \\orkplurc~. 111 rlo purrirulur ordcr. 

man) r h a ~ ~ k \  ro m\,/riends. Mrs. R. NURU Amrulhu, Dr. G. Jugrswur, Dr. K. Rujrndrr Run, Ms. M.S.L 



Sunitha, Mrs. Srilarmi, Mrs. Jayasrer, .+It. Ranadhrtr Kumar. ,Mr. Rarhant. Ms. Sirrtrha , Ms. D u r ~ u  

I:, Mrs. D. Madhavi , Mr. R. Prasad, Mr. ,1.'ataraj Shekhar, ,hfs. Ranjana. Mv. Rohini. Ms. Sm~apna, Dr. 

.4mita 01 tlrr Depr. qfGt.rr~,ti~,.v. O.L.' Iij J<.rdh~ril., Dr. Mehnc Dr. S.K. (;uliu, Afrs. ,l: Sridrt3i, hf.v. Jyrrrhi, 

.Mrs. Prathibha, .Ms. .4nuradha Mr. Sripurlri. .Mr. h'u.!,vahaun. .Mr. l i l u  G. +Ir. Bhushan K. 111 I('XIS.4 1: 

Parurli~hcrri. 

utorr~~~rr~rr~orrt~J .Mr. .A. Kri.!hnu Hrddl. Hr. Bhartur .4ls. Shohhu .Mr. Rumrlus. .Mr. .)lullu 

/ttd(v urrJ ,hi.v. Bukkumma Iru1.1, JOIII, $ 1 1  111rrt 11 /or III,, II,I\ UI~OIC~ O I I ~  IWI.OII~ , ,I// 01 L/IIII, 111,rr I IIIII\I 

~ 1 ~ 0  ill ~I~oII~II~~,~~~ 11rt~r11 vtyruru11'11~. 7'0 ~111 11r~ /.ti/> I~~I.~I,IIII.I nlro IIUI~ /r~~ l /~< ,d  lrrc, ~ / r r~uc / r  1111 I,,), or( 11 

,tori; ~I/IC.II dor~rq 11rrr111 inor<, riru~r r/r',rr 1rr111rru1 i/rrrit t .  $/IL,L r i l l  ~/rtr~rk.~ IIII JIIC 11orr1 1111. 

,S/I,,CILI/ I~ICIII~.~ or,, Orit, 10 +fr,v, S. D w i  (?I /',,rr/ !Ir1/'~1 #I~V,~JIII,Q O//ic, l < ' / i I , S ~ l  7'/01, , <?t!irrrq 

1o1'11,urd 111 /rcs/p r l l i ,  l~./r~,rrt,\r~r 1 ir/J/Jrrltr' /I( (1 I r t , I  S/)~'i i i i i  rh~rrrk.\ dr,, ~ r l i i i  I 11~~11i/~~i/ 10 I.ihrury rlrrjl' I'l'url 

,!/iller Breeding 1 'nit \IU(/. i111i1 l.[*urnitrg .Sysr~,m\ 1 trir vru//, ,,,jv, IU//I, ,Mr. .S. 1 :  Ptusud RUII. /or I/!, 11 

C,,YC C,//I,III ~~.~vr.vr(rrr~~c~ Jrrrirrg III,I rc,\,,'r/,c 11 11 ork l('Rl,S.4 7 77r~r1rL\ 'IIL, ~ I r r t ,  ICJ ,Mr. ,V. (.l~ury /<>I I/I,, 

~t~orrd,,r/r~/ ~r I r i~ logr~~p/ r ,~  I]/ 111 I ri,.$t,orvIr I~~IJI~L 

771c, ~~011rp11,riorr (I/ III,I ~I~II~IOICII I,<,,\, (rrc 11 \~oril i/ IIOI II'IIC, />,YII j ,o\~r/~lc II~II/I<~III //I<' c orrr/~,rrr~ 

1 '<~0~~~~r i i / l l J I l  UI I~ ~ o o d  \vr// o/ 1rli1111 o/ IIII /,I$,' Jri<,nd~ '11rd luhmutt,,r 1 l/ltrirk <I// r r r l  /rl~,Ird\ /,>I v/r~rlrrri! 

C,I~,~I <>~~ri,lio~r (I/ III~IIC and L~t~lrrrrg 1111, fir ii1111 /irr, 1/1rorlg11 orr~, 1 <,,~III,G'I 1111 ~ ~ / r ~ ~ / t ~ / r ~ ~ ~ r r / ~ ~ ~ l  //rirrrL.\ 10 011 1111 

1v(,11 u;.~ht~r.s u~r i l  or/rt,r,/ri~,rr~/~ r~,qri~,,vtirr,~ I/I~,~I 1111 qi~',!r,,j\ lor IIOI rrrc rr~ro~rrrrx I/I<'III lrt,rc, 111 1rir111~~ 

,4rr j ,  u/~jrrt,i i ~ r l > l~ ,  \~,i~rcl ~voril(/ hi 1, t \  10 I/I'III~ 1111, rnorhi,r 111rt1 mrrrl~~,r-in-luw /or tlr,, I ~ l ~ ~ ~ ~ r r ~ , ~ ~  111<,1 

$/~o\tc,rc,c/ 011 IIII,, &(I lurc,c,r l~'ori/if 1101 /r i i l~,  )v'o,Qr~,v3~,d 111 l/lr\ d r r~ ,~ l l i~ r r  <rllJ 10 l/rr\ /,,It,/ ~l~ll/roril l/l<,lr 

P~,IIC,~OII.S /IL,/~, r~r rd~~r t r i i~ rdr~~g cirld 1,111 o r i r t i c ~ ~ ~ ~ r ~ ~ ~ r r  7'11, rr /ov~, t111i1 ii/l<,( 11011 /~rlrrixkr 111t. 10 l l r ~ ,  /L~I~c/ 11 /r~,ri 1 

UIII 1odi11, UIIJ u1,vo ki~rilli'd 111) C,III/I~~V~II\II~ 1i1 cor r~  orit rvve,iin 11 

/ ~~/~c,rrv/~ all tho />/<YJ,~UIII IIIOIII~,III,I I!II/I 1111, \>ro~/~cr,  Rujur.!h/ drrd ,srtri,r.i~r-lir~t, Rut,l~nu, II/ZO, 

~I/ILI~I /r(rl~r rhcir vl~pporr urrd t~~r~~orrr~rgc~ni,,rl. hm.<, Jil1e.d rrr vcri, 1o11iuhli. o~rd  hr~lpfiil $rrcxcjlr(,rrr ~~,/r i r  h 

/C.II hcil nrc a IIII o,fu/y>rc~.iulr<i,~ Jrrrrrrp ,111 l ~ ~ ~ ~ ~ i ~ ~ r ~ ~ o l ~ o r r ~  or111 ~/II,\IY 11 ri lrr~x 

l.os/ hrir rror thr I<,uvr. rnrich IOI.~, crrrtl iiirrtrks ro f i i r ~ i r l ~ ' ,  i , \ l r~,~, io l l \  rnl hushund u~rd  IIII sun 

\t,ho~?r I hrn>r, ~rrglcc~rcd o lo/ i ~ r  Jriv , r,rrr\t, 01 no n.\i,lirt h ~\or l ,  IYr~hovr ~/rc,rf rrrrdrr~iu~rdrrry. 

< I I ~ ~ ( I ~ ~ ~ U ~ ~ ~ I I I ~ ~ I I ~  i111i1 ~ ~ o - o ~ ~ ~ ~ r u l r i r r ~ ,  rhi.3 rc,,s<,orc~/r 13[1rk 11111rld 11111 /I[II,I' h ~ , ~ l r  /I~J~.~I/I/I' 111 ill/ 



PREFACE 

Pearl millet. [Penruseturn glnucurn (L.) H .  Rr.1. the sixth most tn1pr)rtant crrtscil crop \vlt 11 

2n=2x=14, 1s grown preclom~nantly In Afrtca and ASIR. ils i~ s t~p l t .  h o d  griittl J I I ( I  soLIrctl 

of feed, fodder. fuel and construrtion m;ltrrial I r l  tht. hottrst.  drtrst.  sc.1111 ; ~ r ~ d  ;tntl i ~ r ~ t l  

regions. In rerrnt tlmes. there is a reneivrd Interest 3lot)nlly In gro\\.lrlg ~ X > ~ ~ S I  l~ltllrt 

because of its drought tolerance and hlgh qual~ty gr;tlrl. L)esp~t' ~ t s  t l l l l )o~. t i~t~~. t~.  ptsiirl 

millet can be cons~dered an 'orphan" crop becausr of its \.as1 u n t ; ~ p l ~ ~ d  potc.nt~;il, lcsss 

sequenced genome and limtted markrrs for gt-nrtic s t u d ~ e s .  Addtt~r)ni~ll\ ,  p t ~ ~ r l  rntllrt 

productivity IS hampered to a great extent by soil sallntty. 'Tllus, res?arc.h f ~ r t  trlcrtsiisltlg 

th r  salt tolerant? of pearl millet will not only Increase the prcld~~ct~\z~ty <)I' this 1111port:lnt 

crop, but also allo~v the morr effect~ve use of poor qualit! ~rrtgat~oti \\;ittbr I I I  sill! 

affected areas. 

"A study ort the rnrchnrtisrr~s of salir~rty folernrtcr nrtd rlror~lo~~rr~ertt of tr~olt~ctrlnr rr~(trkc,rs 

irt pearl millet /Pertruseturn glnnnlrn (L.) H, tlr.]" is n ~ m r d  tnaitll!. to ;lsst5ss opportuntt~c~s 

for using existing pearl millet populatiotis ( t iash and Witron11)t.. 1004: tlt~stl  rs t  :II.. 

2001) and other pearl millet genetic stocks L~vailable at ICKISAT-f'att~tirlit-I-LI lo grtlrrate 

tnolecular markers for genomic regtons contnt~ut tng to sa l tn i t  s t r rss  toli-t.;~nct* during 

germination and early seedling growth. Salinity tolerance during thrsc. early growlh 

stages 1s c r ~ t ~ c a l  to crop establishment in saltne soil cond~tinns ant1 sot1 Irrc. In tntro 

screens can be used a s  a way of reduclng the complcxir of genotvpr rt1vtronmtanl 

interactions to assess this on the large numt)rru of en tn r s  reclu~red fol- pht.not!plt~g a 

mapptng population progeny set. 

This thesis is broadly divided into 9 chapters. Chapters 1 and 2 contain thr  

introduction and review of literature, respectively; chapter 3 deals with rnater~als ant1 

methods used; chapter 4 represents the experimental rrsults.  Chapter 5 contams the, 

discussion of the results. The overall summary and conclusions are prrsented in 

chapter 6, and the cited literature In the chapter 7. Chapter 8 contalns the ltst of 

publications and presentation of papers in symposia and conferences in due course of 

research work. The details of the composition of buffers and reagents and score.sheets 

of marker data analysis are included in chapter 9. 
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INTRODUCTION 



CHAPTER 1 

INTRODUCTION 

Salinity stress: one of the major environmental constraints to crop 

productivity globally 

Snline SOIIS  arc. problem for ,igriculturr in m;iti>. 1x11-ts 01' t l i ~  \vi~r.l(i, t~spc~.r ;~l ly 

in arid :uncl srrni.i~riti rcgions \vh'rt3 lrrw prc.cipitati~)tl. 11-1-ig;rllrm n.itll Iir;~c.kish 

water xnd poor drninagr Intrr~rct !o bring a b ~ > i ~ t  soil s:~llii~t> I.:ut.c-ss ;inlourits of' 

salt in the soil adversely nffrcis plant growth ;tncl drvt,l(~pn~c*rlt I[.;ld~ng to 

diminished rcnnomic yields (Bcmslrin.  19751 anti poor cl~i;ilitv I I ~ '  prc>ducc\: 

limiting the productivity of crop plants (Ashrnf, 19W) Appsrls~rn;rtcly 20"t8 o f  

the world's cu1tivatt.d a r rn  ;Inti nr:irly half t i f  the world's trrig;~t($ti I;~tids ;Irt. 

affectrd by salinity ( Z h i ~ .  2001:1). Ovrr 800 millicln ht,ct;trcs o f  l;~ntl t l i r o u g h ~ ~ ~ i t  

the world art. salt-aff~vtcti, cttlicr by salinity (997 rn~llion h;il or the, ;lssocl;~trrl 

cond~tion of sodicity (434 million hnj a s  reported by FA0 (20051. In l';~ct no 

continent on our  planrt is frcc frclm salt-nffectcd s o ~ l s .  I r i ~ l r i i  for. insl;ini~tS, hiis 

about  7 m~llion h a  of saline lands, of which 2 million h;i oc.c.ur In deltas it1 ; I  

s t n p  rcinging from a few kilometers to 50 km frotn the co;lst. Thc Itnmcnsc* 

potential of salt cLfectecl solls for much needed product~ori ol food, fiber, fuc.1. 

anci forage* crops is now more relevant than ever; procluct~on rl~.rn;~ntls :Irv 

increasing clue to t h r  growing population, and therc IS sc.;lnt possibility of 

bringing new land undcr cult~\.ation. This emphaslzrs thc tirgrnl n ted  t o  

incrensr product~\rity of salt aifrcted soils and  help innumcr:tl~lc low-incomr 

small farmers to improve their lot. 

The technology of combating salinity is extremely cost-extensive requiring large 

expenditures of energq' to reclaim land a n d  maifltain soil balances. Also the 

ability of the crop to tolerat? a given level of salinity becomes paramount in 

managing water and  soil resources. An alternative to expensive large-scale 

irrigation and  drainage schemes is the development of salt-tolerant crop species 

a n d  for this  reason there h a s  been an upsurge of interest towards tailoring crop 

plants  to sui t  more saline environments. 



The majority of crop species are extremely susceptible to salt and most are 

unable to tolerate concentrations higher than 100 mol m NaCI. Salt stress 

results in reduced water potential, ion imbalance find tox~c~ty.  which in turn 

lead to changes in development, growth &id product~v~ty and srvrre strrss,  mav 

even threaten survival (Hasegawa et a / ,  2000b). High concrntrkitiol~s of salts 

cause ionic. osmotic and associated secondan stresses to plants. Plitnt 

responses to these pnmary end secondkin strcssscss iirr ccunplrs ;inti can be 

grouped into three gcncral c:itegories: homorost,is~s, ctr tos~tic;~t~on ; ~ n d  growth 

control (Zhu. 2001a). Homoeostatic responsc2s ~nclutie ; ic t~v~t~c ,s  thi1t help 

restore both ionic and osmotic balanccs In plkuir ct-11s. Intiuc-tion of ~nrt:lbolites 

and stress proteins that alleviatz oxldativr tlam;~gc.. and l ~ p - ~ - l ' f i ~ ~ l i ~ t i o ~ ~  of 

prolelns that help to renature or remove tlcnaturcd protrins that increase 

under stress are examples of detoxification. (irowth ccmtrol refers to thc 

coordination of stress adaptat~on and the rate of crll d~vis~on iind expansion. 

Salt cffccts are a combined res~il t  of the cornpics ~ ~ ~ t e r ; i c t i o i ~ s  :lmong differrnt 

morphological, physiological and biochemical processes. Morphological 

symptoms are indications of the injurious effects of salt stress, The extent of 

inhibitory or adverse effects c m  be known only I)? maklng cr1tic:wl con~parisons 

with plants growing under comparable conditions in nc~rmal soils. Salinity may 

directly or indirectly inhibit cell divislon and enlargement In the plant's growing 

points. Reduced shoot growth caused by salin~ty or~ginntes in growing tissues 

rmci not in maturt. photosynthetic tlssues (Munns et ul . ,  1982). As a result, 

leaves and stems of the affected plants appciir srunted. Chlorlde induces 

elongation of the palisade cells, due to which the leaves become succulent. Salt 

stress hastens phenological development, i.e, induces ekuly flowering in wheat 

(Francois et al., 1986). It also reduces dry matter content, increases the root : 

shoot ratio, and diminishes leaf size in crop plants; as  a result of which, grain 

yield is reduced. This grain yield reduction is attributed to reduced numbers of 

seeds, spikelets, and tillers, a s  well a s  low grain weight. Excess salt in the soil 

solution may adversely affect plant growth either through osmotic inhibition of 

water uptake by roots or by specific ion effects. The presence of high Nat and 

C1- concentrations and an altered water status in the soil brings about changes 

in plant metabolism, membrane disorganizati~n, generation of reactive oxygen 



species (ROS), metabolic toxicity, inhib~tion of photospthesis and altered 

nutrient acquisition (Hasegawi et a / . .  2000b). Specific Ion efkcts may cause 

direct toxicity or, alternatively, the insolubility or competitive ~tbsorption of Ions 

may affect the plant's nutritional balanc-. These effects mciy be ;~ssoc~;ited ~ 7 t h  

enzyme actitity, horrnonal imbalancr, or morphological mc~dlfications. I t  sI10~1ld 

br noted that the relative rolm of osmotlc and speclfic ion phenornrn;l In 

explam~ng the observed effects IS tilsputrd. Evrn ;I! low si~lirlity It8vcls, t,st~.r~l;ll 

sidt concentration IS m ~ i c h  grcatcr t1.1iui t t 1 ~ 1 t  t r f  ~~utl.lent I O I I S ,  so t h ; ~ ~  ;I 

considerable concentration of ions may reach thv xylrm. Bc~tiji thr ;~ct~\,c.l\. 

transpiring parts of the pl;int, the Ic,~ves ;(ccumulute salt to cxccss~vr 1cvc.l~. 

exceeding the ability of the crlls to c o m p : r ~ ~ i t t l i e  thcsc. Ions in tht* vticuolr 

(Munns and Termat, 198h) ,  loris then build up rap~dly In thta cytopI;~srn and 

inhibit enzyme activity or thtby build up In the c,cll walls and drhydratr the crll. 

which leads to thelr prcmaturr death (Flowers ancl Yeo, I 9 8 h ;  Munns itlld 

Passioura. 1984). 

There are various mechan~sms by which pl;ints can protect thcn~sclvc~s from 

abiotic stresses by accumulntion of osmoprort'ctilnts, exclusion o i  ions. 

compartmentation of ions, transportt,i. ancl symporter systcms, water channels. 

chaperones, reactive oxygen specles sc~ivcng~ng miichlnrry and sign;llln~ 

molecules. Osmoregulation by accumulation of org;~nlc or inorganic solutcs 

ensures that adequate turgor is maintainecl 111 the crll. Thc compounds that 

accumulate most commonly are prollne ancl glycinebctaine, althougl~ othel- 

molecules can also accumulate to high conccntrations in ccrtaln species 

(Hasegawa et al., 2000b). Organic compounds that accumulate in the cytoplasm 

may function as  osmotica and thereby protect the conformation of 

macromolecules in the changing ionic environment (Wyn Jones and Pollard, 

1983). When plants are subjected to salt stress, the balance between the 

production of reac;-ive oxygen species and the quenching activity of the 

antioxidants gets upset, often resulting in oxidative damage (Cosset et al., 

1994a). Plants possess a number of antioxidant enzymes that protect them 

from these potential cytotoxic effects due to the excessive generation of active 

oxygen species such a s  superoxide radicals ( O L ) ,  hydrogen peroxide (HiO1) and 

hydroxyl radicals (Dionisio-Sese and Tobita, J 908: McCord, 2000; Hernandez el 



al., 2001; Lee et al.. 20011. Superoxide dismutase (SOD) 1s a major scavenger of 

01-, and ~ t s  enzymatic action results in the formation of H.L).,. Catalnse and t~ 

variety of peroxidases (Chang et al., 1984: Chrn and Asitdn. Ic)89) catalyze the 

breakdown of H,O,. Thus, understandin:, the molecular b~isls and mrch~~nisrns  

of gene regulation. signal transductlon, ion trztnsport, os~norc~gul;itic)ri and 

mineral nutrition ulll be helpful in developing srlectlon str;ltcylc.s for lrnpro\infi 

sallnitg tolcrance in crop plants. 

Screening and selecting for salt tolerance 

Screening largt. numbers of genotypes for si~linity tolrr.1nc.c. u i  t l i t .  ficsltl 1s 

d~fficult, d ~ i r  to spatid hetrrogencits of soil rht:rnir;~l ; i l l e l  physic.al propert1c.s. 

and to srnsonal fluctuations in riunf:i11. A ficlti study 1t1 Syrl;~ lislng IC'ARrIA's 

advanced t lunrrn breeding l ~ n e s  it~dicntrd that s~finific;int gcnctic varlat~on for 

salt tolerance might exist. but the confounding presencr of ctroufilit stress milde 

it difficult t r ~  identify genotypes with salt tolerance (Sriv;rst;~va and .ln!ia, 1984). 

They concludeti that 'thr lack of reliably large-scale ficltl srrc,t*ning tcchnlcluc.~ 

still seems to be the biggest problem in genetic improvrn~t.nt of salt and drought 

tolerance of crop plants'. Screenir~g techniques that can I,? c.:crrlcd (jut unticr 

controlled environments have therefore oftcn becn ~isvd,  c~spec~ittlly for 

evaluating germination and survival of young seedlings nt high s;tlinity (200 

300mM NaCI) (Munns and Jnmes, 2003). 

The phys~olog~cal effects of salinity on plant growth Lire not fi~lly knoun, 

measuring salinity tolerance is difficult, and little 1s known iit)out genes 

involved in salinity tolerance. Because of thls complex naturca of salinity 

tolerance, trait-based selection criteria are recommended for screening 

techniques (Noble and Rogers, 1992; Yeo and Flowers, 1986; Yeo et ul., 1990). 

.Salinity tolerance is usually assessed a s  the percent blornass production in. 

saline versus contrd conditions over a period of time (Munns, 2002). Salt 

tolerance can also be assessed in terms of survival, which is qulte appropriate 

for most of the perennial and annual crop species. Physiological traits used for 

screening germplasm for salinity tolerance have included proline accumuiation, 

Na. exclusion (Garcia et al., 19951, K./Nai discrimination (Asch el al., 2000) and 

CI- exclusion (Rogers and Noble, 1992). Relative reductions in yield and growth 



have also been used as  measures of plant salinity stress response. Since 

salinity imposes an environmental restrant on plant growth, quantitcitiv~ 

parameters of these growth and yield reductions can be measured using the 

principles of biometrics and quantitativ- genetics. G~ven that the physiological 

approach for identlljing trnlts that confer stress reslstnnc%c so far hits not t)cc17 

very successful ( i . t , .  there is no single physiological trait that is strongly 

associated hith salt tolt.rnnce), study in^ the pilttrrn of pr-otcin synthtssis under 

salt stress may help tv ~rl~~ntil'y u protein(s1 ;~ssoci:itc*d with strctss. Unticr s;lllnc> 

conditions there is i~ change in the pattern ol' gene c.xprt.ss~c~n. ;111<1 00111 

qualitative and rluantitatl\.e changcbs in prottvn synthcs~s .  

Pearl millet and salinity 

Pearl millet (Pc2rinisrt~rn~ ;~/ccuc.irm 1L.j R .  BI..), an import;~lit crrc;~l of tr;~tl~tion.~l 

farming systems in trop~cnl : ~ n d  subtroplcnl Asi;~ ;IIIC~ sub-S;thar;~n Africa. is 11it .  

sixth most important cereal crop aftt,r wheat, rlce, n-~ctize, I>i~rlcy and sorghun~. 

in terms of annual global protluction (FAO, 1YC92). It is thc~ stiiplv foot1 gri1i11 i~ntl 

a source of feed, fodder. fut-I and c o n s t n ~ c t i ~ ~ n  materi:il grown on 2'1 million 11:1 

(FAO, 2005) supporting millions of poor n ~ r a l  fitmilirs in tht. droi~fiht protic, 

semi-arid regions of Africa and the Indian sub continc~nt, where r;~inft,tl 

ugrlculture is practicetl. Taxonomicellv, pearl millrt belongs to tht- fi~rnilv 

Poacenc, subfamily Puriicoide(~e, genus Pcv~rlisc~tlrnr. This gcbnus is comprisc~tl of 

over 140 species, with chromosomc~ numbers in multlplrs of x = 5. 7 ,  X ;~nt l  (4 

nnd ploidy ranging from diploid to octaploid levels (Brunken, 1477). Scxuai and 

apnmictic, as  well as  annual and perennial ~pccies  arc includcd in this gcbnus. 

Pearl millet is a diploid possessing 2n = 2x - 14 chromosomes. It  is a c,ross~ 

pollinated annual C4 crop species with a protogynous flowering habit, and can 

be intercrossed with a large group of wild relatives having 2n - 14 

chromosomes (Jauhar.  1981; Liu et al., 1994b). Pearl millet was domesticated 

along the Southern margins of the Saharan central highlands at the onset of 

the present dry phase some 4000-5000 vears ago (Anand Kumar, 1989). 

According to the earliest archeological records, pearl millet originated in Africa 

and was introduced to India about 2000 B.C. It is the fourth most important 

cereal crop in India, after rice, wheat and sorghum, and is most widely grown in 



t h e  states of Rajasthan. Maharashtra. Gujarat and Hantana In India, the 

average annual  area sown to pearl millet amounts  to 5 M ha \nth ,m dvtsrngr 

annual  gram production of 8 3 M tons and a\eragca R ~ i l n  \,irld of 880 kg/hd 

(FAO. 2005) The cultnated crop and  it,: ~ l l d  progenitor art, diploid w t h  stb\en 

pairs of large chromosomes and  a haploid DNA contrnt of 1.5 pg (Bcntlrtt.  

197b). The genome size of pearl millet is  .~roiinti I 3 0 0  millioii tlasc pairs of 

DNA. n.h~c.ll 1s >\bout 5 times larger than th ;~ t  of t.ic(. (4:lO M t)p) and ;llrntrst 

equal to t h ~ i t  of mailizr (7400 M bp) .  The grtlomts si ic  lri l>(,;irl niillrt is also 1;lt.gc.r 

t h a n  that of sorghum (750 M bp) (Arumugnnath;ln ;~ i ld  E ; I ~ ~ I t ~ .  1 0 0 1 ) .  

P t -~ul  millrt tolerates drought, low soil I'rrtility. anti loiv S I ) I I  pH. yc.1 rc.spoiids 

well to favorable water and soil conditions. Intic-c.ci, in sornc of th(' hotttast irnd 

driest rcgions of Inciia and Africa, wherr other rrops 110 !lot grow well, pv;ii.I 

millet is the only cereal that can  be grown rcl~nbly ;~nt l  so  pliivs ;I critic:;d rolv 111 

food security. Generally, pearl millet is considered mure cSlicivi1t in utilizntioll 01' 

soil molsturfa and h a s  a higher level of heat toler;~nct~ than sorghum or m;uzt5. 

These facts make pearl millet an important food staple. in rninfcd regions or 

s u b - S ~ h a r a n  Africa and  the Indian sub-continc:nt, cspc~.i ;~l l \  in thla scrni ,lrid 

areas,  where other crops tend to fail because of in~itIcclu:il~. r;unl'i~ll ;~nrl poor 

soil cond~t ions  (FA0 a n d  ICRISAT, 19Yb). In rectant tirnc:s. thvre is ;I rcnrwecl 

interrst globally In gowlng  pearl millet because (IF i ts t l ro l i~h t  tolerance and 

hlgh quality p a n .  

Altho~igh pc>;irl millet is one of the most drought tol(.r;in~ of all domesticatrd 

cerc;ds (Blclinger and  Hash, 2004), its grain yields art. limited by the poor 

inherent fertility and water-holding capacity of the  marginal solls on which thr  

crop is liugely grown, and traditional management practices (including little use 

of fertilizers m d  below optimum levels of tillage) In these stress-pronc 

agricultural product:on areas. Further limitations are imposed both by salinity 

a n d  drought stresses. The crop suffers from water deficits :it critical growth 

phases,  especially during crop estab1ishn:ent a n d  reproductive growth. Soil 

salinity hampers pearl millet productivity to a great extent by delaying seed 

germination a n d  reducing germination percentage, and  severely affecting 

subsequent  growth throughout the plant life cycle (Ashraf and Idrees, 1992). 



~ h u s ,  research for increasing the salt tolerance of pearl millet will not only 

increase the productivity, but also allow more effective use of poor quality 

irrigation water in salt-affected areas. Additionally, the ability to grow high 

return crops such as  pearl millet on salt-affected land will boost farm incomes 

and support changed farm management practices to address salinization in the 

semi-arid tropics. 

Until recently, little breeding fur salinity tolerance was undertaken in pearl 

millet because of lack of understanding of the tolerance mechanisms and plant 

responses to this stress, and of the genetic variability available for improving 

these. Conventional breeding for quantitative traits such as  salinity tolerance is 

often an extremely slow and laborious process and because of genotype x 

environment interactions, the application of results from such breeding efforts 

tends to be location specific. However, recent advances in the application of 

DNA markers and plant genome mapping technology offers a new opportunity 

for understanding the genetics of salt-resistance genes and their contribution to 

plant performance under salinity stress. Molecular genetic maps have been 

developed for major crop plants, which m~lke it possible for scientists to tag 

desirable traits using known DNA landmarks. Molecular markers allow 

breeders to track genetic loci controlling salt stress tolerance without having to 

measure the phenotype, thus,  reducing the need for extensive field-testing over 

time and space. Moreover, gene pyramiding or introgression can be done more 

precisely using molecular tags. Together, molecular markers offer a new 

strategy known as  marker-assisted selection (MAS), which may provide a 

powerful tool to improve salinity tolerance. Therefore, by identifying genomic 

regions that contribute most to control of salinity stress tolerance and providing 

molecular selection criteria can help efficiently move these genomic regions 

from poorly adapted trait donors into the best available improved varieties \la,a 

conventional crossing program. However, pearl millet has less sequenced 

genomes and a shortage of markers and t h ~  re is every need to develop 

molecular markers for salinity tolerance in this important crop. 



Taking cognizance of this background information, the present work has been 

taken UP with the following objectives: 

* To screen a set of genetically diverse pearl millet inbred lines for their 

salinity tolerance levels. 

* TO assess possible mechanisms of salinity tolerance in pearl millet. 

* To measure the antioxidant enzyme activity responses to salinity 

stress in salt-tolerant and -sensitive lines of pearl millet. 

* To develop TRAP (Target Region Amplified Polymorphism) markers for 

salinity tolerance in pearl millet. 

* To check the validity of molecular markers identified in the course of 

the study. 

* To identify QTLs for salinity tolerance in mapping populations of pearl 

millet. 

The aim of this study is to assess opportunities for using existing pearl millet 

mapping populations (Hash and Witcombe, 1994; Hash et al., 2001) and other 

pearl millet genetic stocks available at ICRISAT to map TRAP (Target Region 

Amplified Polymorphism) markers for genomic regions contributing to salinity 

stress tolerance. The TRAP markers thus developed and mapped may find use 

in genome characterization, tagging desirable genes, and high-throughput 

mapping of pearl millet populations. 



REVIEW OF LITERATURE 



CHAPTER 2 

REVIEW OF LITERATURE 

2.1 Salinity - a major problem hampering crop productivity 

Salinity of arable land is an increasing problem of many irrigated, arid and 

semi-arid areas of the world wherc rainfall is insufficient to leach salts from the 

root zone, and salinity is a slgnlficant factor in reducing crop productivity 

(Francois and Maas, 1994). Soil salinity is a major constraint to food production 

because it limits crop yields and restricts use of land previously cultivated. The 

United Nations Environment Program (UNEP) estimates that approximately 209'' 

of agricultural land and 50°/n of cropland in the world is salt-affected (Flowers 

and Yeo, 1995). Much of the world's land is not cultivated, but a significant 

proportion of cultivated land is salt-affected. The term salt-affected refers to 

soils that are saline, and according to the FA0 Land and Plant Nutrition 

Management Sentice, these cover over 400 million ha, which is over 6% of the 

world land area (Table 2.1) (FAO, 2005) Areas affected by soil salinity are not 

well defined, since detailed maps are available for only a few. Consequently, 

global estimates vary widely (Flowers et al., 1986). Of the current 230 million ha 

of irrigated land world-wide, 45 million ha  are salt-affected (19.5 %) and of the 

1,500 million ha under dryland agriculture, 32 million are salt-affected to 

varying degrees (2.1 %). Together, these salinity-affected lands (which includes 

about one-third of the land area world-wide) (Figure 2.1) constitute a major 

constraint to food production (Singh and Chatrath, 2001). 

2.2 Types and Causes of Salinity 

2.2.1 Natural or primary sahf ty  

Primary salinity results from the accumulation of salts over long periods of 

time, through natural processes, in the soil or groundwater. It is caused by two 

natural processes. The first is the weathering of parent materials containing 

soluble salts. Weathering processes break down rocks and release soluble salts 

of various types, mainly chlorides of sodium, cal~ium and magnesium, and to a 



Table 2.1 Regional dimtribution of salt-affected agricultural soils, 
in million hectarem 

Regions I Total land area / Saline soils 

[Source: FA0 Land and Plant Nutrition Management Service, FA0 20051 

Africa 

*,Asia, the Pacific and Australia 

Europe 

Latin America 

 ear East 

North America 

Total 

Figure 2.1. Global distribution of malt-affected soils (shown in red) 

ISource : Singh and Chatrath, 20011 

Mha 

1,899 

3,107 

2,011 

2,039 

1,802 

1,924 

12,781 

Mha 

39 

195 

7 

61 

92 

5 

397 

% 

2.0 

6.3 

0.3 

3.0 

5.1 

0.2 

3.1% 



lesser extent, sulphates and carbonates. Sodium chloride is the most soluble 

salt. Another type of Salinity occurs in coastal areas subject to tides and the 

main cause is intrusion of saline water into rivers (Cyms et a/., 1997) or 

acquifers (Howard and Mullings, 1996). Coastal rice crops in Asia, for instance, 

are frecluently affected by exposure to seawater brought in by cyclones (Sultana 

et al., 2001). 

2.2.2 Secondary salinization or human-induced salinity 

Secondary salinization results from human activities, mainly as a consequence 

of improper methods of irrigation. The most common causes are (i) land clearing 

and replacement of perennial vegetation with annual crops, and (ii) irrigation 

schemes using salt-rich irrigation water or having insufficient drainage. 

Szabolcs (1992) estimated that 50% of all irrigated schemes are salt-affected. 

Too few attempts have been made recently to assess the degree of human- 

induced secondmy salinization and according to Flowers and Yeo (1995) this 

makes it difficult to evaluate the importance of salinitv to future agricultural 

productivity. Prior to human activities, in arid or semi-arid climates, the water 

used by natural vegetation was in balance with the rainfall, with the deep roots 

of native vegetation ensuring that the water tables were well below the surface. 

Clearing and irrigation changed this balance, so that rainfall on one hand, and 

irrigation water on the other, provided more water than the crops could use. 

The excess water raises the water table and mobilizes salts previously stored in 

the subsoil, bringing them up to the root zone. Plants use the water and leave 

the salt behind until the soil water becomes too salty for further water uptake 

by roots. The water table continues to rise, and when it comes close to the 

surface, water evaporates leaving salts behind on the surface, thus forming a 

'salt scald'. The mobilized salt can also move laterally to water courses and 

increase their sdlinit.,i. 

2.3 The Effect of Salinity on Plants 

Salts in the soil water may inhibit plant growth for two reasons. First, the 

presence of salt in the soil solution reduces the ability of the plant to take up 

water, and this leads to reduction in the gowth rate (Romero-Aranda et al., 



2001; Ghoulam et al., 2002). This is referred to as the osmotic or water-deficit 

effect of salinity. Second, if excessive amounts of salt enter the plant in the 

transpiration stream there will be injury to cells in the transpiring leaves and 

this may cause further reductions in growth. This is called the salt-specific or 

ion-excess effect of salinity (Greenway and Munns, 1980). The initial and 

prrmary effects of salinity, especially at low to moderate concentrations, are due 

to its osmotic effects (Munns and Termaat, 1986; Jacoby, 1994). Osmotic 

effects of salts on plants are a result of lowering of the soil water potential due 

to increasing solute concentration in the root zone. At very low soil water 

potentials, this condition interferes with the plant's ability to extract water from 

the soil and maintain turgor. At high salinity, some specific symptoms of plant 

damage may be recognized, such as necrosrs and leaf tip burn due to Na  or C1 

ions (Wahome et al., 2001). Sodium and chloride, usually the most prevalent 

ions in saline soils or water, account for most of the deleterious effects that can 

be related to specific ion toxicities (Levitt, 1980). The degree to which growth is 

reduced by salinity differs greatly with species and to lesser extent with 

v'uieties (Bolarin et al., 1991; Ghoulam et al., 2002). 

2.4 Salt Tolerance 

Flowers et al. (1977), Levitt (1980) =and Shannon et a/ .  (1994) classified plants 

into halophytes and glycophytes, depending on their sensitivity to salinity. 

Halophytes are plants that can grow in the presence of high concentrations of 

salts, even higher than that of seawater (-500 mM) 'and have a competitive 

advantage over non-halophytes in highly saline environments. Glycophytes on 

the other hand, are plants that are sensitive to relatively low salt 

concentrations. Almost all major crop species as well as most wild plant species 

are glycophytes. Although individual responses to high salinity levels may differ, 

several lines of evidence suggest that all plants use the same generd salt 

tolerance regulatory n~echanisms, and that the differences between hdophfic 

and glycophytic species are of a quantitative rather than qualitative nature 

(Greenway and Munns, 1980; Zhu, 2001a). Plant sensitivity to salt levels in the 

soil is also highly dependent on environmental factors (Shannon et al., 1994), 



plant species, and cultwars ulthln a species (Greenway and Munns, 1980, 

Ashraf, 2002), as well as the stage of plant development (Vicente et a1 , 2004) 

2.4.1 Influence of growth stage on salinity tolerance 

The response of plants to sahnitv vanes ulth growth stage at wh~ch salinizatlon 

1s ~ n ~ h a t e d  However, information about the salt tolerance of crops at different 

stages of growth 1s llmlted Plant sensltlvlty to so11 salinity continually changes 

during the growng stages (Vicente et a l ,  2004) The available dar,~ generally 

agree that the early seedling stage of plant growth is the most sensitwe for most 

crops (Maas and Poss, 1989, Vlcente et a l ,  2004) It is during thls stage of 

growth of cereal crops that leaf and spikelet primordial are inltlated ,and tiller 

buds are formed (Maas and Gneve, 1990) Consequently, high so11 sahnlty 

dunng this crop growth stage can severely affect find economic yield 

Slgnlficant and non significant assoc~abons between sallnlty tolerance at the 

gemnabon  stage and adult plant growth and development were Identified 

(Lovato et a l ,  1994, Bayuelo-Jimenez et a l ,  2002) Most Lrops are tolerant 

dunng gerrmnatlon, but the young developing seedlings are susceptible to 

injury durlng emergence from the soil anu during early juvenile development 

Once established, plants generally become increasingly tolerant durlng later 

atages of vegetauve growth, although reproductive growth may agtun be 

sensltive to salinity stress (Khatun and Flowers, 1995, Khatun el u l ,  1995) 

One of the pnmary effects of salt stress is that ~t delays germination and 

seedling emergence Seed germination is usually the most cntlcal stage In crop 

establishment, determlnlng the success or falure of crop production 

(Almansoun et a l ,  2001) Earlier vegetative growth stages are more sensltive to 

5almlty than subsequent ones (Lal, 1985) The fact is that subsequent growth 

and fmal yleld of crop plants decrease when the molsture supply is limited 

Germnatlon and seedling growth are reduced In saline solls ulth varylng 

responses for specles and cultlvars (Bllss et a l ,  1986, Hampson and Simpson, 

1990) Sallnity affects the gemnahon  of seeds by creatlng an external osmobc 

potential that prevents water uptake or vla the toxlc effects of Na' and C1 Ions 

on the gemnating seed (Redman,  1974, Murnllo-Amador et a l ,  2002, 

Khajeh- Hosseini et a l ,  2003) Although different stages of plant growth were 



seen to respond differentially to salinity stress (Vicente et al., 2004), in certain 

the performance of seedlings under saline conditions has been 

considered highly predictive of the response of adult plants to salinity (Azhar 

and McNeilly, 1987). Ashraf et al. (1986) evaluated seedlings of barley, wheat 

and seven forage grass species, and demonstrated considerable tolerance of 

salinity at the adult growth stage of these plants. Similarly, in studies 

conducted by Bayuelo-Jimenez et al. (2002), five accessions of Phasoelus 

fiiijonnis previously identified as  the most tolerant at germination and early 

seedling growth, were also tolerant during the vegetative growth stage when 

exposed to 180 mM NaC1. Hence, salinity tolerance observed at germination, 

early seedling and vegetative growth stages is of great importance. 

2.5 Mechanisms of salt stress tolerance 

Plants have adapted a variety of mechanisms to alleviate the negative impacts of 

salinity (Gorham, 1995a,b). Such mechanisms range from cellular level to whole 

plant reactions and are often an integrated response at multiple levels. Salt 

tolerance can be achieved by the ability of growing cells of a plant to avoid high 

ion concentrations (avoidance) or the ability of cells to cope with high ion 

concentrations (tolerance) (Greenway and Munns, 1980; Levitt, 1980). 

Examples of salt avoidance mechanisms include delayed germination or 

maturity until favorable conditic~ns prevail; the exclusion of salt at the root zone 

or preferential root growth into non-saline areas; compartmentalization of salt 

into and secretion from specialized orgnnellcs such as salt glands and salt 

hairs; or storage in older leaves. According to Munns (2002), the salt tolerance 

mechanisms in plants fall into two main categories: those involved in 

minimizing salt entry into the plant and those involved in minimizing salt 

concentration in Qe cytoplasm. Thus, research into crop salt tolerqce has 

been conducted at different levels of organizatioti from molecular to crop level. 

2.5.1 Selective accumulation or exclusion of ions 

Under saline conditions, both glycophytes and halophytes either restrict the 

excess salts in the vacuole or compartmentalize t h ~  ions in different tissues to 



minimize their disruption of metabolic functions (Zhu, 2003). Salt can be 

prevented from entering the plant through its root system, or within the plant 

salt can be restricted from reaching sensitive organs (Larcher, 1980). Internal 

exclusion mechanisms can involve processes such as  sequestering salt ions in 

specialized tissues after removing them from the transport stream (Hagemeyer, 

1987). Some plants rid their systems of salt by excreting it back into the 

environment through their roots, shoots and leaves (Larcher, 1980). some 

halophytic species have evolved specialized structures in the epidermis for 

exclusion such as 'bladder hairs' or 'salt glands' (Hagemeyer, 1987). Bladder 

hairs are structures on leaf surfaces that consist of several 'stalk cells' and a 

%ladder cell'. The stalk cells transport ions into the vacuole of the bladder cell, 

which eventually dies and falls off the plant. Salt glands are specialized 

structures that transport ions directly out of the plant through both roots and 

leaves. 

In general, exclusion mechanisms are effective at low to moderate levels of 

salinity, whereas ion accumulation is the primary mechanism used by 

halophytes at high levels, presumably in conjunction with the capacity to 

compartmentalize ions in the vacuole (Jeschke, 1984). Glycophytes limit 

sodium uptake, or partition sodium in older tissues, such as  leaves, that serve 

as storage compartments, which are eventually abscised (Cheeseman, 1988). 

Apse et al., (1999) reported that removal of sodium from the cytoplasm or 

compartmentalization of it in vacuoles is done by a salt-inducible enzyme 

Na*/H- antiporter. Some varieties that accumulate more salt ions in their leaves 

under salinity stress have been categorized as 'includers' (Yeo, 1983), and 

reports are found in sorghum (Colmer et al., 1996), rice (Lutts et al., 1996a) and 

sugarbeet (Ghoularn et al., 2002). This accumulation of salt ions could play m 

important role in osmotic adjustment in stressed plants. if the ions were 

efficiently compartmentalized. The ability to regulate salt concentration in the 

cytoplasm through compartmentalization of ions IS an important aspect of salt 

tolerance. 



2.5.2 Syntheaia of compatible solutes 

salinity stress often results in the accumulation of low-molecular weight 

compounds in the cytosol and organelles to counterbalance the osmotic 

gradient created by accumulation of salts in the vacuole, or excessive salt levels 

in the external medium (Rhodes and Hanson. IF)93;Hasegawa et nl., 2000a). 

These low molecular weight compounds are termed 'compatible solutes' as  they 

cio not interfere with normal physiological and biochemical processes in plant 

cells (Bohnert and Jensen. 1996). Typically, comp~tible solutes are hydrophilic, 

giving rise to the view that they could substitute for water at the surface of 

proteins, protein complexes, or membranes. Hence, they may act as  

osrnoprotectants (Shinozaki and Yamaguchi-Schinozaki, 1997). Some 

compatible osmolytes are essential elemental ions, such as  I(*, but the majority 

of them are organic solutes. Compatible solute accumulation as  a response to 

osmotic stress is a ubiquitous process in orgCmisms as diverse as bacteria and 

plants and animals. However, the solutes that accumulate vary with the 

organism and even between plant species. Compatible solutes have the capacity 

to preserve the activity of enzymes that are in saline solutions. These 

compounds have minimal effects on pH or charge balance of the cytosol or 

luminal compartments of organelles. The synthesis of compatible osmolytes is 

often achieved by diversion of basic intermediary metabolites into unique 

biochemical reactions. Furthermore, many of the osmoprotectants enhance 

stress tolerance of plants when expressed as  transgene products (Bohnert and 

Jensen, 1996; Zhu, 2001a). Adaptive biochemical functions of osmoprotectants 

include scavenging of reactive oxygen species that are by-products of 

hyperosmotic and ionic stresses, and serving as chemical chaperones that 

directly stabilize membranes and/or proteins (Bohnert and Jensen, 1996; Lee et 

c t l . ,  1997; Hare et al., 1998; Bohnert and Shen, 1999). Major categories of 

organic osmotic soluies ccnsist of simple sugar; (mainly fructose and gludose), 

sugar alcohols (glycerol and methylated inositols such as  mannitol, sorbitol, 

pinitol), and complex sugars (trehalose, raffinose and fructans) (Bohnert and 

Jensen, 1996; Parida et al., 2002). Others include quaternary amino acids and 

their derivatives (proline, glycine betaine, proline betaine) (Kavi Kishor et al., 

2005), and tertiary amines (1,4,5,6-tetrahydr0-2-m~thyl-4-carboxyl pyrimidine), 



and sulfonium compounds (choline sulfate, dimethyl sulfonium propironate) 

(Nuccio et al., 1999; Mansour, 2000; Sangam et al., 2005). Over-expression of 

~ompatible solutes in transgenic plants can result in improved stress tolerance 

(Sangam et al., 2005). 

proline accumulation is one of the most frequently reported modifications 

induced by water and salt stresses in plants and is often considered to be 

involved in stress tolerance mechanisms, although lts precise role still remains 

a controversial subject. Cytoplasmic accumulation of this amino acid is thought 

to be involved in osmotic acl~ustment of stressed tissues (Delauney and Verma 

1993, Kavi Kishor et al. 1995). It was reported that under saline conditions 

proline levels increase significantly in leaves of rice (Lutts et al., 1996b) and in 

sugar beet (Ghoulam et ul., 2002). The proposed functions of prolinc under salt 

stress conditions include osmotic adjustment, protection of enzymes and 

membranes, and acting as a reservoir of energ. and nitrogen for utilization 

during exposure to salinity (Bandurska, 1993; Perez-Alfocea et al., 1993; Kavi 

I(ishor et al., 2005). Studying the effects of stress on enzyme activities involved 

in proline metabolism could provide valuable information on the physiological 

significance of its accumulation. In plants, proline is synthesized from 

glutamate and ornithine. Proline biosynthesis from glutamate is a function of 

two genes encoding A'-pyrroline-5-carboxylate reductase and Al-pyrroline-5- 

carboxylate synthetase (Delauney and Verma 1993). In plants, proline is 

synthesized from glutamate via A'-pyrroline-5-carboxylate (P5C) by two 

successive reductions, which are catalyzed by P5C synthetase (PSCS; EC 

2.7.2.11/ 1.2.1.41) and P5C reductase (PSCR; EC 1.5.1.2). Genes encoding 

these two enzymes have been identified in several plant species and all have 

!wen reported to be up-regulated in response to salinization (Hare and Cress, 

:997; Hare et al., 1998, 1999). Hence, these two enzymes form an important 

Part of salt stress response in plants. 

2.5.3 Ion homoeostasis or control of ion uptake 

Homoeostasis can be defined as  the tendency of a cell or an organism to 

maintain an  internal steady state in response to any environmental 

perturbation or stimulus tending to disturb normality. Typically, ions 



constantly move in and out of cells in a controlled fashion with net flux 

adjusted to accommodate cellular requirements, thus creating ionic 

homoeostasis. High salt concentration in the external solution of plant cells 

causes an ionic imbalance (Niu et al., 1995; Zhu et ul . ,  1997). The intracellular 

concentration of Na' and Cf ions increases and disturbs the homoeostasis of 

thesf: ions along with other ions like K and Cad* (Serrano et a[., 1999; 
Hasegawa et a/. ,  2000a,b). As a result, plant survivnl and growth will depcnd on 

that re-establish ionic homoeostasis, thereby reducing the duration 

of cellular exposure to ionic imbalance. Plant cells respond to salt stress by 

increasing Na* efflux at the plasma membrane 'and Na* accumulation in the 

vecuole. Compartmentation of Na' and C1- in the vacuole is considered to be 

important in ameliorating the effects of salt on plants, and increasing Na* 

trnnsport into the vacuole has been shown to increase salt tolerance (Apse et 

al., 1999). The uptake of K' by plant cell is also affected by high external Na' 

concentration, due to chemical similarities between these two ions. Na' 

competes with K '  for uptake through common transport systems and does this 

effectively since the external Na' concentration, [Na4],.,, in saline environments 

is usually considerably greater than the external K. concentration Thus, plants 

respond to elevated external Na* concentrations to maintain low cytosolic Na* 

concentrations and a high cytosolic K+/Nat ratio. 

2.5.4 Induction of antioxidative enzymes by salinity 

When plants are subjected to stresses, such as salt stress, high concentrations 

of reactive oxygen species (ROS) are formed (Gossett et al., 1994a; Hernandez et 

ul., 1995). Plants possess numerous defense mechanisms, both enzymatic and 

non-enzymatic, and these mechanisms contribute to protect cells from oxidative 

iljury (Scandalios 1997; Shalata and Tal, 1998; Dionisio-Sese and Tobita, 

1998; Gomez et a/ . ,  19991. The main non-enzymatic Antioxidants are reduced 

glutathione (GSH), cysteine, hydroquinones, mannitol, vitamins C and E, 

flavonoids, some alkaloids and p-carotene. The en . .va t i c  antioxidant defenses 

include superoxide dismutase (SOD), catalase (CAT) and peroxidase. In 

addition, the whole array of enzymes in ascorbate-glutathione cycle [ascorbate 

Peroxidase (APX), dehydroascorbate reductase (DHAR) and glutathione 



reductase (GR)] are needed for the regeneration of the active forms of the 

superoxide dismutase (SOD) is a major scavenger of 01- and its enzymatic 

activity results in the formation of HiOi (Beauchamp and Fridovich 1971). CAT, 

APX and a variety of general peroxidases then catalyze the breakdown of H202. 

In the ascorbate-glutathiolle cyclc, the enzymatic action of APX produces mono- 

dehydro-ascorbate (MDA) that can be reduced spontaneously or enzymatically 

to dehydro-ascorbate (DHA) by NADPH-dependent mono-dehydro-ascorbnte 

reductase (MDHAR). DHA is reduced back to ascorbate non-enzymatically by 

reduced glutathione ((;SH) or enzymatically in a reaction mediated by DHAR, 

The resulting oxidized glutathione (GSSG) is then converted back to the reduced 

from by NADPH-dependent GR. CAT and SOD are the most efficient 

antioxidative enzymes (Scandalios, 1993). Their combined action converts the 

potentially dangerous 0 2 -  and H,O> to water and molecular oxygen, thus 

averting cellular damage. Within a cell, SOD constitutes the first line of defense 

against ROS. While all compartments of the cell are possible sites for OL 

formation, chloroplasts, mitochondria, and peroxisomes are thought to be the 

most important generators of ROS (Fridovich, 1986). Therefore, SODs are 

present in all these subcellular locations. Based on the metal co-factor used by 

the enzyme, SODS are classified into three groups: 1) iron SOD (Fe SOD), 2) 

manganese SOD (Mn SOD), and 3) copper-zinc SOD (Cu-Zn SOD). Fe SODs are 

located in the chloroplasts, Mn SODs are located in the mitochondria and the 

peroxisomes, and Cu-Zn SODs are found in the chloroplasts, the cytosol, and 

possibly in the extracellular space (Grene, 2002). All three groups of SOD 

enzymes are encoded in the nucleus, and SOD genes have been shown to be 

rensitive to environmental stresses, presumably as a consequence of increased 

FJ.OS formation.(Parida et al., 2004a,b). 

Upon the imposition of oxidative stress, the existing pool of reduced glutathione 

(GSH) is converted to oxidized glutathione (GSSG) and glutathione biosynthesis 

is stimulated (May and Leaver, 1993; Madamanchi et al., 1994). Glutathione 

reductase (GR) activities increase as  the glutathione pool increases through a 

multi-level control mechanism, which includes cocrdinated activation of genes 



encoding glutathione biosynthetic enzymes and GR (Xiang and Oliver, 1998). 

Glutathione is a potent cellular reductant with a broad redox potential. It acts 

as a scavenger of peroxides and serves as a storage and transport form of 

reduced sulphur (May et al., 1998). Due to the redox active thiol group GSH 

may be involved in the regulation of the cell cycle and can act as a defence 

compound against oxidative stress. GSH has been shown to participate in the 

regeneration of the reduced form of ascorbate through non-enzymatic reduction 

of DHA at an alkaline pH (Noctor et al., 1998). Glutathione has also been 

reported to regulate the induction of antioxidant defenses, as exemplified by the 

induction of Cu-Zn SOD (Herouart et al., 1993). Glutathione S-transferases 

(GSTs) are another set of well-characterized enzymes involved in stress 

tolerance (Mans, 1996). These enzymes catalyze the conjugation of glutathione 

to a wide variety of electrophiles including cytotoxic substrates (Mcmnervik and 

Danielson, 1988; Pickett and Lu, 1989). 

2.5.5 Influence of plant hormones and Ca2' on salinity 

Several phytohormones can reduce the salt-induced inhibition of plants and 

alleviate the deleterious effects of salinity. Of these, gibberellins have been the 

main focus of published studies (Chakrabarti and Mukherji, 2002; Angrish et 

al., 2001; Basalah and Mohammad, 1999; Kozlowski, 1997; Munjal and 

Ooswami, 1995). For instance, treatment with gibberellic acid (GA3) has been 

reported to be helpful in enhancing wheat growth under saline conditions 

(Parasher and Varma, 1988; Ashraf et al., 2002). 

Salinity also interacts with plant nutrients and decreases plant CaJ* levels (Al- 

Harbi, 1995). Franco et ul. (1999) suggested that Cak could have a protective 

effect in root tips, which is of fundamental importance for the maintenance of 

root elongation in NaC1-stressed seedlings. Calcium protects plants from the 

adverse effects of NaCl salinity and ir~lproves the growth of plants under saline 

conditions (Cramer et al., 1990). There are a number of reports that show that 

increasing the Ca2+ concentration in growth media, increases gemination of 

seeds of different crops in NaCl solutions, including wheat (Chaudhuri and 

Wiebe, 19681, maize (Alberico and Cramer, 1993) and rice (Lin and Kao, 1995). 



6 Pearl millet: current Status and future potential 

of all the world's cereals, pearl millet (Pennisetum glaucum (L.) R. Br.) is the 

sixth most important. Descended from a wild West African grass, it was 

domesticated more than 4,000 years ago, along the Southern margins of the 

~ & a r a n  central highlands at thc onset of the present dry phase (Anand Kumar, 

1989). Long ago, it spread from its homeland to East Africa and then to India. 

~ 0 t h  places adopted it eagerly and it became a staple food crop. Pearl millet is 

grown principally for g d n  in the tropical and sub-tropical areas of Africa and 

the Indian subcontinent. It is pl'anted on -15 million ha in Africa and -11 

million ha in South Asia (mostly in India), yielding annually -10 million tons of 

grain (Anand Kumar, 1989). Pearl millet is member of a genus with over 140 

species, with chromosome numbers in multiples of X = 5, 7, 8 and 9 ,  and ploidy 

levels ranging from diploid to octaploid (Brunken, 1977). Both sexual and 

apornictic species, a s  well a s  annual and perennial species, are included in this 

genus. The cultivated crop and its wild progenitor are diploid with seven pairs 

of large chromosomes and a haploid DNA content of 2.5pg (Bennett, 1976). 

India is a major pearl millet producing count,? with 43.4 per cent of the world 

area and 42 per cent of world pearl millet grain production. Five states, 

Rajasthan, Maharashtra, Gujarat, Uttar Radesh and Haryana account for 

nearly 90 percent of the total cultivated area under pearl millet (9.5 million ha) 

in India (FAO, 2005). Generally, pearl millet is considered the best-adapted 

rainy season cereal crop for arid and semi-arid conditions because of its more 

efficient utilization of soil moisture and higher level of heat tolerance than 

sorghum and maize (Harinarayana et al., 1999). 

2.6.1 Uses of pearl millet 

In its traditional $owing areas, pearl mille't grain is the basic staljle for 

households in the poorest countries and among the poorest people. The stalks 

are also used for hay, pasture, silage, building material, and fuel (Baker, 2003). 

The grain can be consumed like rice in sweet or savoury dishes, or can be 

ground into a powder and used as  flour for making bread, ponidge, etc 

(Facciola, 1990). The sweet tasting nutritious grains are eaten raw by children 



and the grain is often fermented to make various foods and alcoholic beverages 

( ~ ~ c c i o l a ,  1990). In the Sahel and elsewhere in Northern Africa, pearl millet is 

an important ingredient of CouScoUS. Pearl millet stalks are a valued building 

material, fuel and livestock feed. The plant is medicinally useful as an appetiser 

and tonic, and also in the treatment of heart diseases (Chopra ct a/ . ,  1986). In 

non-traditi~nal growing areas in the USA, Brazil, Australia, and Europe, pearl 

millet is grown a s  both a forage and gram crop. The forage is used by cattle and 

other livestock. The grain is used to feed cattle and poultry birds and 

domesticated pets. Pew1 millet grain is sholnng promlse as a feedstock for 

ethanol production also. 

2.6.2 Nutritive value o f  pearl millet grain 

2.6.2.1 Food Value 

As a cereal for h u m ~ m  food, pearl millet grain is cons~dered to be highly 

palatable and is among the most nutritional of grain crops. The protein content 

is not only high but it is also of good quality. The protein content of pearl millet 

varies from 8 to 23 per cent, lysine from 0.9 to 3.8 per cent, oil 2.8 to 8.0 per 

cent, and carbohydrates 59.7 to 74.5 per cent ( Jambuna tha ,  1980) and 

provides about 360 Kcal 100gl  energy. The amino acid profile of pearl millet 

grain is better than that of sorghum and maize and is comparable to that of 

wheat, barley and rice (Ejeta et al., 1987) with a less disparate 

leucine/isoleucine ratio (Hoseney et al., 1987; Rooney and McDonough, 1987). 

As reported by lCAR (2006), pearl millet has protein (11.3-19.6'Yu), starch 

(35.7%1), total sugars (2.0-2.7°/~), fat (3.0-4.6%)) and also has good amounts of 

phosphorous and iron. The special nutritional quality of its grain particularly 

for micronutrients such a s  iron and zinc content facilitates its use in health 

food formulations and fits well in value addition (Sagar and Kumar, 2005, pers. 

commun.). 

2.6.2.2 Feed Value 

Pearl millet grain has  a good potential to be used as a high qudity feed grain 

like corn and sorghum in rations of chickens, cattle and swine (Hoseney et el., 

1987; Smith et a!., 1989; Serna-Saldivar et al,, 1QYO; Hancock et al., 1990; 



Hanna et a l ,  1991) The energy density of pearl millet gran is relatively high, 

msing from ~ t s  higher 011 content relatwe to maze, wheat or sorghum (Hi11 and 

Hanna, 1990) Feeding tests on cattle, s m e ,  and particularly chickens have 

jhown pearl millet F a n  1s at least equivalent to maze and often supenor to 

sorghum in feed rations, generally because of its high e n e r a  and grain protein 

!evels (Rooney and McDonough, 1987, Sull~van et a l ,  1990, Bramel Cox et a1 

1992) Pearl mlllet does not contan any condensed polyphenols, such as the 

tannins in sorghum, which can interfere wlth digest~bility (Andrew9 et a l ,  

19931 

2.6.3 Importance of pearl millet for research 

?earl millet is well adapted to production systems charactenzed by low ranfall, 

.ow soil fertility, and high temperature, and thus can be grown in areas where 

~ t h e r  cereal crops, such as  ricc, wheat or maze, would not survive Its 

.ombination of rapid growth rate when cond~hons are favorable, h ~ g h  

:emperatwe tolerance, and ability to extract mineral nutrition and water from 

:yen the poorest soils makc ~t impossible to beat in the worlds harshest 

3gncultural production environments 1nfonnz:lon on the genet~cs of different 

:rats of any crop 1s Important for the systemat~c breeding and long term 

mprovement Wlth its low chromosome number, avalablltty oi an lmpresslvr 

- a g e  of vanation for several morphological characters, ease of selfing and 

ieliberate crossing, production of both selfed and crossed seed in good 

yantities, relatively short life cycle and more importantly adaptation to adverse 

:Ilmat~c conditions, pearl mlllet is amenable to genetlc studies (Vinchon, 1949, 

3urton and Powell, 1968) Despite ~ t s  importance, however, pearl millet can be 

:onsldered a lost crop because its untapped potential is st111 vast Currently, 

:hl, gram is an orphan among the cereals In fact, few people outslde of India 

ind parts 'of Africa have ever heard bf it As a result, it lags behind sorghum 

md far  behind the other major grains in its genetic development Further, grmn 

rields of pearl mlllet are lirnlted by the poor Inherent fertility and water-holding 

:apaclty of the soils on which it 1s grown and tradibonal management practices, 

.ncluQng httle use of feruluers and below-optimum levels of ullage LmtaUons 

Ire also unposed by salt and drought stresses In environments where pearl 



rnfiet is cultivated recurrent droughts, soil salinity, Insect pests, diseases, and 

the root parasite Stnga, are common Another major production constrant 1s 

the low grwn yield potential of tradibonal land race vaneties 

2.6.3.1 Breeding 

The floral morphology, breeding behamor and the strvcture of grain yield make 

pearl mlllet one of the most flexlble and responsive crop specie\ to breed A very 

wde range of genetic variability is avmlable in the pnmary germplasm pool for 

improvement of this Species where genetic manipulation is fdcilltaied by ~ t s  

tillenng protogynous habit and high seed number per panicle With the correct 

selection of parent lines In regard to phenotype and relative matunty, hybrlds 

can also be made in pearl millet by utilizing the natural period of protogyny 

This method allows quicker hybnd development, greatly increases the range of 

possible parent cornbinahons, and avoids diseases that are associated, 

particularly in Afnca, w t h  the use of cytoplasmc male-stenle 4eed parents 

2.6.3.2 Molecular mapping in pearl millet 

Molecular mapplng has proved a vital and prorlislng tool in the on-going battle 

to improve pearl millet In 1994, the first RFLP-based genetic map of the pearl 

millet genome was produced (Liu et a l ,  1994b) and ~mthin a year scientists were 

able to map genes that conferred resistance to downy mildew, which 15 the most 

important disease of t h ~ s  crop Since that time, more than 600 molecular 

markers were developed and mapped, and using marker-ass~sted selechon, 

additional dlsease resistance and drought tolerance genes have been 

incorporated into elite hybnd parental lines to strengthen the crops natural 

resistance to hseases and tolerance to abiotic stresses The first product of 

su:h marker-asslsted selection "HHB 67 Improved" was released for cultivabon 

in 2005 (Gazette of rndia, 2005, Hash et al ,  2004) 

2.6.4 Pearl millet and salinity tolerance 

Pearl mllet is one of the two most wdely cultivated drought-tolerant C4 cereals 

that are grown under ranfed and dryland condihons in drought-prone regons 

of the tropics and subtroplcs It 1s especially important a s  a staple food €?an, 
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and source of feed and fodder for livestock, in the marginal agricultural 

environments of Africa and South Asia that are home to hundreds of 

of the world's poorest crop-livestock producers (ICRISAT and FAO, 

1996). Salinity stress is an important abiotic constraint to production of this 

crop, and is a major contributor to the instability of its grain and fodder yields 

(as shown in Figure 2.2).  The growth of pearl millet in saline medium is severely 

~ffected at different stages of the plant life cycle (Ashraf and McNeilly, 1987; 

~ s h r a f  and Idrees, 1992). Ashraf and Idrees (1992) noted that salinity stress 

caused reduction in the germination percentage and delayed germination of 

seeds of pearl millet. Until recently, little breeding for drought and salt 

lolerances was undertaken because of lack of understanding of the tolerance 

mechanisms and plant responses to these stresses. Since, pearl millet is a 

cereal crop with less sequenced genome and a dearth of markers, there is every 

need to develop molecular markers for salt and drought tolerances in this 

lmportant crop. 

Tools and knowledge already developed within other cereal crops can also 

greatly benefit pearl millet. Establishing the genetic similarities between grass 

species allows transfer of information from one crop to another. Genes found to 

control drought tolerance in rice, for example, may predict those genes that play 

an Important role in pearl millet. Comparative mapping of rice, foxtail millet and 

pearl millet demonstrated the genomic relationship between these crops and, 

lmportantly, pearl millet is seen as a 'bridge' between various cereals (Devos et 

ui . 2000). 

2.7 Molecular marker analysis 

Th(, development of molecular markers for physiological traits has made 

SlgnificaJit headway in recent years'with the advancement of riew technologies. 

Consequently, the use of molecular markers in breeding programs is increasing 

rapidly as they have been shown to greatly improve the efficiency of breeding 

Programs for traits for which conventional phenotypic selection is difficult, 

expensive and/or time-consuming. Molecular markers are rapidly being 

adopted by crop improvement researchers globally as an effective and 



Flgure 2.2. Effect of saline soil on establishment and growth of a pearl 
millet hybrid in Rajasthaa, India (2004) 

[Note: Only a handful of plants were able to survive in this salt-affected 
field corner.] 

[Photograph courtesv Dr C T Hash, ICRISAT, Pat,incheru, India ] 



tool for basic and applied studies addressing biological components 

agricultural production Systems (Jones et al., 1997; Mohan et al., 1997; 

prioul et al., 1997). The ability to score genotypes at  the molecular level 

povides a huge increase in the available markers for any analysis. The 

technology is capable of handling large numbers of samples. 

pCR-based molecular markers have the potential to reduce the time, effort and 

Expense often associated with phenotypic screening. The first molecular 

markers used were isozymes, which are protein variants clctected by differences 

in migration on starch gels in an electric field (Stuber and Goodman, 1983). The 

limitation with protein markers lies with insufficient protein variation for high- 

resolution mapping (Burrow and Blake, 1998). However, as methods for 

:valuating variation directly at the DNA level became widely available during 

Lhe mid-1980s, DNA-based markers replaced isozyrnes in mapping studies. A 

significant breakthrough in genetic analysis came when the first genetic map 

using restriction fragment length polymorphisms (RFLPs) (Botstein et al., 1980) 

was constructed. Since then molecular biology has ushered in a new era with 

techniques that directly assay DNA and overcone many of the problems that 

have previously limited the applied use of biochemical markers. 

2.7.1 DNA markers 

DNA markers are alleles of loci at which there is sequence variation or 

polymorphism in DNA. Such variation is often, but not always, neutral in terms 

of phenotype (Jones et ul., 1997). These markers have the advantage in that 

they are not influenced by the environment, are expressed in all tissues and 

can be scored at all stages of plant growth. Because of this, DNA markers have 

proved valuable in crop breeding; especially in studies on genetic diversity 

with~n plant species and mappiiig of regions of the genome that contribute to 

variation in traits of economic importance. DNA markers may be broadly 

divided into three classes based on the method of their detection: (1) 

hybridization-based; (2) polymerase chain reaction (PCR)-based and (3) DNA 

sequence-based (Winter and Kahl, 1995; Jones et al., 1997; Gupta et al., 1999; 

Joshi et al., 1999). DNA markers reveal genetic differences that can be 

visualized by using a combination of gel electrophoresis and staining with 



(ethidium bromide or silver) or detection with radioactive or 

probes. Recently, Mohan et al. (1997), Kumar (1999) and Gupta 

and Varshney (''000) extensively reviewed the details for these markers 

~ystems. The references for these different marker systems we given in Table 

2 3 ,  A whole array of DNA-based markers is now available including RFLPs 

(restriction fragment length polymorphisms), RAPDs (randomly amplified 

polymorphic DNAs) and AFLPs (amplified fragment length polqmorphisms) and 

*nore recently simple sequence repeats (SSRs) or microsatellites (Staub et al., 

1996; Gupta and Varshney, 2000). These polymorphic markers provide the 

framework maps around which QTLs (Quantitatlve Trait Loci) can be located. 

The advantages and disadvantages of the most commonly used markers are 

presented in Table 2.3 (Collard et al., 2005). 

Of the rapid PCR-based marker techniques, RAPD is a simple method to 

fingerprint genomic DNA, but poor consistency and low multiplexing output 

limit its use. AFLPs are now widely used for a variety of applications due to 

their high multiplexing ratio, reproducibility and ease of use (Vos et al., 1995). 

The main disadvantage of this method is however, its complexity, being 

necessary to perform multiple steps including DNA digestion, ligation and 

amplification, which make it difficult to optimize the conditions for each step. 

Simple sequence repeats (SSRs) [also known as variable number tandem 

repeats (VNTRs), simple tandem repeats (STRs), sequence tagged microsatellite 

sites (STMS) or microsatellites] are generally among the most reliable and highly 

reproducible of molecular markers, forming the foundation for many framework 

linkage maps. Although SSRs have the advantage of providing mostly CO- 

dominant markers, the technique can require considerable investment to 

generate the necessary primer sequences, since this requires sequence 

information from more collserved flanking regions. which is expensive and time- 

consuming to generate. The large start-up costs for this technique should be 

justifiable for crops where large-scale mapping and MAS are a practical 

necessity (Hash and Bramel-Cox, 2000). In short, the major limitations of the 

available methods are low reproducibility of RAPD markers; high cost and 

compleldty of generating AFLP markers; and the expense and time-consuming 

Protocols, and limited number of loci detected per PCR reaction for SSR 



Table 2.2 Molecular marker techniques  

(Source:  Mohan  et al., 1997; Gupta and Varshney, 2000) 

Acronym Techniques Reference8 
- -- , AFLP Amplified Fragment Length Polymorphism Vos et al. (1995) 

1 ALP Amplicon Length Polymorphism Ghareyazie et al. (1995) 1 
I 

AP-PCR Arbitrarily Primed PCR Welsh and McClelland 
(1990) 1 

I AS-PCR Allele-Specific PCR Sarkar eta!.  (1990) 1 
CAPS Cleaved Amplified Polymorphic Sequence Lyamichev et al. (1993) 

DNA Amplification Fingerprinting Caetano-Anolles et al. (199 1) 

Inter-MITE (Miniature Inverted-repeat Chang et al. (2001) 
Transposable Elements) Polymorphism 

Inter-SSR Amplification Ziekieuicz er al. (1994) 

1 MP-PCR Microsatellite-Primed PCR Meyer et al. (1993) 
I ' RAMS Randomly Amplified MicroSatellite Ender et al. (1996) 

1 RAPD Random Amplified Polymorphic DNA Williams et al. (1990) 

I RFLP 
I 
; SAP 
I 

1 SCAR 

1 SRAP 

SNP I SSCP 

SSLP I ssi 
STMS 

Retrotransposon-Microsatellite Amplified Kalendar et al. (1999) 
Polymorphism 

Restriction Fragment Length Polymorphism Botstein et al. (1980) 

Specific Amplicon Polymorphism Williams et al. (1991) 

Sequence Characterized Amplified Region Williams et al. (1991) 

Sequence Related Amplification Li and Quiros (2001) 
Polymorphism 

Single Nucleotide Polymorphism Nikiforov et al. (1994) 

Single-Strand Conformation Polymorphism Orita et al. (1989) 

Sagha et al. (1994); Jarrnan 
Simple Sequence Length Polymorphism and yells (1989) 

Simple Sequence Repeats Hearne et al. (1992) 

Sequence Tagged Microsatellite Sites Beckmann and Soller (1990) 

ST8 Sequence Tagged Sites Fukuoka et al. (1994) 



Table 2.3 Advantages and disadvantages of the most commonly used DNA markers for QTL analysis 

(Source: Collard et al., 2005) 

Mole& Codominant (C) 
-ter I or a -nt  / Adw%es 

Robust 
Rehable 

9 Transferable across 
populations 

RPLP 

RAPD 

- --- - 

Quick and s~mple 
Inexpensive 
Multiple loci from a 
single primer 
possible 
Small amounts of 
DNA required 

C 

- - 

D 

Technically simple 
Robust and reliable 
Transferable 
behveen populations 
Allele-specific 

Mulhple loci 
High levels of 
polymorphism 
generated 

Disadvantages I l lohrena 

laborious and expensive 

Large DNA 
required 
Limited pol>-morph~sm 

Beckmann & Soller 
(1986), Kochert (1994). 
Tankslev et al. (1989) 

(espec~alh in related I~nes) 
-- 

Large amounts of time 
and labour required for 
production of primers 
Usually require PAGE 
Limited in number for 
high density map 
construction 

- 

Problems \nth 
reproducibility (usually 
low) 
Generally not transferable 

McCouch et a1 (1997). 
Powell et aI. (1996), 
Taramino & Tingey (1996) 

Penner (1996), Welsh 8s 
McClelland ( 1990). 
Williams el aI. (1990) 

Large amounts of DNA 
required 
Compl~cated methodology 

Vos et a[. (1995) 



However, high-throughput marker technologies are needed for more 

rapid and reliable mapping of plant genomes to identify genomic regions 

harbouring genes governing desirable traits like salt and drought tolerance, and 

then exploit these in applied marker-assisted selection programmes. Recently, 

~ , i  Quiros (2001) reported a simple molecular marker technique called 

Sequence Related Amplification Polymorphism (SRAP), which aims for the 

amplification of open reading frames (ORFs). The SRAP technique uses pairs of 

primer with AT- or GC- rich cores to amplify intragenic fragments for 

polymorphism detection. The common feature of this technique with AFLP and 

RAPD is that multiple fragments can be generated in a single PCR reaction, 

making them more efficient than SSR markers. However, these earlier 

techniques do not use prior sequence information, and the markers generated 

are randomly distributed across the genome. They can be used jointly wlth 

bulked segregant analysis (BSAI (Michelmore et al., 1991) to screen for markers 

linked to desirable agronomic traits. 

Access to increasing numbers of EST sequences obtained from diverse cDNA 

libraries coupled with freely available bioinformatic tools allows us  to explore 

new opportunities in crop molecular research for providing markers to targeted 

regions of the genome. The recently developed rapid and efficient PCR-based 

technique known a s  TRAP (target region amplification polymorphism) possibly 

opens u p  new avenues to overcome the limitations of the previously described 

marker techniques. While random DNA markers are derived from polymorphic 

sites genome wide, gene-targeted markers are derived from polymorphisms 

within genes and thus  reflect functional polymorphism (Andersen and 

Lubberstedt, 2003). Hence, gene-targeted markers like TRAPS (Hu and Vick, 

2003), may be more meaningful than random DNA markers as they could 

directly contribute to vririation of the concerned trait under study. 

2.7.1.1 Target Region Amplification Polymorphism (TRAP) 

The Target Region Amplification Polymorphism (TRAP) technique employs an 

'arbitrary' 18-mer primer In combination with a 'fixed' 18-mer primer designed 

based on known expressed sequence tag (EST! sequences to amplify genomic 

fragments around targeted candidate genes (Hu and Vick, 2003). The arbitrary 



primer of about 18 nucleotides is designed with either an AT- or GC-rich motif 

to anneal with an intron or exon, respectively (Hu and Vick, 2003; Li and 

Quiros, 2001). The fixed primer, also about 18 nucleotides long, is designed 

from EST sequences of genes of interest obtained from the freely accessible 

online databases. PCR amplification is run for the first 5 cycles with an 

annealing temperature of 35"C, followed by 35 cycles with an annealing 

temperature of 50°C. Each PCR reaction can generate as many as 50 scorable 

fragments with sizes ranging from 50-900 bp when separated on a 6.S0/0 

polyacrylamide sequencing gel. Reproducibility has  been a concern for easily 

generated markers, such as  RAPDs (Jones et at., 1997; Virk et al., 2000). 

Because TRAPS use longer primers than RAPDs, they have better 

reproducibility, an advantage over RAPDs (Hu and Vick, 2003). Further, an 

advantage claimed for both RAPDs and AFLPs over allele-specific PCR markers 

is that prior sequence information is not needed to generate markers. However, 

the TRAP technique now takes the advantage of the availability of sequence 

information, using the known partial sequence of a candidate gene as  the fixed 

primer and an  arbitrary primer to amplify regions associated with the putative 

candidate gene and similar genes throughout the genome. Also, TRAP detects a 

large number of loci in a single PCR reaction without extensive pre-PCR 

processing of samples, which is an advantage over the time-consuming and 

expensive SSRs that detect only a few loci in a single reaction (Liu et al., 2005) 

and over AFLPs that require considerable pre-PCR processing. These 

advantages of TRAP markers suggest that they should offer many advantages 

for plant genomics research involved in marker-trait association, high density 

map construction, detecting quantitative trait loci and genotyping for genetic 

diversity studies. 

Since it was first reported by Hu and Vick (20031, the TRAP marker technique 

has been applied to germplasm characterization, genetic variability assessment 

among cultivars, and genome mapping of various crop species like wheat (Xu et 

al., 2003; Liu et al., 2005), bean (Miklas et at., 2004, 2006), lettuce (Hu et al., 

2005), sunflower (Hu et al., 2004,; Rojas-Barros et al., 2005) and sugarcane 

( h r o ,  2005; Alwala et al., 2003, 2006). Xu et at. (2003) used TRAPS to 

characterize genetic stocks of tetraploid wheat and found that a large number of 



chromosome-specific markers could be generated with this technique. TRAPS 

were found useful for tagging and mapping disease resistance traits in common 

bean (Miklas et al., 2006). Use of the TRAP protocol to develop markers 

associated with sunflower downy mildew resistance showed that it was possible 

to detect the presence of downy mildew fungus and to genotype host plants in 

the same PCR reaction (Hu et al., 2004). Liu et al. (2005) used SSRs and TRAPs 

to generate over 700 markers for the construction of a genetic linkage map in a 

hard red spring wheat intervarietal recombinant inbred population, indicating 

that TRAPs are highly efficient for genetic mapping in wheat. The applicability of 

the TRAP marker technique to lettuce genotyping was also demonstrated very 

recently (Hu et al., 2005). 

2.7.2 Linkage mapping 

A linkage map may be thought of as a 'road map' of the chromosomes derived 

from two different parents (Paterson, 1996). Linkage maps indicate the position 

and relative genetic distances between markers along chromosomes, which are 

malogous to signs or landmarks along highways. The most important use of 

linkage maps is to identify chromosomal locations containing genes and QTLs 

associated with traits of interest; such maps may then be referred to as 'QTL' 

(or 'genetic') maps. Construction of a linkage map is the most fundamental step 

required for a detailed genetic study and application of the marker-assisted 

breeding approach in any crop (Tanksley et al., 1989). Comprehensive mapping 

of QTLs requires informative markers for all regions of the nuclear genome 

(Paterson et al., 1988; Lander and Botstein, 1989). Likewise, a high-density 

map facilitates marker-assisted selection, especially between progeny of closely 

related parents (Chittenden et al., 1994), as it provides information on many 

potentially polymorphic markers in all genomic regions. Genetic maps show the 

order of loci on a chrsmosonie and the relative distanck between them. Such 

maps are essential for localization of genes affecting both simple and complex 

traits. Construction of linkage maps is based on the discovery that Mendelian 

factors or genes controlling inheritance are organized in a linear order on 

chromosomes. Sturtevert developed the first chromosome map using 

segregation data from studies on Drosophila (Crow and Dove, 1988). Later 



chromosome maps in several organisms were developed. The markers on these 

maps were either genes controlling simply-inherited morphological variants or 

morphological features of the chromosomes themselves. Until recently, 

construction of chromosome maps proceeded slowly because of limited 

polymorphism in morphological markers, and the large amounts of time and 

labour consumed in construction of marker stocks and in genetic mapping by 

indirect observation of recombinant chromosomal segments (Kochert, 1994). 

The principle of construction of molecular maps is same as  In classical genetic 

mapping. However, the new consideration in molecular mapping is that a 

potentially unlimited number of DNA markers can be analyzed in a single 

mapping population (Young, 2001). Parents selected for mapping experiments 

should show sufficient polymorphism for both phenotypic characters and 

molecular markers. This cannot be over-emphasized, for in the absence of DNA 

polymorphism, segregation analysis and linkage mapping would be impossible 

(Young, 2001). TRAP markers tend to exhibit high levels of polymorphism, 

providing the possibility of constructing maps in crosses between even closely 

related plants. 

Since the resolution of a linkage map and the ability to correctly determine 

marker order is largely dependent on population size, the decision on 

population size to be used for mapping is critical. Whenever it is possible, a 

larger population is better (Young, 2001). Based on Monte Carlo simulations, 

Beavis (1994) concluded that populations smaller than 200 individuals would 

rarely be successful to find most QTLs and in many cases populations larger 

than 500 are required. More over, if the goal is high resolution mapping in 

specific genomic regions or mapping QTLs with minor effect, a much larger 

population is required (Young, 2001). 

For mapping projects the most widely used genetic mapping software is 

MAPMAKER (Lander et al., 1987). MAPMAKER is based on the concept of the 

LOD score, "the log of odds ration (Morton, 1955). The computer program 

JOINMAP is especially suited to relate one's map to those derived from other 

mapping populations (Starn, 1993). 



2.7.2.1 Linkage maps in pearl millet 

Detailed genetic linkage maps in plants are very useful tools for studying 

genome structure and evolution, identifving introgression between genomes. 

and localizing genes of interest. RFLP markers have simple genetic segregation 

tiatterns and are potentially unlimitcd in number. Detailed RFLP linkage maps 

were constructed for several crops such as  maize, tomato, lettuce, potato and 

rice. In pearl millet, the development of molecular marker system and molecular 

marker-based genetic maps was initiatcd early, in 1990, within a Department 

for International Development (DF1D)-funded program involving several UK 

laboratories and breeders at the ICRISAT, Patancheru. The first RFLP-based 

genetic linkage map of pearl millet was reported by Liu et al. (1994b), Initial 

work to develop a molecular marker-based genetic linkage map of pearl millet 

was reported by Liu et al. (1992, 1994a,b). This began with a focus on the use 

of RFLP markers detected using homologous pearl millet probes, with ?iP- 

mediated autoradiography to visualize banding differences. A few heterologous 

probes from rice, wheat and barley were also included in this base map. The 

map contained 18 1 Restriction Fragment Length Polymorphism (RFLP) marker 

loci that covered a genetic distance of 303 cM (Kosambi units) containing all the 

seven linkage groups. This map probably corresponds to the centromeric 

regions of the seven pearl millet chromosome pairs. It was used to map QTLs 

for resistance to pearl millet downy mildew by Jones et al. (1994, 1995). This 

initial map was transferred to several additional crosses (Busso et al., 1995; Liu 

et al., 1996) for studies of sex-specific recombination rates in cultivated- 

cultivated and cultivated-wild crosses, and a pearl millet world reference 

mapping population was developed based on the cross of 81B and ICMP 451 

(Hash and Witcombe, 1994). This map has  since been used for saturation 

genotyping using SSR markers (Breese et al., 2002; Qi et al., 2004), and RFLPs 

based dn additional homologous 'probes from pearl millet 'and heterologous 

probes from other grasses. The latter group of markers has  improvied our 

understanding of the complex relationships between pearl millet genome and 

those of other cultivated graminaceous species (Devos and Gale, 1997; Devos et 

a/., 2000). This work has  extended the total pearl millet genetic linkage map 

length to approximately 600 cM (Hash and Bramel-COX, 2000). 



Recently, genetic linkage maps of four different pearl millet crosses were 

integrated to develop a consensus map of about 353 RFLP (220 homologous 

and 133 heterologous RFLP markers) and 65 SSR markers (Qi et al., 2004). An 

interesting feature of the genetic maps of pearl millet is the extreme localization 

of recombination towards the chromosome ends. The concentration of mapped 

markers in centromeric regions, reflecting an unequal distribution of 

recombination, was first observed in the early molecular maps of wheat (Chao 

et al., 1989) and has since been seen in several species (Devos et a/. ,  1992; Qi et 

al., 1996; Tanksley et al., 19921, but this appears to be extreme in pearl millet. 

Physical mapping of one such region on linkage group 1 revealed a physical 

mapping to genetic distance ratio of ~ 1 2  kb/cM (Padi and Devos, unpublished). 

This unequal distribution of recombination appears to be largely cross- 

independent, and will have consequences for the transfer of traits from 

agronomically inferior donors to elite pearl millet germplasm. The integration of 

markers previously mapped in other grass species has provided the anchor 

points to align the pearl millet linkage groups to other cereal genetic maps, 

including the cereal model, rice. Although the pearl millet genome appears to be 

relatively highly rearranged relative to rice, regions of colinearity between the 

two species can be clearly identified (Devos et al., 2000). These now form a 

framework for exploitation of the rice genomic sequence as  a source of new 

markers and candidate genes underlying traits in pearl millet. A pearl millet 

mapping population derived from a cross between ICMB 841 and 863B was 

studied for DNA polymorphism to construct a genetic linkage map, and to map 

genomic regions associated with grain and stover yield, and aspects of drought 

tolerance (Hash et al., 2003; Yadav et al., 2004). The genetic map length and the 

distribution of markers for this population were comparable to the consensus 

map of pearl millet (Devos et al., 2000) and to other maps published for this 

specits (Jones et al., 1995; Yadav et al., 2002). The rnidrosateuite loc~ were 

added subsequently to the RFLP markers being mapped due to their utility in 

subsequent marker-assisted selection. These also displayed a clustering of loci 

in the centromeric regions with very few loci mapping to the distal regons of the 

chromosomes. Compared to the better-studied cereals such as rice, wheat, 

maize and barley, there has been relatively little research on the development 



and application of molecular genetic maps of pearl millet (Hash et al., 2003). In 

spite of the huge global pearl millet germplasm collections, only a few of them 

were analyzed for the genetic diversity due to non-availability of less tedious 

marker system for this crop. A subset comprising of 504 landrace accessions 

from the global pearl millet germplasm collections was recently assessed 

phenotypically for genetic diversity by Bhattachqee et al. (2002) and a subset 

of 10 accessions were then characterized for RFLP allelic diversity by examining 

51 loci in 25 plants per accession. Genetic relationships among the 10 

accessions were similar, whether based on morphological characters or RFLP 

allelic constitution. Genotype identification and assessment of genetic 

relationships in pearl millet were carried out using microsatellites and RAPDs 

by Chowdari et al. (1998). Pearl millet belongs to the class of less sequenced 

genomes and it still has dearth of PCR-compatible molecular markers for the 

construction of a high density map. Some attempts were made to develop SSR 

markers for this crop (Qi et al., 2001, 2004; Allouis et al., 2001; Budak et al., 

2003; Senthilvel et al., 2004). Recently, Bertin et al. (2005) developed a new type 

of markers namely; single stranded conformational polymorphism - single 

nucleotide polymorphism (SSCP-SNP) markers, for this crop. However, all these 

new markers are still not sufficient to construct a high-density map for pearl 

millet. Genetic linkage maps have been developed for various pearl millet 

crosses and used to detect and map QTLs contributing to vmious traits. 

Information on the position of QTLs relative to marker loci provides a basis for 

marker-assisted selection (MAS) for quantitative traits. 

2.7.3 Marker-trait associations 

Quantitative characters have been a major area of genetic study for over a 

century because they are a common feature of natural variation in populations 

of all eukaryotes (Keatsey and Farquhar, 1998). First attempts at studying them 

stemmed from the work of Galton (1889) on man before the rediscovery of 

Mendellian inheritance of quantitative characters throllgh the pioneering work 

of Fischer (1918), Wright (1934), Mather (1949) and Falconer (1989) to the new 

era. Despite these studies, the number of genes and their interactive effects 

controlling the expression of quantitative traits are poorly understood. In plants 



the first attempts to use markers to perform genome-wide analysis of 

quantitative variation used allozymes (Tanksley et al., 1982; Edwards et al., 

1987). Later RFLPs were used as DNA markers (Beckmann and Soller, 1983; 

Lander and Botstein, 1989), but these were followed by PCR markers such as 

RAPDs, microsatellites and AFLPs that were cheaper, safer and provided more 

marker data per unit of DNA (Westman and Kresovich, 1997). These 

polymorphic markers provided the framework maps around which the 

polygenes/QTLs could be located (Kearsey and Farquhar, 1998). It is well 

understood that G X E interactions exist for many quantitative traits, 

suggesting that general conclusions about QTLs, particularly those with small 

effects detected on the basis of single environments and single populations 

could lead to erroneous decisions. The use of QTL identification by breeders 

also will be influenced by the consistency of QTL regions across the germplasm 

(Bubeck et al., 1993). One challenge of plant breeding is to take advantage of 

favourable direct effects of QTLs, while maximizing favourable environmental 

interactions and minimizing unfavorable ones (Bubeck et al., 1993). 

2.8 QTL mapping 

QTL analysis is predicated on looking for associations between the quantitative 

trait and the marker alleles segregating in the population. It has two essential 

stages: the mapping of the markers and association of the trait with the 

markers. Both of these require accurate data and statistical software (Kearsey 

and Farquhar, 1998). The theory of QTL mapping was first described in 1923 by 

Sax, where he noted that seed size (a complex trait) in common bean was 

associated with seed coat color (a simple, monogenic trait). This concept was 

further elaborated by Thoday (1961), who suggested that if the segregation of 

simply inherited monogenes could be used to detect linked QTLs, then it should 

eventually be possible to map and characterize all the QTLs involved in complex 

traits. Modem QTL mapping is essentially the fulfillment of this idea, with the 

key innovation being that defined sequences of DNA act as the linked 

monogenic markers. With the development of comprehensive DNA marker maps 

(Phillips et al., 1994), it is now possible to search for QTLs throughout the 

genomes of the most economically important crop species. This has had the 



profound effect of moving the focus in studies of polygenic traits to questions 

about the chromosomal locations, gene actions, and biological roles of specific 

loci involved in complex phenotypes. In simple terms, QTL analysis is based on 

the principle of detecting an association between phenotype and the genotype of 

markers. QTL mapping involves testing DNA markers throughout a genome for 

the likelihood they are associated with a QTL. Individuals in a suitable mapping 

population [Fz, backcross (BC), recombinant inbred lines (RlLs)] are analyzed in 

tcrms of DNA marker genotypes and the phenotype of interest. For each DNA 

marker, the individuals are split into classes according to marker genotype. 

Markers are used to partition the mapping population into different genotypic 

groups based on the presence or absence of a particular marker allele and to 

determine whether significant differences exist between groups with respect to 

the trait being measured (Tanksley, 1993; Young, 1996). Mean and variance 

parameters are calculated and compared among the classes. A significant 

difference between classes (phenotypic means of the groups) suggests that there 

is a relationship between the DNA marker and the trait of interest, i.e, the DNA 

marker is probably linked to a QTL (Munns et al., 2002). 

While the concept of QTL mapping seems clear and simple, there are still many 

limitations in practice. Many DNA marker maps are not sufficiently dense to 

achieve the potential of QTL mapping, since sparse marker maps severely limit 

the power of QTL mapping (Lander and Botstein, 1989). Even under optimal 

experimental conditions, multiple QTLs on a single linkage group are difficult or 

impossible to resolve. Populations must be relatively large in order to uncover 

minor loci, and the biological relevance of loci uncovered depends on the cut-off 

chosen for statistical significance (Lander and Botstein, 1989). Since the traits 

of Interest are, by nature, genetically complex, environmental factors and 

.genetic background potentially have an enormous impact on results. Of course,. 

this is one of the most powerful applications of QTL mapping (i.e. analyzing 

gene x gene and gene x environment interactions), but it also means that many 

large, time-consuming experiments need to be carried out to analyze a system 

thoroughly. An alternative approach using multiple regressions was developed 

by Haley and Knott (1992). It often produces very similar results to LOD 

mapping both in terms of accuracy and precision, but has the advantages of 



speed of calculations and simplicity of programming. Tests of significance and 

confidence intervals can be obtained. In studies of complex traits such as 

salinity tolerance, factors all the way from use of a suitable screening technique 

to difficulties in quantitative assessment of salt tolerance make QTL mapping 

more challenging. Fortunately, powerful computer software programs are now 

available to analyze QTL mapping results (Lander and Botstein, 1989; Lincoln 

et ul., 1993; Basten et ul., 1994, 2001; Utz and Melchinger, 1996, 2000, 2003), 

to handle hundreds of markers simultaneously (Young, 2001) and better DNA 

marker systems are being developed to simplify the technique and increase 

marker density (Zabeau, 1993). 

2.8.1 Methods to detect QTLs 

Three widely used methods for detecting QTLs are single-marker analysis, 

simple interval mapping and composite interval mapping (Liu, 1998; Tanksley, 

1993). Single-marker analysis (also referred to as single-point analysis) is the 

simplest method for detecting QTLs associated with single markers. The 

statistical methods used for single-marker analysis include t-tests, analysis of 

variance (ANOVA) and linear regression. Linear regression is commonly used 

because the coeficient of determination (RL) for the marker is equivalent to the 

portion of phenotypic variation arising from the QTL linked to the marker 

(provided that there is very tight linkage between the marker and the QTL). This 

method does not require a complete linkage map and can be performed with 

basic statistical software programs. However, the major disadvantage with this 

method is that the further a QTL is from a marker, the less likely it will be 

detected because of increased likelihood of the occurrence of recombination 

between the marker and the QTL. This causes the magnitude of the effect of a 

QTL to be under-estimated (Tanksley, 1993). The simple interval mapping (SIM) 

method makes'ust! of linkage maps and'analyses intervals betweeh adjacent 

pairs of linked markers along chromosomes simultaneously, instead of 

analyzing single markers (Lander and Botstein, 1989). The use of linked 

markers for analysis compensates for recombination between the markers and 

the QTL, and is considered statistically more powerful compared to single-point 

analysis (Lander and Botstein, 1989; Liu, 1998). Many researchers used 



MapMakerIQTL (Lincoln et al., 1993) and QGene (Nelson, 1997) to conduct 

SlM. Recently, composite interval mapping (CIM) has become popular for 

mapping QTLs. This inethod combines interval mapping with linear regression 

and includes additional genetic markers in the statistical model in addition to 

an adjacent pair of linked markers for interval mapping (Jansen, 1993; Jansen 

and Stam, 1994; Zeng, 1993, 1994). The advantage of ClM is that it is more 

precise and effective at mapping QTLs compared to single-point analysis and 

interval mapping, especially when linked QTLs are involved. For use of linkage 

information in marker-assisted breeding, a program like Map Manager (Manly 

and Cudrnore, 1998) helps to keep track of marker data in the population of 

interest. Hypergene (Young and Tanksley, 1989) or Graphical Genotyper (GGT) 

can help to display graphical genotypes. The program qGENE seeks to bring all 

of these important DNA marker tools together into single package (Nelson, 

1997). Many workers use QTL Cartographer (Basten et al., 1994, 2001), 

MapManager QTX (Manly et al., 2001) and PLABQTL (Utz and Melchinger, 1996, 

2000, 2003) to perform CIM. 

2.8.2 QTL mapping in pearl millet 

QTL mapping and DNA markers have provided insights into facets of 

quantitative inheritance patterns in pearl millet. QTLs for host-plant resistance 

to downy mildew were identified from parental line IP 18293 for six Indian and 

two African downy mildew pathogen populations of pearl millet (Azhaguvel, 

2001). A downy mildew resistance QTL on pearl millet LG4 was found linked to 

the d2 dwarfing gene generated from a cross between PT 732B containing the 

major d2 dwarfing gene and P1449-2, the donor of the resistance QTL (Padi et 

al., 2001). Mapping of QTLs involved in the domestication syndrome traits for 

this crop was realized using two FL populations derived from crosses of 

domesticated (Peht7isetum glaucum ssp. glalcum) x wild (Pennisetum 'glaucum 

ssp. monodil) pearl millet (Poncet et al., 2002). In another study to identify 

specific genomic regions associated with the enhanced tolerance of pearl millet 

to drought stress during the flowering and grain-filling stages, several QTLs 

associated with traits determining grain and stover yield were mapped (Yadav et 

al., 2002). QTLs were mapped for foliar disease resistance (Morgan et al., 19981, 



downy mildew resistance (Jones et al,, 1994, 1995, 2002; Kolesnikova-Allen, 

2001; Breese et al., 2002; Azhaguvel et al., 2003; Hash and Witcombe, 2002; 

Gulia, 2004), drought tolerance (Yadav et al., 2002, 20041, and genotype x 

environment interactions of flowering time, and grain and stover yield under 

favorable conditions (Yadav et al., 20031, for stover yield and quality parameters 

(Hash et al., 2003) and for characters involved in domestication of this crop 

(poncet et al., 2000, 2002). Marker-assisted backcross programs to transfer the 

target QTLs associated with downy mildew resistance, terminal drought 

tolerance, and stover yield and quality parameters into parental lines of popular 

  earl millet hybrids are well underway in ICRISAT. However, progress is slow, 

mainly because of non-availability of simple-to-use PCR compatible markers to 

cover the entire pearl millet genome. Nonetheless, the first non-transgenic 

product of marker-assisted selection (MAS) to be released for cultivation in 

India was pearl millet hybrid "HHB 67 Improved", which has as its male parent 

a product of marker-assisted backcrossing with improved downy mildew 

resistance in the background of H77/833-2, the male parent of the original 

HHB 67 (Gazette of India, 2005). 

2.8.3 QTL mapping for salinity tolerance 

Quantitative traits for stress tolerance, which are likely to be expressed under 

stress and which show large environmental effects, need a screening procedure 

designed to cope with the expected degree of variation. Like other quantitative 

traits, salinity tolerance in cereals is polygenic. Phenotypic selection for such 

traits is difficult. Selection based on markers could theoretically ease the 

manipulation of such traits without affecting other agronomic traits. At the 

genetic level, salinity tolerance is considered to be a quantitative trait (Foolad 

and Jones, 1993) and has generally proven recalcitrant to attempts to improve 

it by Conventional plant breedirlg. Understanding the physiology of salinity 

tolerance is critical to the identification of QTLs and thereby flanking molecular 

markersthat could be used for MAS. Study of salt tolerance of sorghum based 

on assessment of tolerance to NaCl as  relative root length in salt treated as  

compared with control plants, showed that there were both additive and 

dominance effects of NaCl (Azhar and McNrtilly, 1989). Several authors tried to 



estimate the number of loci associated with salt tolerance of barley at 

and at the seedling stage by using a composite cross population 

(Jana et al., 1980), isogenic lines (Mano and Takeda, 1995; Mano and Takeda, 

1996) or doubled haploid lines (Mano and Takeda, 1996). However, the loci 

controlling salt tolerance could not be determined, probably because of 

insufficient marker information for locating genes. Subsequently, QTLs 

controlling salt tolerance at germination and early seedling growth stages in 

barley were identified by interval mapping analysis using marker information 

from two doubled haploid populations (M'mo and Takeda, 1997b). The map 

positions were different for the QTLs controlling salt tolerance at germination 

and at early seedling growth stages, indicating that salt tolerance during 

germination and subsequent seedling growth were controlled by different loci. 

QTLs for salt tolerance at germination in barley were reported by Dadshani et 

al., (2004). Earlier, the K4/Na' discrimination locus Knul was mapped in wheat 

(Dubcovsky et al., 1996). QTLs independently governing Na' and K' uptake and 

Na*:K* selechvity associated with component physiological traits determining 

salt tolerance were reported in rice (Koyama et al., 2001). In the absence of 

adequate candidate genes for salt tolerance, a QTL/MAS approach using 

putative AFLP markers for ion transport and selectivity identified QTLs for ion 

uptake in rice (Flowers et al., 2000). Selection for Naa exclusion in wheat 

revealed favorable QTL alleles predominantly from the low-Na' uptake parent 

(Munns et al., 2002). Thus, QTLs for salt tolerance have been described in 

several cereal species, including barley (Ellis et al., 1997; Mano and 

Takeda,l997b), wheat (Semlkhodskii et al., 1997; Munns et al., 2002; Lindsay 

et al., 2004) and rice (Flowers et al., 2000; Prasad et al., 2000; Koyamo et 

a1.,2001; Yao et al., 2005). However, these studies did not yield robust markers 

that can be used across a range of germplasm, significant associations between 

the trait and the markers reported being confined to the populations in wHich 

they were derived. 

There are numerous other reports in literature on QTLs identified in several 

crops controlling various traits related to salinity tolerance (Koornneef and 

Stam, 2001). For example, for Nat/K+ ratios in tissues of rice subjected to 

Salinity stress (Gregorio, 1997); locus for sodium exciusion (Nax I )  in wheat 



(Lindsay et al., 2004); salt-tolerance in tomato (Foolad and Jones, 1993; 

~oo land  and Chen, 1999; Fooland et al., 1999, 2001; Fooland, 2004): salt 

tolerance at germination and the seedling stage in barley (Mano 'and Takeda, 

1997b); effects of salinity on vegetative growth of Arabidopsis (Quesada et al., 

20021, etc. Some success has been reported in breeding methods employing 

marker-assisted selection. For example, Stuber (1995) reported the production 

of enhanced hybrids of maize some of which out-yielded check hybrids by more 

than 15% through the use of DNA-based markers. Cho et a/ .  (19941 used 

molecular markers to select for the semi-dwarf characteristics in rice. In 

tomato, Frary et al. (2000) used molecular markers to identify QTL alleles that 

increased fruit size and successfully introgressed one QTL into large fruited 

cultivars. However, reports on such successful applications of QTL mapping or 

marker-assisted selection for salinity stress tolerance in pearl millet are lacking. 

Therefore, the development of high-density DNA maps that incorporate large 

numbers of molecular markers and use of advanced marker-assisted selection 

techniques to facilitate pyramiding traits of interest is essential to attain 

substantial improvement in salt tolerance of pearl millet. 



MATERIALS AND METHODS 



CHAPTER 3 

MATERIALS AND METHODS 

3.1 Seed Materials 

Twenty-eight inbred pearl millet genotypes (ICMP85410-P7, LOD 1-B-10, 

Tift 23D2B~-Pl-P5, WSIL-P8, 81B-P6, ICMP 451-P8, ICMP 451 -P6, H 771833-2- 

PS(NT), H 771833-2, PRLT 2/89-33, W 504-1-P1, P310-17-Bk, PT 7328-P2, 

P1449-2-PI, ICMB 841(=841B)-P3, 863B-P2, 1P 18293-Pl52, Tift 238D1-P158, 

Tift 186, Tift 383, ICMB 891 11, ICMB 901 11, ICMB 92666, ICMB 95333, 8438, 

ICMB 98004, ICMB 99022, and ICML 22,) obtained from the International 

Crops Research Institute for the Semi-Arid Tropics (ICRISAT), Hyderabad, India 

were tested for salt stress tolerance during germination and early seedling 

growth over salt concentrations ranging from OmM to 200mM NaC1. The first 18 

of these 28 inbred lines are parental pairs of nine ICRISAT pearl millet mapping 

population progeny sets; Tift 186 and Tift 383 are forage hybrid pollinators from 

Tifton, Georgia, USA used a s  control lines; and the following four inbreds are 

maintainer lines of male-sterile lines used as  testers in line x tester trials 

assessing the opportunities to use the ICRISAT pearl millet mapping 

populations to map various secondary target traits (Hash et al., 2001, 2003). 

The final four lines in this set are ICML 22 (Singh et (d., 1994), derived from an 

oasis landrace accession (IP 2696) from Chad that was expected to exhibit some 

degree of salt tolerance; 843B (Stegmeier et al., 1998), and two lines near- 

isogenic to 8438 (ICMB 98004 and ICMB 99022) derived by backcrossing lCML 

22 (as the donor of oligogenic downy mildew resistance) to recurrent parent 

843B (CT Hash, unpublished) [Ref. Table 3.11. 

3.2 Screening of Pearl Millet Inbred Lines for Salt Stress Tolerance 

The 28 inbred lines were screened for salt stress tolermce in a soil-free in vitro 

environment to reduce the complexity of genotype x environment interactions. 



Table 3.1 Salient features of twenty-eight inbred lines of pearl millet 
tested for salt stress tolerance 

1 1994, LIU et a1 1994s b. 
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(D1088))-It64 d2 dwarf, l ~ r r  flower~ng 1995, 

Talukdar el ol 1998, 
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! i Partial backcross dl dwarf, el earlv ! 1 Burton 1981: Hashand 1 . . . . . . . . . -. .. 
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Pedlgrem/Origin 
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Tlft 2381 brtd at T~fton GA USA 1q94fl h 

1 1 1 A P D ~  Rao et a1 

E11te poll~nator l ~ n c  from Haryana * 771833.2 Agricultural Un~vers~ty, Hlsar, 
H ~ a n a ,  India 

Inbred lme bred at ICRISAT- 
Patancheru from the Bold Seeded 

Agr~cultural Research Institute, New 
Delh~ lndla 

1 Stable source of downy mildew 

IP310-17).~ resistance selected at ICRISAT- 
Patancheru from germplasm hne 
IP 6329 from Mah 

l b h 0 , ~ a s h  and 

d; daarf long pan~rle ~ ~ ~ ~ 4 b , " ~ , 9 ~ ~ ; ~ ~ ~ t e ,  

1 (11 1996, Slngh ~t a1 
1 1997 

Anand Kumar et a1 
dl dwarf short panicle 1984; Hash and 
brlstlrs 1 W~trombe 1994, Devos 

et a1 2000 

G m r t ~ c  stock (ws, d2, y, gi) with 
(1) 18292, IIILj.P8 rompla  e d ~ g r e e  developed at 

I 
ICRISAT-Patancheru 

I Domy mildrw resistant outcross 

Downy mlldew resistant selection ~ Hash and Witrombr 

(ICMP 451)-P8 froin restorer lCNP 451 (LCSN 72-I- Tall. long panule br~stka ~ ~ 9 ~ $ ~ ~ v ~ ~ ~ ~ ~ i  
1 2-1-1) , 2000 
I--- Downy mildew resistant 1 selection - Hash and ~~trombe ' - -  

Short, many t~llers. I 
photoper~od-ans~t~ve rarly 1989' Hash 
flower~ng, seed,, heat !$$:;7k(i29g1603 
stress tolerant 

(81B).P6 

Medium tall, early flowering; I and Witcornbe 
seedling heat stress 
scnsit~ve; terminal drought I A?!!; et 200'2' 

der~vatlve of Tlft 23DgB1 selected 
from a mutahon breeding program at 
ICRISAT-Patanchmru 

~ ~ 9 ~ ~ ~ ~ ~ ~ ~ ~ , " , , " '  
2002 
Kapoor et 01. 1989; Hash 

(ICMP 451j.N 

/ stress tolerant 'uUJ 

Irom restorer ICMP 451 (ILSN 72-1- i Tall, long paniclt bristles 
2-1-11 I 

Short, many M e n .  

Tall, med~um-late llowenng Kolesrukove-Allen 2001 1 

i H 77/833.2).35(NT) ON-type segregant from H 771833.2 photoperiod-sensitive early and Witrombe 1994: 
flowenne I Breese el al. 2002 

Tall, late flowering 
S~ngh et al. 1997; 
Kolesnikova-AUen 2001 



~ a b l c  3.1 contd. 

Name 

,n ,32Bl-Pa 

,p1449.al.P1 

-- 

, (IcMB 841)P3 

,863Bbm 1CRISAT-Patancheru i y  selfing in a I Medlum tall, medium-early yildsv 2004 bold-seeded lnlfldl landracr s m ~ l e  flowrr~ng, droueht tolerant 

seed lot DIMS 5141B 

hdfgres/Origtn 

'Spontaneous" dwarf mutant m ellre 
breedlng llne irom Tam11 Nadu 
A~ncultural Unlverslty Colmbatore 
l n d ~ a  

IP 21 168, stahle source of down) 
mlldew reslstan~e selected at 
ICRISAT-Patancheru frotn 
germplnsm llnr IP 5853 irom Senegal 

Downy mlldrw resistant outcross of 
MS 5141B devrloprd at ICRISAT- 
Pfltancheru by purr Ilnc selectlon for 
dlseasr resistance ln H c o n t m ~ n a t e d  

1 
I Malnraner llne develoocd at I I 

[IP 18293)-PlSl  

- 
Burton 1966, Appd Ran 
et a1 1986, Azhaguvei 
1001. Azhaguvel rf  nl 

Commsntn 

dl dwarf phoropenod- 
sensltlve l ~ t e  flowenng 

Tall, photoper~od-sens~tlve 
lnte flowrrlng 

(TIR 238Di).P158 

Forage pollinator bred at Tlfton, (;A, 
USA by selfing In a forage germplasm Tali, inte flowenng 
accession from South Africa 

Reference# 

Appadurm el ol 1982 
Nepolran 2003 

Sltlgh rl a1 1997 
Nrpolran 2003 

from Togo 

dz dwarf, Ppurple fol~agc geneuc 
stock w t h  compiex pedigrrr 
developed at ICRISAT-I'ntanchrru 

da dwarf forage polllnator bred at 1 TIR 383 T~fton, GA USA from 7111 186 di  dwarf, late nowering 
[Tlit 239D1B2 r T~ft 186) 

dl dwarf restorer of the A, 
cytoplasmlr male-sterdil) system 
bred at Triton, GA. USA 

- - 

di dwarf. late flowermg, poor 
pollrn producer 

k t e  flowering 

ICMB 90111 1 ICMP 423 selectlon 

Appa Rno st al. 1096, 
Slngh el a!. 1997; 
h h a y v r l  2001: 
Azhaguvel el al. 2003 

ICMB 89111 

1 Selection [rom KSU line BKM 2068 1 dl dwarf, early flowering, A1 
C,,,oPIaSm mantuner Stegmeier el 01. 1998 

18438 x IONS 1 SS-4840-4)-1-9-81- 
30-8-8- 1 

ICMB 92666 

di dwarf, many t~llers, A1 
cytoplasm m a n t a n e r  

[ICMPES 34 " (8430 ' ICMI'ES 3411- 
155-4-2 

lCMB 98004 

RIU and 1998 

ICMB 99032 

Tall; A, cytoplasm 
mmntmner 

Backcross derivative of 8438 with 
one add~tional major gene for downy 
mildrw resistance from ICML 22 
Backcross denvative of 8438 w t h  
two or three add~tional major genes 
lor downy mildew resistance from 
ICML 22 

ICML aa 
Downy mildew res'stant pureline 
selection from 1P 2696, an oasis 

Ral r t  ai. 1998 

Short, extra early flowering; Slngh 1994 c,,,,oplasm restorer 

. . 

ear'y 
cfloplasm 

Hash, unpublished 



3.2.1 Materials 

Test tubes made of Borosil glass (150 mrn x 25 mm) plugged with non- 

absorbent cotton and autoclavable plastic caps were used for germination and 

seedling growth. Most of the inorganic salts and chemicals were obtained from 

Hi Media, Merck and Qualigens. Plant growth regulators were of high purity 

and purchased from the Sigma Inc., St. Louis, MO, USA. All other chemicals 

were purchased from tho Fermentas lnc., Hanover, MD,  USA and from Qiagen 

Inc., CA, USA. All  the media stock solutions were prepared according to the 

composition of the nutrient medium using glass-distilled water. The stock 

solutions were stored in the refrigerator until use. Whenever hydrates of salts 

were used, appropriate corrections were made. The constituents of the media 

were added in the order shown in Appendix 11. Media pH was adjusted to 6.7 

with 0.1 N sodium hydroxide or 0 .1  N hydrochloric acid (as found necessary) 

before autoclaving. Sterilization of media, test tubes and bottles was performed 

by autoclaving the contents at 121 ' C  under 15 psi (1.05 kg cm 1)  pressure for 

15-20 minutes. Heat labile compounds were subjected to filter sterilization 

using Millipore filters ( 0 . 2 2 ~ )  under pressure. 

All operations including inoculations and transfers were conducted in a sterile 

ultraviolet light treated laminar airflow transfer hood. The surface of the hood 

was rubbed down first with 5% soap solution, rinsed with water, dried and 

finally sterilized with 70% alcohol prior to each use. The interior of the chamber 

was saturated with an aerosol of 2% thyrnol and 2% glycerine in 90'% ethyl 

alcohol. All the surgical instruments were sterilized by autoclaving before use. 

Spatula, inoculating loop, anatomical scissors, needles and scalpels were 

further sterilized by flaming with absolute alcohol inside the laminar flow 

cabinet. To maintain maximum sterility inside the lamlnar flow hood, it was 

sw'abbed with 70% ethanol 'and the UV lights were h i t ched  on for 10-15 

minutes before every operation. All the test tube cultures were incubated under 

continuous white fluorescent light (30 yEm-2s.') at  an ambient temperature of 

24 i 2 "C. 



3.2.2 Surface sterilization and germination of seeds to early seedling stage 

Seeds of pearl millet inbred lines were soaked in 0.1% Bavistin solution for 30 

seconds, washed with sterile distilled water and surface-sterilized with 70% 

ethanol for 1-2 min. Surface sterilized seeds were washed three times with 

sterile distilled water and germinated on filter-paper boats in balanced nutrient 

solutions (Hoagland and Arnon, 1938) of pH 6.7 at 20°C. containing four 

different concentrations of NaCl (0 mM, 75 mM, 100 mM, and 150 mM) in 

triplicates for each experiment. About 15 seeds were put for germination in 

each test tube. The experiments were repeated 4 times for each line and the 

data means of each experiment were taken for the studies and the statistical 

~nalysis .  Seedlings from germinating seeds were allowed to grow for 10 days, at 

25°C under continuous fluorescent light (30 pEm 's-1). At harvest, shoots and 

roots of healthy seedlings were immediately separated and washed quickly with 

distilled water to remove any possible salt surface contamination. 

3.2.3 Morphological parameters 

Observations on germination efficiency (%), length (cm) of shoots and roots, 

root/shoot ratio, and fresh and dry weight (mg) of shoots and roots were 

recorded for each entry for all four screening environments (three levels of 

salinity and the non-stressed control treatment). 

3.2.3.1 Germination efficiency (YO) 

Germination efficiency (YO) was recorded for each entry after 10 days of seedling 

growth as  follows: 

Germination efficiency (%) = 100 x (Number of seeds germinated / Total 

number of seeds inoculated) 

Seeds were considered geminated when the emergent radicle reached 2 mm in 

length. 

3.2.3.2 Length of shoot and root (em) 

The shoot and root of each seedling were detached. Shoot length (cm) was 

measured from the base of the plant to the tip of the top-most completely 

opened leaf on ten randomly selected plants from rach treatment using a 



standard ruler/scale in centimeters. Similarly, the root length (cm) was 

measured from the base of the plant to the tip of the root. The mean shoot and 

root length for each treatment was calculated as  follows: 

Mean shoot/root length (cm) for each treatment = (Sum of all the ten 

shoots/root lengths recorded from each test tube) / 10. 

The relative shoot/root lengths were also calculated as follows: 

Relative shoot/ Root length = [(Shoot/Root length in salinc solution) / 
(Shoot/Root length in control so1ution)j x 100 

The relative lengths of shoots and roots were subjected to analysis of variance 

(Sigma Plot, 2001). 

3.2.3.3 Root/shoot ratio 

The ratio of root length (cm) to shoot length (cm) for each treatment was 

calculated. 

3.2.3.4 Fresh and dry weight (mg) of shoots and roots 

The fresh and dry weights (mg) were recorded on a Mettler balance for each of 

ten randomly selected shoots and roots per treatment. On the 10th day, fresh 

weights of radicles and hypocotyls were measured. Subsequently the radicles 

and hypocotyls were dried at 80°C for 24 h, and weighed. Cotyledons were not 

included in fresh and dry weight comparisons, since they reflect imbibition 

rather than growth. 

The relative shoot/root lengths were also calculated as follows: 

Relative shoot/root dry Wt. = [(Shoot/Root dry wt. in saline solution) / 
(Shoot/Root dry wt. in control solution)] x 100 

The relative dry weight of shoots and roots were subjected to analysis of 

variance (Sigma Plot, 2001). 

3.3 Biochemical Parameters 

3.3.1 Estimation of proline 

Roline was determined by modification of the method outlined by Bates et al. 

(1973). Approximately 0.1 g of dry weight of tissue was homogenized in lrnl of 

3% aqueous sulfosalicylic acid in a chilled mortar and pestle. Neutral glass 



powder was used for homogeneous grinding. Two ml of 3% sulphosalycylic acid 

was added followed by centrifugation a t  ZOO0 rpm, 4°C for 10 min. One ml of 

the supernatant was reacted with 1 ~ n l  of glacial acetic acid and 1 ml of acid- 

ninhydrin (2.5 g ninhydrin was dissolved in 50 ml of solvent prepared by mixing 

glacial acetic acid and 6M phosphoric acid) for 30 rnin at 100UC in a boiling 

water bath. The reaction mixture was terminated In an ice bath after 30 min. 

Four ml of toluene was added to the reaction mixture and then vigorously 

mixed using a cyclomixer for 15-20 seconds. The two phases were then allowed 

to separate and brought back to room temperature. The reactant chromophore 

containing toluene (upper phase) was aspirated and absorbance was read a t  

520 nm using toluene a s  a blank. Proline concentrations in the samples were 

determined from the standard curve calibrated with different concentrations of 

the standard proline. Roline content was expressed in terms of pg/mg dry 

weight of tissue. 

3.3.2 Measurement of Na* and K+ ions 

Na' and K' were determined by flame photometry using 60 mg of dry weight of 

seedlings made to ash a t  800°C. 

Steps in Sample Preparation for flame photometry: 

For 60mg of the sample 5ml of HC1 and 2 to 3 drops of perchloric acid were 

added. The samples were mixed and kept at 60-70°C for total evaporation. 

To the above treated sample, 2ml of HC1 and 2 mi of HNO3 were added and 

the samples were kept at 60-70°C for total evaporation. 

To the above treated sample 1 ml of HC1 was added and the samples were 

kept at 60-70°C for total evaporation. 

* Finally, the samples were dissolved in 2ml of double-distilled water. The 

samples must be transparent a t  this stage and it can be subjected to flame 

photometry for ior~ iuantification. 

For measuring ions such as  Na+, K+, Cad' and C1- in short term salt treatments; 

50 mg of dry weight of seedlings was used. Ions were extracted by boiling the 

dried seedlings in distilled water and incubated in a boiling water bath for an 

hour. Ion contents were estimated by using a Metrohm Ion Analyzer (Model No. 



AGCH - 9101). Specific electrodes were used for estimations by following the 

instructions from the manual provided by the company. Standard solutions of 

Na*, K*, Cai+ and C1- supplied by the company were used for calibration. 

3.3.3 Salt stress induced antioxidant responses 

Antioxidant responses under salt stress in five inbred lines of pearl millet, viz. 

lCMB 901 11, WSIL-P8, 863B-P2, Tift 23D~B1-pl-P5 and 841B-P3 (sensitive, 

sensitive, moderately tolerant, highly tolerant and highly tolerant respectively to 

salt stress) were studied by subjecting them to OrnM and 150mM NaCl stress 

for short durations of time (0, 24, 48, 72, 96, 120 and 144 h) ,  A subset of three 

pearl millet lines, viz. ICMB 901 11, 863B-P2 and 841B-P3 (sensitive, 

moderately tolerant and highly tolerant respectively to salt stress) were 

subjected to OrnM, 75mM, lOOmM and 150mM NaCl for 7 days. 

3.3.3.1 Preparation of enzyme extracts 

Seedlings of pearl millet were homogenized in liquid nitrogen and dissolved in 

100 mM sodium phosphate buffer (pH 7.4) containing O.lmM EDTA, 1'K (w/v) 

PVP and 0.5% (v/v) Triton-X 100. The homogenate was centrifuged at 15000 

rpm for 20 min at 4°C. The supernatant was collected for measuremrnt of 

specific activities of antioxidant enzymes and glutathione content, and stored at 

-20°C for further analysis. Soluble protein content in the enzyme extract was 

measured according to the method of Bradford (1976). 

3.3.3.2 Estimation of glutathione 

Reduced glutathione (GSH) was determined by Ellman's method (1959). The 

assay mixture consisted of 0.2 M phosphate buffer (pH 8.0), 5% (w/v) 

trichloroacetic acid (TCA), Ellman's reagent [prepared by dissolving 19.8 mg of 

5-5'-dithio-b'is (2-nit~obenzoic acid) ili 100 rnl of 0.1% sodiuni citrate] and 

appropriate tissue extract. The yellow colour developed after the addition of 

Ellman's reagent was read at 412 nm. The amount of GSH present in the tissue 

extract was calculated by using standards with reduced glutathione and the 

glutathione content was expressed in moles of GSH/g fresh wt. 



3.3.3.3 Enzyme assays 

The activity of superoxide dismutase (SOD) was measured based on the ability 

of the enzyme to inhibit the auto oxidation of pyrogallol. The measurement was 

based on the modified method of Marklund and Marklund (1974). The reaction 

mixture consisted of 0.252 M pyrogallol and an appropriate volume of the 

enz,yrne extract. The reaction was initiated by light illumination and the rate of 

oxidation was measured spectrophotometrically at 420 nm. Specific activity of 

SOD was expressed as  units of SOD/mg protein. The unit is defined as the 

amount of the enzyme, which causes 50% inhibition of pyrogallol oxidation. The 

activity of catalase (CAT) was assayed from t.he rate of hydrogen peroxide (HIOL) 

decomposition as  measured by the decrease of absorbnnce at 240 nm, following 

the modified procedure of Claiborne (1985). The reaction mixture consisted of 

distilled water, 0.059 M HJOL and an appropriate volume of tissue extract in a 

final volume of 3 ml. Catalase actiblty was expressed as pl of HIOl 

consumed/min/mg protein. Glutathione reductase (GR) activity was assayed 

following the method of Schaedle and Bassh~un (1977). The reaction mixture 

consisted of 0.1 M phosphate buffer (pH 7.41, 10 mM EDTA, 20 mM oxidized 

glutathione, 10 mM NADPH and an  adequate quantity of tissue extract in a 

total volume of 2.0 ml. The enzyme activity was quantified at 25'C by 

measuring the disappearance of NADPH at 340 nm. Specific activity of the 

enzyme was expressed in n.moles of NADPH oxidized/min/mg protein. 

Glutathione S-transferase (GST) activity was determined by the method of Petit 

et al. (1996), using 1-chloro-2-dinitrobenzene (CDNB) as a substrate (Habig et 

al., 1974). The assay mixture consisted of 0.2 M phosphate buffer (pH 7.4), 0.2 

mM GSH and 0 .2  mM CDNB in a total volume of 2 ml. The reaction was 

initiated by the addition of appropriate aliquot of the tissue extract. The 

increase in absorbance at 25'C was recorded at  340 nm and the enzyme 

activity is expressed in n.ma1es of CDNB conjugated/min/mg protein. 

3,3.3.4 Lipid peroxidation 

Lipid peroxidation was determined following the method of Utley et al. (1967) 

with minor modifications. Preliminarily, incubation mixture (20 pM FeSO4, 400 

UM ascorbate, 0.25 M KC1 and 0.04 M Tris-Cl) was added to distilled water and 



an appropriate volume of enzyme extract. The contents were then incubated a t  

37°C for 30 min. To the incubated assay mixture, 2 0 ' ~  chilled trichloroacetic 

acid and 0.67% thiobarbituric acid were added. After a thorough mixing of all 

the contents, the samples were boiled at 100°C for 10 min and the solution was 

centrifuged at 5000 rpm for 5 min. The supernatant was separated after 

centrifugation and the absorbance read at 540 nrn for the end product 

malondialdehyde (MDA) (a  thiobarbituric acid reactive substance (TBARS), 

which is an index of lipid peroxidation). The content of MDA was expressed in 

n.moles/mg protein. 

3.3.3.5 Isoenzyme studies 

3.3.3.5.1 Isoenzyme activity of superoxide dismutase (SOD) 

Electrophoresis was carried out at 4'C according to a modified procedure of 

Gabriel (1971) with a 10% polyacrylamide mini-slab gel in standard tris-glycine 

buffer (pH 8.3). Samples were loaded into each well and then electrophoresed at 

I00 V through the stacking gel for 15 min and 120 V through the separating gel 

for 60 min. After electrophoresis, a modified photochemical method of 

Beauchamp and Fridovich (1971) was used to locate SOD activities on gels. The 

gel was first soaked in 25 ml of 1.23 mM nitroblue tetrazolium (NBT) for 15 

min, briefly washed, then soaked in the dark in 30 rnl of 100 mM potassium 

phosphate buffer (pH 7.0) containing 28 mM TEMED and 0.02 mM riboflavin 

for another 15  min. The gel was briefly washed again, and then illuminated for 

15 min to initiate the photochemical reaction. All the procedures were carried 

out at room temperature, and the two soaking steps were shaken at 75 rpm. 

3.3.3.5.2 Isoenzyme pattern of catdase 

Electrophoresis was carried out at 4°C with a 10% polyacrylamide mini-slab gel 

in standard tris-glycine buffer (pH 8.3). Catalase activity following native-PAGE 

was determined a s  described by Vitoria et a1 (2001). Protein (50 pg) was loaded 

in each gel lane and then electrophoresed at 100 V through the stacking gel for 

15 rnin and 120 V through the separating gcl for 60 min. Gels were incubated 

in 0.003% HzOz for 10 min and then developed in a 1% (w/v) FeC13 and 1% 



(w/v) K?Fe(CN)6 solution for 10 min. All the procedures were carried out at room 

temperature, and the two soaking steps were shaken at 75 rpm. 

3.3.3.5.3 Isoenzyme activity of ascorbate peroxidase 

Native-PAGE was performed using a stacking gel contajning 4.3'M) acrylamide 

and a separating gel containing 7.5% acrylamida with a running buffer 

composcd of 4 mM Tris-HCI, pH 8.3, and 38 mM glycine. In each lane. 300 pg of 

total proteins was loaded in each lane. After non-clrnaturing electrophoresis, 

the gels were incubated for 15 min at room temperature with agitation in 0.1 M 

sodium-phosphate buffer, pH 6.2, containing 4 mM ascorbic acid ,and 4 mM 

HLO& The gels were then washed with distilled water and stained with a 

solution of 0.125 M HC1 containing 0.1% (w/v) potassium ferricyanide and O.lC% 

(w/v) ferric chloride. Ascorbate peroxidase was located as  an achromatic band 

on a Prussian blue background, as a result of thc reaction between ferric 

chloride and potassium ferrocyanide, the latter having been produced by the 

reduction of potassium femcyanide with unreacted ascorbic acid. 

3.3.4 Protein profiles 

Short term responses to salt stress in salt tolcrant 'and susceptible seedlings 

were also studied using the standard electrophoretic technique for proteins; 

SDS-PAGE. 

3.3.4.1 Protein extraction 

Plant tissue weighing about 200 mg was homogenized in lml of extraction 

buffer (50 mM Tris-HC1, pH7.4; 1 mM EDTA; 2 mM MgC12; 2 mM DTT; 2.5 mM 

PMSF, O . l C Y ~  Triton-X 100) in a pre-cooled mortar and pestle and centrifuged a t  

12,000 rpm for 10 rnin a t  4OC. The supernatant was collected and centrifuged 

again at 12,000 rpm for 10 mip at 4OC. The clear supernatant was collected and 

used for protein quantification. 

3.3.4.2 Protein estimation 

Protein content was quantified by following Bradford's method for protein 

estimation (Bradford, 1976) using BSA (lmg/ml) a s  standard. The total protein 

content was expressed in mg/g dry wt. 



3.3.4.3 SDS-PAGE 

Discontinuous SDS-PAGE was performed with an electrophoresis unit (Bio-Rad) 

using 5% stacking gel and 12% resolving gel. An equal amount of total protein 

(50 pg) was mixed with lXSDS gel-loading buffer and heated at 100 'C for 3 

min to denature the protein. After electrophoresis, the gels were stained with 

Coomassie Brilliant Blue G-250 (Maniatis et ul., 1982). 

3.3.5 Effect of  GA3 and CaC12 

The effect of GA3 and CaCld on salinity stress was studied in two lines of pearl 

millet, ICMB 901 11 and 841B-P3 (sensitive and highly tolerant, respectively, to 

NaCl stress) by germinating the seeds in presence of GA.I CaClr and a 

combination of both in Hoagland solution for the NaCl concentrations 0 mM, 75 

mM, 100 mM and 150 mM. Calcium chloride (CaCll) and gibberellic acid (GA.3) 

at a concentration of 100 mg/l and 10 mg/l, respectively were added 

individually and in combination to Hoagland solution with NaCl concentrations 

75mM, lOOmM and 150mM, and the controls were maintained without any 

NaCl in Hoagland solution. The seedlings were allowed to grow for 15 days, 

harvested and washed with 0.5mM CaC1, They were scored for various 

parameters like germination efficiency, length of shoot/root, and proline 

content (Bates et al., 1973). Fresh weights of shoot and root were measured for 

ten seedlings for each treatment and their mean was recorded. 

3.4 Statistics 

Experimental data were processed statistically using the GenStat software 

package (GenStat, 1995) and the levels of significance were ascertained for each 

source of variation in the ANOVA. A genotype x environment analysis was 

performed for the data sets using the same software to assess the significance 

of interactions between the 28 inbred lines and the 4 salinity treatments for 

each of the observed traits, across a set of 27 germinating entries for the 0 and 

75 mM NaCl treatments (purple foliage and pericarp genotype IP18293-P152 

did not germinate evenly due to dormancy, and so was not included in the 

statistical analyses), and subsets of 20 and 5 germinating entries for the 0, 75, 

and 100 mM NaC1, and 0 ,  75, 100, and 150 mM NaCl treatments, respectively. 



3.5 Development of Molecular Markers for Salt Stress Tolerance 

The novel marker technique for plant genotyping knoun as Target Region 

Amplification Polymorphism (TRAP), which uses two primers of 18 nucleotides 

to generate markers (Hu and Vick, 2003), was used for generating markers for 

s d t  stress in pearl millet. The work was carried out at M.S.  Swaminathan 

Applied Genomics Laboratory (AGL), ICRISAT, Patancheru, India. 

3.5.1 Plant material 

Two inbred lines out of the 28 inbred lines screened earlier, viz., Tift 23D2Bi-P1- 

p5 (salt tolerant) and WSIL-P8 (salt sensitive) were parents of a previously 

developed Fd-derived FJ mapping population of 97 progenies available at 

ICRISAT- Patancheru. 

3.5.2 Data mining for the DNA sequences of target genes 

Three genes related to salinity stress were taken into consideration for 

developing molecular markers, viz, superoxide dismutase (SOD) gene, 

glutathione reductase (GR) gene and A-pyrroline 5-c~uboxylate synthetase 

(P5CS) gene. 

The EST sequences of the SOD, GR and P5CS genes were retrieved from the 

National Centre for Biote~hnology lnformation (NCBI) database 

(w~w,ncbi.nlm.nih.gov) by giving the key words or the accession numbers of 

the sequences available in the literature. The EST sequences for all the three 

genes were obtained in PASTA format. 

* A GRAMENE BLAST (www.gramene.org/multi/blastview) search was 

performed using the maize EST sequences of the concerned target genes (8 

for SOD, 1 for PSCS, and 17 for GR) as  'query' against each of the cereal 

crops (barley, pearl millet, sorghum and rice) as 'subject'. One sequence 

from each set was selected based on the E value (preferred >10-5), score 

(highest), % identity (40%) and alignment length (highest). The 'maize- 

HSPs' (High-scoring Segment Pairs) obtained during BLAST searches for 

each crop for the concerned EST sequences were aligned (sequence 



alignment) to identify the unique conserved sequences using CLUSTAL W (a  

multiple alignment program: http://www.ebi.ac.uk/clustalw). 

The identical portions of the aligned consensus sequences were selected as  

the most conserved regions across the species and these portions were 

picked from maize-HSPs also present in pearl millet to get the trimmed 

target sequence, which was used for the fvted primer design. The trimmed 

target sequence was pasted in the input window of the web-based 'ORF 

finder' of NCBI database (www.ncbi.nlm.nih.gov/gorf/gorf.html) and the 

open reading frame (ORF) was found. The ORF helped to check if the 

primers designed fell in the interphase of two exons or not and the primers 

that fell in this interphase were rejected. 

3.5.3 Primer design 

3.5.3.1 Fixed / EST primers 

Fixed primers are the primers t'ugcting the gene of interest and are deslgned 

from the conserved portions of EST sequences of the targeted gene across 

species a s  trimmed earlier. These futed primers were designed in the following 

way (Hu and Vick, 2003): 

a) The identified trimmed target sequences were inserted into the input window 

of the web-based PCR primer-designing program 

(http://www.genome.wi.mit.edu/cgi-bin/primer/primer3.cgi) (Rozen and 

Skaletsky, 2000). 

b) The primer optimum size, maximum size, and minimum size were set to 18 

nucleotides. 

c) The primer optimum melting temperature (Tm), maximum Tm, and 

minimum Tm were set to 53OC, 55"C, and 5O0C,.respectively. 

d) One of the primer sequences picked by the program was used. 

The list of fmed primers designed is given in Table 3.2. Both forward and 

reverse primers designed from the target EST sequence were used as fixed 

primers. 



Table 3.2 Lirt of flxed primers designed in this study 

5 GR13F 

6 GRl3R 

7 SOD2F 

8 SOD2R 

O SOD3P 

10 SOD3R 

1 1  SODSMF 
I 

I2 SODSMR 

SODSSF 

SODSSR 

SOD6MF 

SOD6MR 

SOD7F 

SOD7R 

PSCSF 

Gene/Target Primer sequence 

Glutathone Reductasp CCA'ITCCACCACTATCTG 

Glutcithtone Reductase GTGGCTCCACATTTAACC 

Glutath~one Redlrctasr TGGTGGGCACTATGACTA 

Glutathone Reductase TGATGCACCATACACGAG 

Glutathone Reductasp ACTTCTGATCiAGGCCTTG 

Gh~tathtone Redrrclast. OAGA'lTGTCCCTGGATG 

Sirperonde D ~ s m u l a w  GTATCTCTGGCCTCAAGC 

Superonde hvrnutase OGTCCAGCMGAGGTATC 

Superoxlde h r n u t a s e  GCCACATCCCACTOA 

Shperomde Lhsrnutasr TCCGATGATCCCACA 

Sup~roxlde Lhsrnutase GAAATOTGACAGCTGC>AG 

biperoxlde lXsmutase CAAGATCATCOGGATCAG 

Superoxide Dismutase 

Superoxide Lhsmrrtase 

Superoxide Disrnlrtase 

Superonde Lhsinutase 

Superoxide Disrnu tase 

TGTCMCTGGACCACALT 

CGTGMCAACMCAGCTC 

GCAGAOCTGTTG'lTGTTC 

GAATGITCAGGCTCGTCT 

TGCCGATTTTG'ITCG 

GCAAACATCGGMGC 

L"I'GTGGCAAGTTCTCTOT 

CACTGMTCTGGTGCTTG 



3.5.3.2 Arbitrary primers 

The arbitrary primers are primers having arbitrary sequence with either an AT- 

or GC-rich core to anneal with an intron or exon, respectively. Three principles 

were followed in the construction of each random primer as suggested by Li and 

Quiros (2001) and Hu and Vick (2003): 

a) the srlective nucleotides, 3-4 at the 3' end; 

b) the core, 4-6 nucleotides with AT- or GC-rich regions; ~ n t l  

c) the fillrr sequences make the 5' end. 

The general principles of PCR primer design were followed such as,  avoidance of 

self-complementarity, maintenance of GC content (40%) to 60LYu) for proper 

melting temperature of primers and retention of their corrcct internal stability. 

The list of arbitrary primers designed is given in Table 3.3. 

3.5.4 Genomic DNA extraction 

3.5.4.1 DNA extraction and purification 

Around 25-30 seeds of each of the 97 Fz4 self-bulk progenies of the mapping 

population and its two parents were sown in pots in the glasshouse. Bulk DNA 

was obtained from each of the 99 entries using a modified CTAB method (Mace 

et a/ . ,  2003). DNA was further purified by Rnase digestion followed by extraction 

with phenol/chloroform/iso-amylalcohol (25:24:1) and ethanol precipitation as  

described by Mace et al. (2003). A few of the steps have been illustrated in Fig. 

3.1.  

Detailed description of the 96 well plate mini DNA extraction 

A. Preoaration 

1. Steel bd l s  (4 in size and 2 nuhber  per extraction tube), 'pre-chilled at - 
20°C for about 30 minutes, were added to the 12 X 8-well strip extraction 

tubes with strip caps (Marsh Biomarket, USA), which were kept on ice. 

2. 3% CTAB buffer (3% wjv CTAB, 1.4 M NaC1, 20mM EDTA, lOOmM Tris-HCl, 

pH 8.0, 0.17% P-mercaptoethonol) was pre-heated a t  65°C in a water bath 



Table 3.3 List of arbitrary primem designed in this study 

- - r S.No Primer Name Primer sequence TI. Size / 
L 

I TRAP-Ar0l TGAGTCCAAACCGGATGC 56.32 18 

2 TRAP-Ar02 TGAGTCCAAACCGGAGCT 56.32 18 

3 TRAP-Ar03 TGAGTCCAAACCGGTCAG 56.32 18 

4 TRAP-Ar04 GACTGCGTACGAATVGAC 54.93 19 

5 TRAP-ArOS GACTGCGTACGAATTGACT 54.93 19 

6 TRAP-Ar06 GGAACCAAACACATGCTGA 54.93 19 

7 TRAP-Ar07 TTCTTCTTCCCTGGACCATG 57.78 20 

CTATCTCTCGGGACCGTCA 

TTCTTCTTCCCTGGACCGTA 

GGAACCAAACACATGGCTT 

CTATCTCTCGGGACCCGAA 

GGAACCAAACACATGAAGA 

TCATCTCAAACCATATACAC 

TTCTTCTTCCCTGGACACTT 

CTATCTCTCGGGACCAAAC 



(Precision Scientific, model: Shaking water bath 50) before the start of the 

sample collection. 

3. Leaf strips 15  cm long were collected from 20 randomly selected one-week- 

old seedlings (final weight approximately 30mg) for each genotype and cut in 

to small pieces (1 mm in length). These picces were transferred to the 

extraction tubes, which were fitted in a box. 

B. Grinding and extraction 

1. 450 p1 of pre-heated 3"/' CTAB buffer was added to each extraction tube 

containing l e d  samples. 

2. Grinding was carried out using a Sigma GenoIGrinder (Spex CertiPrep, 

USA) a t  500 strokeslmin for 5 min. 

3. Grinding was repeated until the color of the solution became pale green and 

leaf strips were sufficiently macerated. After the first round of grinding, the 

tube boxes were taken out from the GenoIGrinder to be checked for leakage 

and were shaken to ensure proper mixing of le'af tissues with the extraction 

buffer. 

4. After grinding, the box with the cubes was fixed in a locking device and 

incubated at 65°C in a water bath for 10 min with occasional manual 

shaking. 

C. Solvent extraction 

1. 450 p1 of a chloroform : iso-amyl alcohol (24: 1) mixture was added to each 

tube, mixed by inverting the tubes carefully and the samples were 

centrifuged at 6200 rpm for 10 min (Sigma laboratory centrifuge model 

4K15C with QlAGEN rotor model NR09100: 2 x 1120 g SW).  

2.  After centrifugation the aqueous layer (approximately 300p1) was transferred 

to a fresh tube (Marsh Biomarket). 

D. Initial DNA precipitation 

I .  To each tube containing aqueous layer, 0.7 volume (approximately 210d)  of 

cold (kept a t  -20°C) isopropanol was added, the solution was carefully mixed 

and the tubes were kept at -20°C for 10 min. 



2. The samples were centrifuged (Sigma laboratory centrifuge model 4K15C 

with QIAGEN rotor model NR09100: 2 x 1120 g SW) at G200rpm for 15 min. 

3. The supernatant was decanted under a fume-hood and pellets were allowed 

to air dry (approximately 30 min.). 

E. Rnase treatment 

1 .  111 order to remove co-isolated RNA, pellets were dissolved into 200111 of low 

salt TE buffer and 301ig of Rnase (stock 10 mg/ml). 

2. The solution was mixed properly and incubated at 37°C for 30 rnin or 

overnight at room temperature. 

F. Solvent extraction 

1. After incubation, 200 111 of phenol:chloroform:isoamylalcohol (25:24:1) was 

carefully added to each tube, mixed and centrifuged (Sigma laboratory 

centrifuge model 4K15C with QlAGEN rotor model NR09100: 2 x 1120 g 

SW) at 5000 rprn for 10 min. 

2. The aqueous laycr in each tube was transferred to a fresh tube (Marsh 

Biomarket) and 200 p1 of chloroform:isoamylalcohol (24: l )  was added to 

each tube, mixed and centrifuged at 5000 rpm for 10 min (Sigma laboratory 

centrifuge model 4K15C with QIAGEN rotor model NR09100: 2 X 1120 g 

SW). The aqueous layer was transferred to a fresh tube (Marsh Biomarket). 

G. DNA ~recipitation 

1. 15p1 (approximately l/lOrh volume) 3 M sodium acetate (pH 5.2) and 300 111 

(2 volumes) 100% ethanol (kept at -20°C) was added to each of the tubes 

and the mixture was subsequently incubated in a freezer (-20°C) for 5 min. 

2. Following incubation at -2OoC, the tubes were centrifuged (Sigma laboratory 

centrifuge model 4K15C with QIAGEN rotor model NR09100: 2 x 1120 g 

SW) at 6200 rprn for 15 min. 

H. Ethanol wash 

1. After centrifugation the supernatant was carefully decanted in order to 

ensure that the pellet remains inside the tube. TO the tubes, 200 111 of 70% 

ethanol was added followed by centrifugation (Sigma laboratory centrifuge 



model 4K15C with QIAGEN rotor model NR09100: 2 x 1120 g SW) at 5000 

rpm for 5 min. 

1, Final re-suspension 

1. The supernatant was carefully decanted and the pellet was allowed to air dry 

for one hour. 

2. completely dried pellets were ru-suspended in 100 111 of TioEl  buffer and 

kept overnight at  room temperature to dissolve completely. 

3, DNA samples were stored in 4°C. 

3.5.4.2 Determination of quantity and quality of isolated DNA 

The DNA quality was checked using 0.5UL~ agarose gels stained with ethidium 

bromide (lmg/ml).  One III of DNA solution was mixed with 1p1 of loading buffer 

for non-denaturing PAGE (5X) and 8111 of distilled water and loaded into a well 

in a 0.5%) agarose gel. Standard DNA of 5 ng, 10 ng, 15 ng and 20 ng were also 

loaded in each well-row a s  a reference. The gel was rull for 10 min after which 

the quality was checked under UV illumination. A smear of DNA indicated poor 

quality whereas a clear band indicated good quality. Samples of poor quality 

were re-extracted. The DNA quantity was assessed using a DNA plate reader 

(Spectrafluor Plus, Tecan, Switzerland). The DNA concentrations were 

normalized at  5 n g / d  using robotics [TECAN, Genesis Workstation 2001 (Fig. 

3.2) for PCR reactions. 

The optimal fixed and arbitrary primer concentrations were predetermined 

following a 3-grid optimization protocol. PCR reactions were conducted in 96- 

well plates in a GeneArnp PCR system 9700@ (PE-Applied Biosystems). The 

reactions were performed in volumes of lop1 with final concentrations of 5 ng 

template DNA, 0.6 p.m/vl fixed primer, 0.2 p.m/pI arbitrary primer, 2mM 

MgCI,, 0.12mM dNTFs: 1X buffer and 0.2 U Tag polymerase (Bioline). The PCR 

Was performed by initially denaturing the template DNA at 94OC for 5 min, 

followed by five cycles a t  94°C for 45  s ,  35OC for 45 s,  and 72°C for 1 rnin, then 

by 35 cycles a t  94OC for 45  s ,  50°C for 45 s and 72°C for 1 rnin, and a final 

extension step of 72°C for 7 rnin (Hu and Vick, 2003). 



Figure 3.1. 96-well plate high throughput DNA extraction. Steps as per 
order : (a) Leaf sample collection - (b) Grinding in Sigma GenoIGrinder + 

(c) Solvent extraction - (d) Separation of aqueous phase . (e) DNA 
precipitation. (Photograph Source ICRIS.I1T, Patnnc hen11 

Figure 3.2 Robotics for 96-well DNA dilutions [TECiN, Genesis Workstation 2001. 
(Photograph So~rrce ICRIStZT, Paranchem) 



3.5.6 Testing parental polymorphfem using TRAP markers 

TO identify TRAP markers detecting polymorphism between the mapping 

population parents, initial screening of the parental lines (Tift 23D2BI-PI-P5 

md WSIL-P8) was canied out before actual genotyping of all 97 progenies in 

the F~-derived F4 mapping populations. For parental polymorphism screening, 

PCR with parental DNA was performed using combinations o i  each fixed primer 

with all of the 15 arbitrary primers. The primer combinations producing 

polymorphic fragments were repeated a second time lo test the rrproducibility. 

o u t  of 180 fixed-arbitrary primer combinations tested. 11 were selected based 

on the highest number of clear polymorphic bands among the parents, to allow 

reliable genotyping of the mapping population progenies using PAGE. These 11 

primer combinations were used to generate TRAP markers across the 

(Tift 23D)Bt-P1-PS WSIL-P8)-based pearl millet mapping population progeny 

set 

3.5.7 Poly-Acrylamide Gel Electrophoresis (PAGE) 

3.5.7.1 Material 

Sequencing gel apparatus (glass plates, spacers, casting apparatus), Combs 

(68-well) and D.C. power unit (Bio-Rad). 

3.5.7.2 PAGE gel preparation 

1. For a 7.7% gel (plate size 38 x 30 cm), 75 ml of gel solution was prepared as  

follows: 

52.5 ml double distilled water 

7 .5  ml 10X TBE buffer 

13.0 ml acrylamide solution '(40% of acrylamide and 2% bis-acrylamide 

in ratio of 29: 1 v/v) 

2. The solution was mixed in a 200 ml Erlenmeyer flask, and 450 p1 10% (w/v) 

APS was added, followed by 100p1 TEMED. The solution was mixed, then 

poured using a syringe (100 ml), that feeds between the glass plates, and the 



comb inserted (upside down, in order to form wells in the gel). The 

acrylamide solution was then allowed to polymerize for 3 0 4 5  min. 

Note I: Gels can be stored overnight as long as the plate ends are wrapped in 

p-e-wetted tissue paper (1X TBE) and covered with plastic film. 

Note 2: ~olymerization of the acnl~unide/bisacrylanlide IS catalyzed by the 

addition of APS, so one has  to be quick while pouring the solut~on between the 

plates. A way to check the polymerization of the solution is to leave a little 

acr-ylarnide solution in the flask and check dt?r  some time whether the solution 

has solidified. 

3. After polymerization, the gel was set up with the unit for electrophoresis. The 

lower tank, the back-plate and upper reservoir were filled with O.5X TBE 

(approximately 250-300 mi, 200 mi and 400 ml respectively). The wells were 

cleaned by aspirating and dispensing TBE buffer in each well using a 

Pasteur pipette to remove small fragments of gel and tiny bubbles on top of 

the well and the comb was inserted on top of the well so that the comb tips 

just rest on the well ( c l  mm deep). 

4. The gel was pre-run for at least 10 min at 5 V /  cm (600 V, 9 W) 

5 .  To each PCR product, 1 4 of orange loading dye (10 mi 0.5M EDTA, 1 ml 5M 

NaC1, 50 rnl glycerol, 39 ml distilled water and orange dye powder) was 

added for every 5 pl of product. From this mixture, 4 111 was loaded into a 

well of the PAGE gel (7.7%). 

6. Along with the samples, 2111 of lOObp ladder (SOng/)il, Qiagen) was also 

loaded in the first and last lane of the gel to ensure proper sizing of 

amplified PCR fragments. 

7. The gel was run at  600-650 V in 0.5S TBE buffer for 3 to 3.5 hours using a 

Bio-Rad sequencing gel apparatus. 

8. After the run, the plates were carefully pulled apart, so that the gel remained 

attached to the front plate. PCR product banding patterns on the PAGE gels 

were visualized using silver staining. 



3.5.7.3 Silver staining 

After running the PAGE gel. DNA fragments separated were visualized using a 

modified Tegelstrom (1992) silver staining procedure. 

In this silver staining procedure, the 'PAGE gel was kept in the following 

solutions with continuous shaking: 

1.5 L of water for 5 min. 

0 ,  l'Yn CTAB solution for 20 min (1.5 g in 1.5 L of water). 

0.3% ammonia solution for 15 min (IY.5ml of 25% amrnonitr in 1.5 L of 

water). 

O.l?h silver nitrate solution for 15 min ( l .5g of silver nitrate + 6ml of 1M 

NaOH in 1.5 L of distilled water and neutralized with ammonia solution 

till the solution became colorless). 

1.5 L of water for 15 s .  

Developer solution (22.5 g of sodium carbonate + 400 111 uT formaldehyde 

in 1.5 L of single distilled water) till clear products were ~isible.  

1.5 L of water for 30 s to 1 min. 

Fixer (22.5 ml glycerol in 1.5 L of water) for a few min. 

3.5.8 Marker Data analysis 

After silver staining of the PAGE gels, gels were put on a benchviewer. The size 

(in base pairs) of the parental alleles for each TRAP marker was estimated based 

on their migration relative to the lOObp DNA ladder (fragments rangng from 

lOObp to 1000bp) and presence or absence of only strong and unambiguous 

polymorphic bands in each parent a s  well a s  across the mapping population 

was manually scored. The FJ 4 progenies were scored as  A and C or B and D for 

each polymorphic fragments based on presence or absence of band* of the 

parent lines, where, 

B = WSIL-PB homozygote ( i . ~ . ,  band of Tift 23D*Bl-Pl-P5 parent not present); 

A = Tift 23DlB1-PI-P5 homozygote (i.e., band of WSlL-P8 parent not present); 

C - Heterozygote or WSILP8 homozygote (band of WSIL-PS parent present) i.e. 

not A; and 



D = Heterozygote or Tift 23DzB1-PI-P5 homozygote (band of Tift 23D2B1-Pi-P5 

parent present), i.e. not B 

- = Missing data for the individual at that locus. 

After scoring each of the individual progenies, a dataset was assembled a 

Microsoft Excel spreadsheet in a format suitable for linkage analysis by 

MapmakerIExp. (i.e. rows = genotype score at a given locus; columns - 
individuals of mapping population). 

3.5.9 Const!-uction of genetic linkage map 

The linkage map was constructed with Mepmaker/Exp 3.0 (Lander et al, 1987; 

Lincoln et al., 1992a) on a personal computer. The segregation data for the 

TRAP markers were subjected to multi-point linkage analysis along with data 

for RFLP markers, which were generated previously for the Tift 23DrB1-Pl-P5 x 

WSIL-PS based pearl millet mapping population (Liu ct al.,  1994a,b). The LOD 

threshold value was kept at 3.0. Linkage distances in centimorgnn (cM) units 

were calculated using the Kosambi mapping function (Kosambi 1944). 

The 'sequence all' command was used for 'two-point' (or pair wise) linkage 

analysis of the data set, while the 'group' command was used to divide the 

markers into linkage groups. The 'compare' command was used to compute the 

maximum likelihood map for each specified order of markers, and obtain the 

orders sorted by likelihoods of their map. Mapmaker reports only the 20 most 

likely orders. The order having a log-likelihood of 0.0 was selected as  the best 

order. The 'build' command was used to place new markers from the genotyping 

dataset at the most appropriate positions within the identified linkage group. 

The RFLP marker data used in this study have previously been mapped in this 

(Tift 23D2Bl-Pl-PS x WSIL-PSI-based pearl millet mapping population (Liu et 

al., 1994a,b]. The RFLP-based skeleton linkage map available for this mapping 

population was used a s  a reference for the map constructed in the current 

study for comparison with respect to linkage distancrs, linkage position and 

marker order of the RFLP markers. The TRAP markers used for the present 

study were thereby assigned to linkage groups based on their order with respect 

to the RFLP markers previously mapped in this (Tift 23DzB1-P1-P5 WSIGP8)- 

based mapping population. 



3.6 QTL analysis 

3.6.1 Phenotypic data 

seeds of the parents and individuals of the FL., mapping populations were 

sterilized and germinated at 20°C on filter paper boats in balanced 

nutrient solutions (Hoagland and Amon, 1938) of pH 6.7, containing two 

different concentrations of NaCl (OmM and 150mM) in duplicates for each 

experiment and the seedlings were allowed to grow for 10 days at 25°C under 

light. Salinity stress-related traits like gemination efficiency (%,) 

length (cm) of shoot and root after 10 days of seedling growth were 

recorded for each experiment. Relative values as  compared to the controls and 

deviations from the means were also calculated for germination cfficirncy, ,md 

for shoot and root lengths for each treatment. 

3.6.2 Analysis of variance (ANOVA) 

The analyses of variance for phenotqpic data sets were performer1 using the 

residual maximum likelihood algorithm IReML), which provided the best linear 

unbiased predictions (BLUPs) of the performance of the progenies (Patterson 

,and Thompson, 1971). ReML estimates the components of variance by 

maximizing the likelihood of all contrasts with zero expectation. For each trait 

and for each entry, the predicted means were calculated with entries as  fixed 

effects for both individual environment (salinity level) analyses and the across- 

environment (salinity levels) analyses; replications, error and entry . replication 

interactions a s  random effects in individual screening environment analyses; 

and replication, error, entry x replication, and entry x environment interactions 

as random effects in the across-salinity screening environment analysis. 

Experimental data were analyzed statistically (Genstat 1995) to ascertain the 

levels of significanct for each source of \ariation (replicates, genotypes, salinity 

levels and error in the experiment). 

3.6.3 QTL mapping 

A total of 122 (54 RFLP and 68 TRAP) markers were used to detect QTLs 

associated with germination and length of shoot and root under control and s d t  

stressed conditions in pearl millet. Simple Interval Mapping (SIM) was 



~erformed using MapMakerIQTL version l . l b  (Lincoln et al., 1992b). The LOD 

threshold value was kept at  3.0. Composite Interval Mapping (CIM) was 

~erformed using PlabQTL version 1.2 (Utz and Melchinger, 2003), which 

employs interval mapping using a regression approach (Haley and Knott, 1992) 

with selected markers as  cofactors. The point at which the LOD score had the 

maximum value in the interval was taken as the estimate of the QTL position. 

The proportion of phenotypic variance explained by a single QTL was estimated 

as the square of the partial correlation coefficient. Estimales of the additive 

effect of each detected QTL, thc total LOD score, nnci thc total proportion of 

variance explained jointly by d l  detected QTL were obtained by 

fitting a multiple linear regression model that simultnneously included all 

detected QTL for the trait in question. 

The percentage of phenotypic variance explained by a putative QTL (R%) was 

calculated, which is based on the partial correlation of the putative QTL with 

the observed variable, adjusted for cofactors (Kendall and Stuart, 1961). In the 

simu!taneous fit, the cofactors are ignored and only the putative QTLs initially 

detected and their estimated positions were used in multiple regressions to 

obtain the final estimate of the additive effects and percentage of phenotypic 

variation for a particular trait that could be explained by the QTL(s). The 

adjusted R ~ o  (adjRi'Yo), the portion of the phenotypic variance explained by the 

final full model, was estimated according to Hospital et a/. (1907). The additive 

effect was calculated as  half the differences between genotypic values of the two 

homozygotes (Falconer, 1989): 

Additive effect = (Parent P2 - Parent P1)/2. 

After the QTL analysis with PlabQTL, the QTLs identified for components of 

salinity stress were assigned to the linkage g r ~ u p s  based on linkage positions of 

markers on the skeleton-linkage map developed earlier. 





CHAPTER 4 

RESULTS 

4.1 screening and selection of pearl millet germplasm for salinity 

tolerance 

T ~ C  objective of this part of the investigation was to assess the exploitable 

gne t i c  variability in pearl millet for salinity tolerance and to detect the salt- 

sensitive and salt-tolerant pearl millet lines from the gemplasm screened. 

~wenty-eight genetically diverse inbred pearl millet genotypes (ICMp 85410-p7, 

LGD 1-B-10, Tift 23D>Bl-Pl-P5, WSIL-P8, 81B-P6, ICMP 451-P8, lCMP 4 5 1 - ~ 6 ,  

H 771833-2-P5(NT), H 771833.2, PRLT2/89-33, W504-1-P1, P310-17-Bk, 

FT 732B-P2, P1449-2-PI, 1CMB 841(=841B)-P3, 863B-P2, IP 18293-P152, 

Tift 238D1-P158, Tift 186, Tift 383, ICMB 891 11, ICMB 901 11, ICMB 92666, 

ICMB 95333, 843B, ICMB 98004, ICMB 99022, and ICML 22,) obtained from 

the International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), 

Hyderabad, India were used in this study. 

4.1.1 Morphological parameters 

Morphological symptoms are indications of the injurious effects of salt stress. 

The extent of inhibitory or adverse effects of salt stress can be known only by 

miking critical comparisons with plaits gown under comparable conditions. 

Compared to non-saline conditions, germination was sibmificantly reduced at 

75mM, lOOmM and 150mM NaCl concentrations (Fig. 4.1). However, there were 

significant differences among the 28 genotypes in this respect. In most of the 

pearl millet inbred lines tested (except for IP 18293-P152, which showed a high 

level of seed dormancy), germination at 75mM NaCl was above 70% of their 

respective non-saline controls, indicating that the gemination process in pearl 

millet was fairly tolerant to this level of s.\linity. However, at  lOOmM NaCl, 

seven of the 2 8  lines failed to geminate,  and at 150mM NaCl the number of 

successfully germinated lines dropped to only five. There was considerable 

variation among genotypes in their gemination percentage and survival a t  the 

two highest salinity levels. At 150mM NaC1, the sunival percentages of only five 



Figure 4.1. Changes in germination percentage of seeds of 28 pearl millet 
inbred lines across four 6alinity levels: [(I) OmM NaCl (control), (2) 75mM 
NaC1, (3) 100mM NaCl, and (4) 150mM NaCl] 

1 2 3 4 

Sallnlty level (I ~ O m M , 2 = 7 5 m M , 3 = 1 0 0 m M , a n d 4 = 1 5 0 m M  NaCI) 

. . .*. . ICMP 85410-P7 

...A. .. 810-P6 

. . .x- . -  P1449-2-P1 

. ..+.. TiR238Dl-PI52 
-.I. - ICMP451-P6 
- .  w . - H 771833-2 
-.w.-W504-1-P1 
- .  . . - 863bP2 
- . - . -Tin186 
& ICMB 891 11 (tester) 
- -A . -843B 
- .m. - ICMB 99022 (8430-l~ke) 
P 3 1 0 - 1 7 - B k  
+ ICMB 95333 (tester) 

. . ., , . WSIL-PI 

...+. . .  PRLT 2/09-33 

+lCMB 901 11 (tester) 
. . . -. . IP 18293-PI 58 (dormant, purple) 
- .+.- ICMP451-P8 
- . L. - H 771833-2-P5(NT) 
-. E. - PT 7326-P2 
- .+--LGD 1-8-10 
-.-.-Tin383 
-+- lChg 92666 (tester) 
- .n. - ICMB 98004 (843B-like) 
+Tit 23D201-Pl-P5 
-+ ICMB 841-P3 
+ICML 22 (oasis germplasm selection), 



accessions were good and there was over 80a/o mortality in most of the 

accessions at this salinity level. Salt burning symptoms, i.e, leaf yellowing and 

necrosis etc. started appearing from 15 days after germination. Hence all other 

morphological parameters were recorded after 10 days of seedling growth, 

before the seedlings were visibly injured by salt stress. 

ANOVA (Table 4.1) clearly demonstrates thc statistically significant 

contributions of the 28 inbred genotypes, the salinity level treatments (2  to 4), 

and the interactions between these (indicating the existence of genetic 

differences in salinity tolerance), to all ten pearl millet seedling traits observed 

in this study. Tabulated Residual Maximum Likelihood (ReML)-adjusted means 

for the germination percentages, root:shoot ratios of lengths, fresh and dry 

weights (Table 4.2, Table 4.3, Table 4.4 and Table 4.5) in all inbred x salinity 

level treatment combinations show that these statistically significant differences 

are in fact large enough to have biological meaning and potential economic 

importance. At the highest salt concentration, the maximum germination was 

recorded in Tift 23DlB1-Pl-P5 with 78.25'/0 (Table 4.2). At salinity levels of 

75mM and 100mM, the highest gemii~ation percentages were attained from the 

lines ICMP 85410-P7 and ICMB 95333, respectively. Among the five lines that 

grew till 150mM NaC1, Tift 23D~Bl-Pl-P5 was affected the least by salinity 

because it gave the lowest percentage reduction for shoot length across the 

treatments (Figure 4.2). In general, shoot length diminished with increasing 

salinity levels in almost all cultivars. In many cases, pearl millet seedling root 

lengths were observed to increase with increased salt concentration [Figure 

4.31. Root length is one of the most important characters for salt stress because 

roots are in contact with soil and absorb water from soil. For this reason, root 

length provides an important clue to the response of plants to salt stress. 

Similarly, when the fresh and dry weights [Figures 4.4, 4.5, 4.6 and 4.71 of salt 

treated shoots and roots were recorded and compared to those of controls, it 

was found that in many cases shoot and root fresh and dry weights remained 

unchanged or increased with increased salinity levels, at least for the first 

increment from 0 to 75 mM NaCl. Shoot length and dry matter production 

significantly decreased with increasing salinity (Figure: 4.2 and 4.6). However, 







Table 4.2 ReML-adjusted entry mean8 for 28 pearl millet inbreds screened 
in uitro in Hoagland's solution for germination in three treatments vprying 
in NaCl concentration and in a non-saline control treatment 

- 
Entrp Entry Name OmM 75 mM 100 mM 150 mM 
No. NaCl NaCl NaCl NaCl 
1 ICMP 85410-P7 100.00 99.25 0.00 0.00 

WSIL-Pa 
8 1B-P6 
PRLT 2/89-33 
P1449-2-P1 
ICMB 90111 
Tift 238D1-PI58 
IP 38293.3152 
ICMP 451-P6 
ICMP 411-P8 
H 77/833-2 
H 77/833-2-P5(NT) 
W 504-1-P1 
PT 732B-P2 
863B-P2 
LGD 1-8- 10 
Tift 186 
Tift 383 
ICMB 89 11 1 
ICMB 92666 
843B 
ICMB 98004 
ICMB 99022 
Tift 23DaB1-PI-P5 
P310-17-Bk 
8418-P3 
ICMB 95333 
ICML 22 

Salinity treatment 
grand mean 89.83 78.49 54.74 13.17 

sE ( + / - I  1.69 4.71 1.30 1.19 
CV (oh) ,3.77 1 1.99 4.74 18.11 

ha-' a operational heritability calculated on the baais of en- mean values 
hZna operational heritability calculated on the basis ofplot d ~ t 8  



Table 4.3 RtYL-adjusted entrp mean8 for 28 pearl millet inbred8 screened 
in dtm in ~ o a g h d ' s  solution for rootlshoot ratio (based on lengths) in 
three treatments w i n g  in NaCl concentration and in a non-saae 
control treatment 

Root/Shoot Ratio (Length Barir) 
Entry Entry Name 
No. 0 mM 75mM 100 mM 150mM 

NaCl NaCl NaCl NaCl 
1 ICMP 85410-P7 0.77 0.61 
2 WSIL-P8 0.65 0.68 
3 8lB-P6 0.49 0.83 0.82 
4 PRLT 2/89-33 0.51 0.52 0.50 0.30 
5 P1449-2-P1 0.84 1.09 
6 ICMB90111 0.91 0.86 
7 Tift 238D1-PI58 0.59 0.60 
8 IP 18293-PI52 0.22 
9 ICMP451-P6 1.29 2.31 1.32 
10 ICMP 451-P8 0.53 1.09 1.59 
11 H 771833-2 1.09 1.34 2.14 1.99 
12 H 771833-2-P5(NT) 1.06 1.22 1.01 1.73 
13 W 504-1-P1 1.05 1.08 1.15 
14 PT 7328.- 1.02 0.92 1.06 1.77 
15 863B-P2 0.84 0.61 1.15 
16 LGD 1-B-10 0.70 0.74 0.45 
17 Tift186 1.04 1.14 1.02 
18 Tift 383 0.84 1.17 1.37 1.13 
19 ICMB89111 1.09 1.20 1.05 
20 ICMB 92666 0.87 0.99 1.52 
21 843B 0.53 1.19 1.14 
22 ICMB 98004 0.85 0.77 1.56 
23 ICMB 99022 0.77 0.78 1.46 
24 Tift 23DnB1-PI-PS 1.05 1.49 1.19 0.88 
25 P310-17-Bk 1.08 1.05 1.07 1.19 

26 841B-P3 0.63 1.06 0.86 0.78 
27 ICMB 95333 0.47 0.96 1.42 1.00 

28 ICML 22 0.82 0.81 1.12 0.91 

Salinity treatment grand 
m ~ a n  0.81 1.00 1.18 1.17 

SE (+ / - I  0.02 0.03 0.05 0.17 
CV (%) 5 18 6.01 8.18 29.12 

- 

ha. a 0.99 0.99 0.98 0.89 

has = opentional heritability calculated on the barir of entrg mean valuer 
hat = operational heritability calculated on the bani8 of plot value0 



Table 4.4 R~ML-adjmted entry mean8 for 28 pearl millet inbnds screened 
in dtm in ~oagland'r solution for rootlshoot ratios (based on fresh 
weights) in three treatments varying in NaCl concentration and fn a non. 
saline control treatment 

R~otIShoot Ratio (Fresh Weight Barb) 
Entry Name 

No. 0 mM 75 mM lOOmM 150 mM 
NaCl NaCl NaCl NaCl 

1 ICMP 85410-W 0.30 0.43 
2 WSIL-P8 0.35 0.33 
3 8lB-P6 0.36 0.38 0.17 
1 PRLT 2/89-33 0.38 0.48 0.22 0.24 
5 P1449-2-P1 0.50 0.48 
5 ICMB90111 0.30 0.24 
7 Ti!k 238Di-PI58 0.57 0.79 
3 IP 18293-PI52 0.19 
3 ICMP 451-P6 0.27 0.29 0.35 
10 ICMP 451-P8 0.41 0.43 0.55 
11 H 771833.2 0.22 0.21 0.19 0.21 
12 H 771833-2-P5(NT) 0.26 0.23 0.23 0.29 
13 W504-1-P1 0.19 0.22 0.28 
14 PT 732B-P2 0.17 0.19 0.29 0.28 
15 863B-P2 0.24 0.28 0.33 
16 LGD 1-B-10 0.21 0.23 0.29 
17 Tifk186 0.23 0.25 0.29 
18 Tifk 383 0.31 0.32 0.36 0.25 
19 ICMB 89111 0.32 0.36 0.48 
20 ICMB 92666 0.14 0.19 0.23 
21 8438 0.15 0.16 0.16 
22 ICMB 98004 0.33 0.36 0.32 
23 ICMB 99022 0.15 0.17 0.24 
24 Tift 23DaBl.Pl-P5 0.24 0.25 0.30 0.28 
25 P310-17-Bk 0.24 0.24 0.23 0.27 
26 841B-P3 0.39 0.31 0.30 0.25 
27 ICMB 95333 0.16 0.17 0.18 0.18 
28 ICML 22 0.28 0.47 0.23 0.25 

Salinity treatment grand 
mepn , 0.28 0.31 0.28 0.25 

SE ( + / - I  0.00 0.00 0.01 0.00 

CV (%) 2.69 2.94 4.47 3.24 

F-ratio 777.34 909.35 223.83 80.58 
ha, 1 0.99 1.00 0.98 0.95 

ha, a 1.00 1.00 1.00 0.99 

1'0 = operational heritability calculated on the basb of entry mean valuer 
lass operational heritability calculated on the basis of plot d u e s  



 able 4.6 ReML-adjusted entry means for 28 pearl millet inbreds screened 
in vitro in Hoagland's solution for shoot and root dry weighb and 
r o o t / ~ h ~ ~ t  ratios pared  on dry weights) in three treatments varying in 
NaCl concentrations and in a non-saline control treatment 

RootlShoot Ratio [Dry Weight Barb) 
Entry Entry Name 
No. OmM 75 mM lOOmM 150 mM 

NaCl NaCl NaCl NaCl 
1 N 0.14 0.24 

WSIL-PI 
81B-P6 
PRLT 2/89-33 
P1449-2-P1 
ICMB 901 11 
Tift 238D1-PI58 
IP 18293-PI52 
ICMP 451-P6 
ICMP 451.- 
H 771833-2 
H 771 833.2-P5(NT) 
W 504-1-P1 
PT 732B-Pa 
863B-P2 
U;D 1-B-10 
Tift 186 
Tift 383 
ICMB 89 11 1 
ICMB 92666 
843B 
ICMB 98004 
ICMB 99022 
Tift 23DaBi-Pl-P5 
P310- 17-Bk 
841B-P3 
ICMB 95333 
ICML 22 

Salinity treatment grand mean 0.27 0.26 0.25 0.18 
' SE (+I-) 0.01 0:01 0.01 0.01 

CV (%) 11.09 7.53 7.74 13.97 

F-ratio 108.07 224.61 373.65 71.98 

ha, 1 0.96 0.98 0.99 0.95 

ha, 2 0.99 1.00 1.00 0.99 

ha, l = operrtional hedtablity calculated on the bark of entry mean valuer 
ha, oper r t iod  heritablity calculated on the barir of plot d u e s  



Figure 4.2. Changes in shoot lengths of 28 pearl millet inbred lines 
germinated and grown at four salinity levels 

. 75mM NaCl ... 
IOOmM NaCl 
15OmM NaCl 

Pearl millet inbred lines 

[Inbred lines: (1) ICMP 85410.P7, (2) WSIL-P8, (3) 81B-P6, (4) PRLT 2189- 
33, (5) P1449-2-PI, (6) ICMB 90111, (7) Tift 238D1-P158, (8) IP 18293- 
P152, (9) ICMP 451-P6, (10) ICMP 451-P8, (11) H 771833-2, (12) H 771833- 
2-P5 (NT), (13) W 504-1-PI, (14) PT 732BsP2, (15) 863B-P2, (16) LGD 1-B- 
10, (17) Tift 186, (18) Tift 383, (19) ICMB 89111, (20) ICMB 92666, (21) 
843B, (22) ICMB 98004, (23) ICMB 99022, (24) Tift ~ ~ D z B I - P ~ - P ~ ,  (25) 
P310-17-Bk, (26) ICMB 841-P3, (27) ICMB 95333, (28) ICML 221 



Figure 4.3. Change8 f n  root lengths of 28 pearl millet inbred lines 
germinated and grown a t  four salinity levels 

18 OmM SaCl 
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100ml I  NaCl 

16 lSornM NaC1 

14 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . .  

Pearl millet inbred lines 

[Inbred lines: (1) ICMP 85410-P7, (2) WSIL-PS, (3) 81B-P6, (4) PRLT 2/89. 
33, (5) P1449-2-Pi, (6) ICMB 90111, (7) Tift 238D1-P158, (8) IP 18293- 
P152, (9) ICMP 451-P6, (10) ICMP 451-P8, (11) H 771833-2, (12) H 771833- 
2-P5 (NT), (13) W 504-1-PI, (14) PT 732B-P2, (15) 863B-P2, (16) LGD 1-B- 
10, (17) Tirt 186, (18) Tift 383, (19) ICMB 89111, (20) ICMB 92666, (21) 
843B, (22) ICMB 98004, (23) ICMB 99022, (24) Tift 23Da~l-Pl-P5, (25) 
P310-17-Bk, (26) ICMB 841.P3, (27) ICMB 95333, (28) ICML 221 



Figure 4.4. Changes in  shoot fresh weights of 28 pearl millet inbred lines 
germinated and grown a t  four salinity levels 

m 75mM NaCl 
1 0 0 m ~ I  NaCl 
I 150mM NaCl 

, . . , . . . . . . . , , . , . , , . . . . , , . , . . . . , , , , . , , . . , , . . , . . , , , , , , , , , , , , , , 

Pearl millet inbred lines 

[Inbred lines: (1) ICMP 85410-P7, (2) WSIL-P8, (3) 81B-P6, (4) PRLT 2189- 
33, (5) P1449-2-PI, (6) ICMB 90111, (7) Tift 238D1-P158, (8) IP 18293- 
P152, (9) ICMP 451-P6, (10) ICMP 451-PS, (11) H 771833-2, (12) H 771833- 
2-P5 (NT), (13) W 504-1-PI, (14) PT 732B-P2, (15) 863B-P2, (16) M D  1-B- 
10, (17) Tift 186, (18) Tift 383, (19) ICMB 89111, (20) ICMB 926669 (21) 
843B, (22) ICMB 98004, (23) ICMB 99022, (24) Tift 23DaB1-PI-P5, (25) 
P310-17-Bk, (26) ICMB 841-P3, (27) ICMB 95333, (28) ICML 221 



Figure 4.5. Changes in root fresh weights of 28 pearl millet inbrad lines 
germinated and grown a t  four salinity levels 

Pearl Millet Inbred Lines 

[Inbred lines: (1) ICMP 85410-P7, (2) WSIL-P8, (3) 81B-P6, (4) PRLT 2189- 
33, (5) P1449-2-PI, (6) ICMB 90111, (7) Tift 238D1-P158, (8) IP 18293- 
P152, (9) ICMP 451-P6, (10) ICMP 451-PS, (11) H 771833-2, (12) 771833- 
2-P5 (NT), (13) W 504-1-P1, (14) PT 732BvP2, (15) 863B-P2, (16) LGD 1-B- 
10, (17) Tift 186, (18) Tift 383, (19) ICMB 89111, (20) ICMB 92666, (21) 
843B, (22) ICMB 98004, (23) ICMB 99022, (24) Tift 23DzBi-Pl-P5, (25) 
P310-17-Bk, (26) ICMB 841-P3, (27) ICMB 953337 (28) ICML 221 



Figure 4.6. Changes in shoot d~ weights of 28 pearl millet inbred lines 
germinated and grown at four salinity levels 

Pearl millet inbred lines 

[Inbred lines: ( I )  ICMP 85410-P7, (2) WSIL-PI, (3) 81B-P6, (4) PRLT 2/89. 
33, (5) P1449-2-PI, (6) ICMB 90111, (7) Tift 238Dl-Pl58, (8) Ip 18293- 
P152, (9) ICMP 451-P6, (10) ICMP 451-P8, (11) H 771833.2, (12) 771833. 
2-P5 (NT), (13) W 504-1-PI, (14) PT 732B-P2, (15) 863B-P2, (16) WD 1-B- 
10, (17) Tift 186, (18) Tift 383, (19) ICMB 89111, (20) ICMB 92666, (21) 
843B, (22) ICMB 98004, (23) ICMB 99022, (24) Tift 23~zBl-Pl-P5, (25) 
P310-17-~k, (26) ICMB 841-P3, (27) ICMB 95333, (28) ICML 221 



Figure 4-7. Changes in root d~ weights of 28 pearl millet inbred lines 
germinated and grown at four ralinity level8 

Pearl millet inbred lines 

[Inbred lines: (1) ICMP 85410.P7, (2) WSILP8, (3) 81B-P6, (4) PRLT 2/89. 
33, (5) P1449-2-PI, (6) ICMB 90111, (7) Tift 238Dl.Pl58, (8) IP 18293- 
P152, (9) ICMP 451.~6, (10) ICMP 451.P8, (11) H 771833.2, (12) H 771833- 
2-P5 (NT), (13) W 504-l-pl, (14) 732B-P2, (15) 863B-P2, (16) LGD 1-B- 
10, (17) Tift 186, (18) Tift 383, (19) ICMB 89111, (20) ICMB 92666, (21) 
343B, (22) ICMB 98004, (23) ICMB 99022, (24) Tift 23D2Bl.Pl-P5* (25) 
'310-17-Bk, (26) ICMB 841.P3, (27) ICMB 95333, (28) ICML 221 



the relative reduction of shoot length and shoot dry matter (shoot dry weight 

mg/seedling) at various salinity levels was less in the most tolerant lines 

compared to the least tolerant lines (Tables 4.6 and 4.7). There was large 

variation in salinity tolerance assessed a s  relative root dry weight. With an 

increase of NaCl concentrations in the growth solution, ICMB 95333 shoucd an 

exceptional increase in root dry weight with salinity, while the othcr four 

accessions germinating till 150mhl NaCl showed a gradual reduction in dry 

weight of roots with increasing salinity levels. A t  75mM NaCI, the diffel.rnccs 

between the most and thc least tolerant lines aert: not clear, h ~ i t  at lOOmM and 

1SOmM NaC1, the differences in germination, shoot length and shoot dry weight 

between the most and least tolerant lincs werc significant. A sub-s:~mple of six 

pearl millet accessions representing tolerant (Tift 23D~Bl-PI-P5 and 84 IB P31, 

moderately tolerant (8638-P2 and 843B) and sensitive (WSIL-PR ancl ICMB 

901 11) accessions were germinated and tested against five NaCl concentrations, 

and their responses for absolute root 1enbeh.s are prescnted in Figure 4.8. 

Clearly, significant differences in the responses of these three represcntative 

classes of accessions to NaCl were observed. 

Based on growth performance (surv~val/germ~nation I % > ,  shoot/root lengths, and 

shoot/root dry matter production) Ule penrl millet accessions were grouped into 

three categories: 

1. The first category includes accessions where the seeds germinated in the 

salt medium only u p  to 75mM NaCl concentration without any defect. Their 

germination in lOOmM and 150mM NaCl media was only 0-5'l/rt ancl 0-0.6U1 

of their respective controls (Table 4.7). Shoot dry matter production of these 

lines in 75mM NaCl ranged from 89.1nV in Tift 238D1-P158 to 227.9'%1 in 

ICMP 85410-P7 relative to their respective non-saline controls. The lines in 

this group were categorized as  'sensitive' to srUt stress during germinatibn 

and early seedling growth. 

2. The second category includes accessions where seeds germinated without 

any defective symptoms in the salt media up to lOOmM NaCl concentration. 

Their shoot dry weights in 75mM NaCl were in the range of 79.9% in 8438  

to 114.8Y0 in H 77/833-2-P5 (NT) 0' their respective non-saline controls 



~ ~ b l e  4.6 ~elative shoot and root length (%) of 10-day old seedhgs of 27 
par1 millet accessions germinated and grown at four NaCl concentrations. 

- - _ .  
Relative shoot Length (%) Relative Root I.+ngth (%) 

~ccerrion 

ICMP 85410-P7 135.23 108.96 
WSIL-PI 103.74 110.14 

81B-P6 102.06 6.19* 174.47 12.77* 
PFST 21 89-33  161.63 26.74* 4.65* 169.77 34.88* -4,65* 
P1449-2-P1 83.82 108.77 

ICMB 9 0 1 1 1  79.59 - 75.28 
Tift 238D1-PI58 92.86 - 95.92 
ICMP 451-P6 44.00 - 79.69 
ICMP 451-P8 73.79 73.10 - 150.65 219.48 

H 771833-2 74.14 75.86 - 90.48 149.21 17.46' 
H 771833-2-P5(NT) 73.50 78.63 23.93* 85.37 76.42 26.02' 
W 504-  1-P1 100.00 93.18 103.23 101.08 

PT 732B-P2 88.24 79.41 41.18* 79.05 80.95 
863B-P2 95.19 73.08 - 70.11 100.00 
LGD 1-B.10 93.41 60.44 - 98.44 39.06 

Tift 186  106.02 113.25 - 116.28 110.47 
Tift 3 8 3  82.52 89.32 24.27* 113.79 144.83 21.84* 
ICMB 8 9 1 1 1  97.65 92.94 - 107.61 90.22 
ICMB 9 2 6 6 6  93.20 64.08 - 106.74 113.48 

843B 70.87 79.61 - 161.11 174.07 
ICMB 9 8 0 0 4  106.56 71.31 - 96.15 130.77 
ICMB 9 9 0 2 2  84.35 57.39 - 85.23 107.95 
Tift 23&Bl-Pl-P5 78.22 88.12 94.06 111.21 100.00 78.50 
P310-17-Bk 73.40 91.49 75.53 70.59 90.20 83.33 
841B-P3 75.21 69.42 62.81 126.32 96.05 77.63 

ICMB 9 5 3 3 3  89.91 70.64 77.98 184.31 213.73 166.67 
ICML 2 2  93.42 84.21 65.79 91.94 114.52 74.19 

- 
Mean 90.83 73.75 47.88 110.06 108.49 60.86 

Std. Deviation 21.83 22.60. 31.50 31.97 50.67 48.79 

Std. Error 4.20 4.82 9.96 - 6.15 10.80 15.43 

* Values not considered for salt tolerance comparisons as  germination levels were 
negligible at that salt level. 



Table 4.7 Relative shoot and root dry Weight 1%) of 10-day old seedUngs of 
27 pearl millet accessions geminated and poam at four NaCl 

- 
Dry Shoot Weight (mg) 

Accession 
75mM lOOmM 1 5 h ~  

ICMP 85410-P7 227.94 

WSIL-P8 109.98 

81B-P6 125.60 0.30* 
PRLT 2/89-33 145.36 241.43* 302.14* 
P1449-2-P1 114.54 

ICMB 90111 139.90 
TiR 238D1-P158 89.14 
ICMP 451-P6 90.50 74.86 

ICMP 451-P8 97.70 101.46 

H 771833-2 106.97 130.35 50.75* 
H 771833-2-P5(NT) 1 14.81 117.78 64.44' 
W 504-1-P1 104.82 154.82 

PI' 732B-P2 98.81 72.55 

863B-P2 79.93 60.04 
LGD 1-B- 10  107.67 145.64 

Tift 186 104.15 125.35 

Tih  383 101.01 108.56 17.11* 
ICMB 89111 91.46 72.47 

ICMB 92666 85.05 72.09 

843B 79.90 70 65 

ICMB 98004 101.35 11 1.49 

ICMB 99022 83.81 77.62 
Tift 23DaBi-PI-P5 84.17 67.66 79.24 

P310-17-Bk 97.58 94.06 88.80 

841B-P3 92.63 89.02 75.50 

ICMB 95333 81.02 62.22 91.38 

ICML 22 92.41 83.00 95.51 

- 
Dry Root Weight (mg) 

75mM lOOmM 150mM - 
380.00 
119.57 

100.00 0.00' 

132.84 200.00" 177.61A 
64.83 

65.33 
150.50 

91.60 92.37 
129.06 14 1.88 

107.14 107.14 61.43* 
81.42 93.81 35.40* 
94.51 87.91 

100.00 83.75 
93.00 63.00 

109.09 104.55 

103.85 92.31 
89.96 86.19 8.37* 

103.57 114.29 

134.33 188.06 

81.56 73.76 
84.12 76.56 

87.34 79.75 
91.89 85.59 72.07 

97.03 80.20 50.50 
82.80 75.27 53.49 

101.57 107.87 115.22 
103.50 107.50 76.00 

Wean 105.49. 96.97 91.19 110.38 97.35 70.51 

Std. Deviation 29.64 46.66 77.96 57.46 40.67 46.68 

Std. Error 5.71 9.95 21.65 11.06 8.67 14.76 

* Values not considered for salt tolerance comparisons as  germillation levels were 
negligible at  that salt concentration. 



Figure 4.8. Plots of resPonses between NaCl concentrations and root length 
(cm) of pearl millet seedlings from three groups of representative accessions 

1 
o % r n r  jar 2rn zsc 

>rCl toncrntrarLn ( m y )  

C 50 103 150 200 250 

CuC l concentration Im l l )  

Vote: (A) Sensitive (WSIL-p8, ICMB 90111), (B) moderately tolerant (863B-P2, 
43B) and (C) highly tolerant (Tift23DaBi-Pl-PS,841B-P3)1 



(Table 4.7). There were 15 accessio?~ in this category. The relative sunival 

1% with respect to the controls in this g o u p  varied from 36.10/0 in ICMB 

89 11 1 to 94.9% in 843B. There were no leaf damage symptoms on any of 

the seedlings. These lines were categorized as 'moderately tolerant' to 

salinity stress. 

3 ,  The third category was comprised of pearl millet lines where seeds 

without any SYmPtOmS of salt injury or morphological defects in 

the salt media Up to 150mM NaCl concentration, The shoot dry matter 

of these lines in 75mM NaCl rangcd from 97.6% in P310-17-Bk 

and 81% in ICMB 95333, relative to thcir respective controls (Table 4.7). 

There were five accessions.in this category m o n g  which, Tift 23DIBl-P1-P5 

was found a s  the most promising salt-tolcrant line as it germinated up  to 

85.3% of its non-saline control value in 150mM NaCl. These were the 'highly 

iolerant' lines identified for salt stress tolcrmcc during germination and 

early seedling growth in pearl millet. 

The categorization of pearl millet inbred lines as sensitive, moderately tolerant 

and highly tolerant was based on their germination levcls (Fig. 4.1) and early 

seedling growth (Plate 1) without any visible morphological defects up  to NaCl 

1r:rels of 7 5  mM, 100 mM and 150 mM, respectively. Hence, seven of the pearl 

millet inbred lines were categorized as sensitive (ICMB 901 11, PRLT 2/89-33, 

P144Cl-2-PI, Tift 238D1-P152, 81B-P6, WSIL-P8 and ICMP 85410-P7), eleven a s  

moclerately tolerant, and five a s  highly tolerant (Tift 23DiB1-PI-P5, ICMB 841- 

P3. P310-17-Bk, ICML 22, and lCMB 95333) (Table 4.8). The high level of 

dormancy observed in the seedlot of IP 18293-PI58 prevented evaluation of its 

salinity tolerance in this study. 

4.1.2 Biochemical parameters 

4.1.2.1 Roline estimation 

It was not previously k m y , ~ ~ ~  whether pearl millet accumulates 0smolytes such 

as proline under salt stress or not. Free proline levels were noticed to increase 

with an  increase in salinity levels (Figure 4.9) in all pearl millet lines included in 

this study. Proline accumulated according to the categories made above (based 



plate 1. Ten-day-old seedlings of pearl millet lines of (A) wSILP~,  (B) ICMB 
90111, (C) Tift 383 and (Dl ICMB 99022 grown in OmM, 75mM, lOOmM and 
150mM NaCl media 



plate 1. (contd.) Ten-day-old seedlings of pearl millet lines of (E) H77/8 
2-p5 (NT), (F) 863B-P2, (G) 841B-P3 and (H) Tift 23D2B1-P1-P5 grown 
OmM, 75mM, lOOmM and 150mM NaCl media 

[Note: Root growth is more affected than shoot length]. 



Table 4.8 Pearl millet lines categorized for response to sdnity stress. 

Sensitive 
3 818-P6  Sensitive 

PRLT 2 / 8 9 - 3 3  Sensltir e 1 t P1449-2-P1 Sensiti~ r 

6 ICMB 9 0 1  11  Sensitive 
Tift 238D1-P158 
IP 18293-P152 
ICMP 4 5  1-P6 
ICMP 4 5  1-P8 
H 771833.2 
H 771833-2-P5(NT) 
W 5 0 4 1 - P 1  
PT 732B-P2 
863B-P2 
LGD 1-B-10 

17 Tift 186 
18 Tiit 3 8 3  

ICMB 89111  
20 ICMB 9 2 6 6 6  1 21 843B 

Sensitive I 
Modrrately tolerant 1 
Moderatrly tolerant ' 
Moderately tolerant 
Moderately tolerant 
Moderately tolrrant 
Moderatelv tolerant 
Moderately tolerant 
Moderately tolerant , 
Moderately tolerant 
Moderdtelk tolerant 
Moderate14 tolrrant 

Motierately tolerant 
Moderately tolerant 

1 22  ICMB 9 8 0 0 4  Moderately tolerant 1 
ICMB 9 9 0 2 2  Moderatelv tolerant 

T i h  23D2Bi-Pl-P5 High]) tolerant 
1 
I 25 P3 10- 17-Bk Highly tolerant 

1 26 841B-P3 kilghlq tolerant 

27 ICMB 9 5 3 3 3  
28 ICML 2 2  

Highly tolerant , 
li~ghly toletant 

* h m a r i c y  or poor of 'the available seed stocks prevented effective 

assessment of salinits sensitivity/tolerance of this line. 



on growth of seedlings during salt stress1 and also based on the increasing 

intensity of salt Stress. Significantly greater increase in proline accumulation in 

the tolerant lines was observed in response to increasing sallnity levels than in 

the sensitive lines. Among the sensitive lines (except for WSIL.p8 which 

exhibited a high proline mumula t ion  at 75mM NaClI, there was only a slight 

increase in proline Content at  75mM NaCl compared to the O m M  NaCl contr-ol. 

~ o d e r a t e l y  tolerant li.les sho~ led  a vruying response in proline accumulation. 

While genotype 863B-P'J a c c ~ l m ~ l a t e d  the 1owc:st ]?\.el of proline obsrt.vecl at 

lOOmM NaC1, ICMB 98004 accumulated the highcst observed contt,nt of prolinr 

at this salinity level. However, in this catcgoq all thc lines showed incrciisrs in 

proline accumulation uith increasing salt strcss. Among the highly tolerant 

lines, ICMB 95333 was sccn to accumulate proline in very high amounts ;it 

ISOmM, followed by Tift 23D~Bl -P l -P5  and P310-17-Bk. In general. therc was n 

higher increase in accumulation of proiine with increases in salinity in this 

category a s  compared to lines in the other two categories. 

To ascertain the proline accumulation at high NaCl levels, free proline levcls 

were estimated for a subset of peni-I millet seedlings grown at  different NaCl 

concentrations (OmM, 75mM, lOOmM and 150mM). The representative salt- 

sensitive lines viz. WSIL-P8 and ICMB 901 11 were seen to accumulate moderate: 

levels of proline (5.1 and 3.151ig/mg dry weight k l t  lOOmM NaCI) and then i t  

declined slightly (Figure 4.10A). The moderately salt-tolerant lines: 863B-P2 

and 843B (3.56 and 4.2pg/mg dry weight] and highly salt-tolerant lines Tift 

23D2Bi-PI-P5 and 841B-P3 showed an increase in proline accumulation with 

increase in NaCl concentratio~ls (6 and 3.69pg/mg dry weight) till 150mM 

NaCl levels (Figure 4.10 B and C). 

4: 1.2.2 Estimation of Na+ and K+ ions under salt stress 

The mechanism of sequestering ions under salt stress into the vacuoles was not 

known yet for pearl millet. It was also not known if K' ion is accumulated in 

pearl millet to counter Nat toxicity and also for ion homeostasis. Estimation of 

ion concentrations in salt treated seedlings and controls would give clues about 

this. Among the 27 germinating entries t ~ s t e d ,  most of them showed an 



Figure 4.9. Proline content ( ~ g / m g  dry wt, tissue) under non-saline 
and three levels of salt stress in 28 inbred lines of pearl millet 

D 75mM SaCl 
IOOmhl NaCl 

...... , . . . , , , , ,  . . . . . , , , , , . .  . . . . . . . . .  . . . . . . . . , . . . . . . .  . . , , ,  

Pearl millet inbred lines 

[Inbred lines: (1) ICMP 85410-P7, (2) WSIL-P8, (3) 81B-P6, (4) PRLT 2/89. 
33, (5) P1449-2.P1, (6) ICMB 90111, (7) Tift 238D1-~158, (8) IP 18293- 
P152, (9) ICMP 451-P6, (10) ICMP 451-P8, (11) H 771833-2, (12) H 771833. 
2-P5 (NT), (13) W 504-1-PI, (14) PT 732BsP2, (15) 863B-P2, (16) LGD 1-B- 
10, (17) Tift 186, (18) Tift 383, (19) ICMB 89111, (20) ICMB 92666, (21) 
843B, (22) ICMB 98004, (23) ICMB 99022, (24) Tift 23DaBi-Pl-P5, (25) 
P310-17-Bk, (26) 841B-P3, (27) ICMB 95333, (28) ICML 221 



Figure 4.10. Plots of responses between NaCl concentrations and proline 
p on tent (pglrng dry wt. tissue) of pearl millet seedlings from three groups 
of accessions 

1 
P '  , , I 

I/ 7 5  100 150 

haCI cnncenlralion (mV) 

I 

(C) 1 7 -  - 
i 

- 
0 ( 5  10 150 

\nCI roncrntratlon (In\{) 

Note: (A) Sensitive (WSIL-PB, ICMB 9011 l), (B) moderately tolerant (863B- 
'2, 843B) and (C) highly tolerant (Tift 23DzB1-Pl-P5, 841B-P3)1 



increase in Na' Content under salt stress. The entries that failed to geminate in 

each salinity level were not included for ion estimation at that particular 

level (Figure 4.1 1). At 75mM NaC1, accumulation of Na* in sensitive 

lllles was in the range of that of the moderately tolerant and highly tolerant 

lines [Figure 4.1 1(A)I. Most of the sensitive lines showctl highcr accumulation of 

x. at 75mM NaCl than did the moderately and highly tolt:rant lines [Fi@re 

. + . 1 1 ( ~ ) ] .  Also, K'/Na' raiios [Figure 4.1 l(C)] wcrr highvr than thc other two 

c a t r g o r i ~ ~  at  OmM 'and 75mM NaCl in thrse sewn salinity se~lsitive lines. In 

two of the l ~ n e s  \iz. ICMP 85410-P7 and 81B-PO this ratio ticcrc:ased indicating 

rvlstivelq' less accumulation of K' than Na* at thv higher szili~?ily level. In rest of 

rl-,ese lines, increasing salinity levels resulled in relatively incrrased 

; i ~ ~ u m u l a t i o n  of K*. 

Among the moderately tolerant inbred lines, Na tlnti K' levels varied 

co~lsiderably across the different salinity levels. Most of thc lines in this 

category showed a positive relationship between salt cnncrntration and uptake 

of Nn and K'. Of these lines ICMB 98004 had conspicuously reduced K1/Na, 

ratios with increased salinity levels. Cther lines that exhibited similar trends 

werr ICMP 451-P6, PT 732B-P2 and ICMB 92666; whilc the rest of the lines 

acc:urnulnted more Kt than N a  with increasing salt stress. 

Of the five tolerant lines, Tift 23DlB,-Pl-P5 accumul:itcd the highest levels of 

Na' ;is well a s  K'. The K-/Na* ratio was quitc: low in  his lint:; however, it 

~ncrc:ascd gradually with increases in salinity levels of the rnrdia. In the toleriint 

lines P310- 17-Bk and 841B-P3, K'/Nn+ ratio increased substantially, and 

significantly, at  the higher media salinity lcvels. Thus, the 17 inbred lines in 

this study differed markedly in their ion uptake behavior in response to 

increased salinity especially in terms of the ratio of K- over Nab. 

4.1.2.3 Effect of short-term salt stress on accumulation of probe  

Ten-day-old seedlings of pearl millet lines representing the three categories, 

sensitive (WSIL-P8 and ICMB 901 1 I ) ,  moderately tolerant (863B-P2 and 843B) 

and highly tolerant (Tift 23D2B1-PI-P5 and 84lB-P3) were subjected to 150mM 

NaCl for Oh, 24h, 48h, 72h and 96h. Accumulation of proline monitored for 



Figure 4.11. (A) Na+ content (% ash wt. basis) in salt treated seedlings of 27  
pearl millet inbred lines as  compared to their controls 

* , z w  75mM NaC l 
lOOmM NaC I 

II 1SOmhl 3 a C 1  

Pear l  millet lines 

[ ( I)  ICMP 85410-P7, (2) WSIL-P8, (3) 81B-P6, (4) PRLT 2/89-33, (5) P1449- 
2-PI, (6) ICMB 90111, (7) Tift 238D1-P158, (8) ICMP 451-P6, (9) ICMP 451- 
P8, (10) H 771833-2, (11) H 771833-2-P5 (NTI, (12) W 504-1-P1, (13) PT 
732B-P2, (14) 863B-P2, (15) LGD 1-B-10, (16) Tift 186, (17) Tift 383, (18) 
ICMB 89111, (19) ICMB 92666, (20) 843B, (211 ICMB 98004, (22) ICMB 
99022, (23) Tift 23DzBl-Pl-P5, (24) P310-17-Bk, (25) 841B-P3, (26) ICMB 
95333, (27) ICML 221 



4.11. (B) K' content ( O h  ash wt. basis) in salt treated seedlings of 27 
earl millet inbred lines a s  compared to their controls 

Pear l  millet l ines 

((1) ICMP 85410-P7, (2) WSIL-P8, (3) 818-P6, (4) PRLT 2/89-33, (5) P1449- 
(6) ICMB 90111, (7) Tift 238Di-P158, (8) ICMP 451-P6, (9) ICMP 451- 

P8, (10) H 771833-2, (11) H 771833-2-P5 (NT), (12) W 504-1-P1, (13) PT 
732B-P2, (14) 863B-P2, (15) LGD 1-B-10, (16) Tift 186, (17) Tift 383, (18) 
ICMB 89111, (19) ICMB 92666, (20) 843Bt (21) ICMB 98004, (22) ICMB 
99022, (23) Tift 23DaBi-PI-P5, (24) P310-17-Bk, (25) 841BsP3, (26) ICMB 
95333, (27) ICML 22) 



i p r e  4.11. (C) K+/Na+ ratios in Salt treated seedlings of 27 pearl millet 
,,bred lines a s  compared to their controls 

lOOmM NaCl 
III 150mM NaCl 

Pearl millet lines 

[(I) ICMP 85410-P7, (2) WSIL-P8, (3) 81B-P6, (4) PRLT 2/89-33, (5) P1449- 
2-PI, (6) ICMB 90111, (7) Tift 238D1-P158, (8) ICMP 451-P6, (9) ICMP 451- 
P8, (10) H 771833-2, (11) H 771833-2-P5(0T), (12) W 504-1-P1, (13) PT 
732B-P2, (14) 863B-P2, (15) LGD 1-B-10, (16) Tift 186, (17) Tift 383, (18) 
ICMB 89111, (19) ICMB 92666, (20) 843B, (21) ICMB 98004, (22) ICMB 
99022, (23) Tift 23DaBl-Pl-P5, (24) P310-17-Bk, (25) 8 4 1 B - ~ 3 ,  (26) ICMB 
95333, (27) ICML 221 



these short-time treatments indicated that the constitutive levels were higher in 

the salt susceptible lines compared to the tolerant ones. The increase in proline 

levels was substantially 'lower compared to the corresponding controls in the 

salt-sensitive lines (3.52 pgjmg compared to 2.75yg/mg dry we~ght at 9bh 111 

the accession WSIL-P8 and 2.75pgImg compared to 2.25pg/mg dry w~igh t  in 

the line ICMB 901 11 at  96h) than in the modcratcly tolerant lines (Table 4.9 A 

and B). The fold-wise increase at Ycih in the proline content between control 

and treatments were about 3 in both the moderately 1inc:s 803B-P2 tinr! X43H 

(Table 4.9B). In the highly tolerant 11ncs (especially in 84lB-P3).  the proline 

levels marginally increased at 24h and 48h comparcd to the control values. anti 

thereafter increased considerably (2 to 6-folds) at 72h ,and Y6h to the values 

comparatively higher than the sensitive and moderately tolerant lines (Table 

4.9C). These results are indicative of the fact that proline accumulation may be 

a possible mechanism conferring salinity toleranc:e in pearl millet. 

4.1.2.4 Effect of short-term salt stress on accumulation of ions 

Accumulation of ions (Na., K t ,  Ca'+, C l )  were measured in 10-day-old seedlings 

of fire representative accessions of pearl millet, which wcrc subjected to short- 

term salt stress at  150mM NaCl for Oh, 24h, 48h, 72h, 96h, 120h and 144h. 

Increasing magnitude of salt exposure led to an increase in the content of Na*, 

I i *  and C1 ions in the pearl millct lines (Table 4.10 A-E). The accumulation of 

Na, was slightly more in the susceptible lines compared to the moderately 

tolerant and tolerant lines. Contrary to it, the accumulation of K' in the 

susceptible varieties were nearly 3-folds (Table 4.10A,B,C), while it was 5 to 7 .  

folds in the highly tolerant accessions (Table 4.10D,E). Lines WSIL-P8 and 

ICMB 901 11 displayed marginal increase in the accumulation of Caz*, but was 

much higher in the tolerant lines especially at longer salt exposure (120h and 

144h): Line 841B-P.3 showed the' highest accumulation of CaL- with increasing 

exposure to salinity). However, the increase in C1 with exposure to salinity was 

higher in the sensitive lines WSIL-P8 and ICMB 901 11, than in moderately 

tolerant 863B-P2 and highly tolerant, Tift 23D,Bl-Pl-P5 and 841B-P3. 



Proline content (pglmg dry wt. tissue) 

Table 4.9. Proline content (pglmg dry wt. tissue) under short-term salt 
stress at 150mM NaCl from three groups of representative accessions of 
pearl millet seedlings; (A) sensitive (WSIL-PI, ICMB 901 1 I), (B) moderately 
tolerant (863B-P2, 843B) and (C) highly tolerant (Tift 23DaB1-Pl-P5, 841B- 
P3) 
(A1 

I 1 i Proline content (pglmg dry wt. tissue) ' 1 

Time 
in 
Hours 

l o  
24 

48 

E-,- 

Tift 23DaBi-Pl-P5 

~ 

24 2.12 (k0.25). 2.19 (k0.36) 

48 2.18 (10.13) 2.88 (i0.92) 

72 2.15 (i0.68) 3.65 (k0.81) 

96 2.18 (i.0.20) 5.75 (i0.66) 

* Data reprerent mean of three replicates 
Valuer &I the parentheria indicate the standard erron 

* P value < 0.05 

Proline content (pglmg dry wt. t i s s u e i T y  I 

- - 
ICMB 9011 1 ----I 

- - - - -- - 
Control I 150mM NaCl -- -- 

2 2 1  (i.018) 223 j i028 )  

2 15 (rO 33) 2 35 ( to  19) 

WSIL-P8 
-- 

Control 1 l50mM NaCl 

270(1051)  ' 285 j i024 )  
r 

2 72 ( i O  22) I 2 93 ( t o  61) 

-- 
L 19 ( t o  41) 2 75 (i.0 29) 

-- 
2 72 (i.0 12) 3 51 (FO 61) 

2 69 (i.0 93) 

2 75 ( i 0  53) 

3 60 ( i O  25) 2 23 ( t o  25) 2 59 (10 56) 
-- - - -  - 

3 52 (+0 19) I 2 25 [ i O  21) t 2 75 (i.0 36) 



Table 4.10. Ion content (mg/g dry wt.) from three groups of representative 
accessions of pearl millet seedlings under short-term salt stress at 150mM 
NaC1; (A) WSIL-P8, (B) ICMB 90111, (C) 863B-P2, (D) Tift 23DzB1-Pl-P5 and 
(E) 841B-P3 

(A1 

Ion content (mg/g dry wt.) 

Ion content (mg/g dry wt.) ' 



Table 4.10 contd. 
ic, 

Ion content (mg/g dry wt.) ' 7 

Ion content (mg/g dry wt.) 



Table 4.10 contd. 
(El 

Ion content (mg/g dry wt.) * 

* Data represent mean of three replicates. 
Values in the parenthesis indicate the standard errors. 

* P value < 0.05. 



4.2 Antioxidative enzyme activity during short-term salt stress 

4.2.1 Antioxidative enzyme activities of three representative lines of pearl 

millet 

~ h c  a earl millet lines lCMB 9011 1. 863B-P2 ttncl S41B-P3: whic:h were 

categorized a s  sensitive, moderately tolera?t anrl highly tolerant to salinity 

strt:ss, respectively. were exposed to 150mM NaC'1 salt stryss for short i1;tervals 

of time i .e. ,  Oh, 24h, 48h, 72h. qhh, 120h and 14411. Thr mociultrtion of 

:~ntioxidnnt components diverged significnntly among thest* tt-irec rrpresent;ttive 

l i~ies of pearl millet under salt stress conditions as  sho\\n ~n Figurr 4.12 (A-F)]. 

4.2.1.1 Catalase (CAT) 

Specific activity of catalase decreased in the sensitive line lCMH 9011 1 untler 

short-term salt stress at 150mM NaC1, but the activity cioublcd by 72h. It 

tieclined thereafter till 144h (Figure 4.12A). 011 the othcr hnnd, slight increasc 

in the activities was noticed in 8638-P2 till 96h, which dropped dterwards. In 

811B-P3, the activity peaked 12-folds by 72h hut  dcclined thereafter /Figure 

4.12(A). 

4.2.1.2 Superoxide dismutase (SOD) 

The native activity of superoxide dismutase appr.;~rc:ti li)u8cr in the sensitive line 

when compared to moderately tolerant and tolerant lines (Figure 4.12B). A 

sudden spurt (about 3.5-folds) in SOD activity t i t  72h  was observetl in ICMB 

901 11 coinciding with a spurt  in CAT activity. 11 gradually decreased with time 

of exposure to 15OmM NaCl till 144h. At 144h, this line expressed lower SOD 

activity than the other two lines (Figure 4.128).  Though 8638-P2 exhibited the 

highest SOD activity a t  Oh and 24h, it actually declined sporadically or 

fluctuated till 144h. In case of 841B-P3, SOD activity increased till 48h, 

declinedatill 96h but it picked up again slightly. At 144h, this salinity tolerant 

line recorded the highest SOD activity compared to the other lines (Figure 

4.12B). 

4.2.1.3 Glutathione reductase (GR) 

The native activity of glutathione reductase (GR) was lower in salinity-sensitive 

line ICMB 901 1 l than in the moderatel!. tolerant and tolerant lines IFigure 



4 . 1 2 ~ ) .  The activities of GR did not show any specific trends in these lines. The 

tolerant varieties however, recorded higher activities than the susceptible ones 

.t 144h (Figure 4.12CJ. 

4.2.1.5 Glutathione-S-transferase (GST) 

.ktivity of GST declined initially (24h) but pickecl up sllghtly by 72h. ~ h ~ .  

specific activity however decreased thereafter in ICMB 901 11 (Figure . + . ~ J [ ) J .  

(;ST activity decreased initially (48h) but only to incrensc slowly m d  s te~~di ly  r i l l  

120h in 863B-P2. Thus  the highest GST actlvity wfis noticed in Inoder:lrcly 

tulerant line 863B-P2, though the levels fluctuntt%d. In the case of tolrr~i~lr  

t-ariety the activity enhanced by 48h but declinecl thereaitcr till l44h (Figi11-c. 

4.12D). 

4.2.1.4 Reduced Glutathione (GSH) content 

The content of reduced glutathione (GSH) is shown in Figure 4.12E. Thr. 

content of GSH did not change much in the line ICMB 901 11 till 48h though it 

declined later on. In contrast, an  increase in GSH was obscrved with increased 

time of exposure to salinity stress in 863B-P2 till 48h. I t  declinecl by 72h biit 

rose sharply by 96h. However, the content decreased towards the termination of 

the treatment (Figure 4.12E). The content of GSH did not change in the highly 

tolerant line 8 4  18-P3 (Figure 4.12E). 

4.2.1.5 Lipid peroxidation 

MDA levels increased slightly in the sensitive line ICMB 901 11 by 96h and then 

declined later on. The content fluctuated and did not show any specific trend in 

thc line 863B-P2. The content of MDA peaked by 144h in this line. The content 

of MDA increased by 4-5-folds in the tolerant line 841B-P3 till 96h which 

started declining later. I t  recorded the lowest content at 144h among the three 

-lines (Figure 4.12F). . 



inre 4.12. Changes in antioxidative enzyme activity during short-term 
alt stress at 150mM NaCl in three representative lines of pearl millet. 
4) catalase, (B) Superoxide dismutase 

(A) CAT activity during short-term salt stress in pearl millet 
3e-5 5 

-0- ICMB 901 1 1  
-C- Rh3B-P2 1 - 

2 1  48 2 9h I!il 144 

Time in Hours 

(B) SOD activity during short-term salt stress in pearl millet 
0010 

o nnn 
0 ?.I 4X 72 Uh 120 144 

Time in Hours 

[Note: ICMB 901 11 (sensitive), 863B-P2 (moderately tolerant) and 841B-P3 
(highly tolerant)] 



Figure 4 .12 .  Changes in antioxidative enzyme activity during short-term 
salt stress at 150mM NaCl in three representative lines of pearl millet 
(c) Glutathione reductase, (D) Glutathione-S-transferare 

(C) GBctivityluring short-term salt stress in pearl millet 
7u-5 

Time in Hours 

(D) GST activity during short-term salt stress in pearl millet 
" """8 , I 

Time in Hours 

[Note: ICMB 9 0 1  1 1  (sensitive), 863B-P2 (moderately tolerant) and 841B-P3 
(highly tolerant)] 



Figure 4.12. Changes in (E) Reduced Glutathione content and (F) Lipid 
peroxidation during short-term salt stress at 150mM NaCl in three 
representative lines of pearl millet 

(WSH content during short te rm salt stress in pearl millet 
9 

I 

'I'ime in Hours 

(F) Lipid peroxidation during short-term salt stress in pearl mille 

Time in Hours 

[Note: ICMB 901 11 (sensitive), 8 6 3 ~ - ~ 2  (moderately tolerant) and 841B-P3 
(highly tolerant)] 



4.2.2 Antioxidative enzyme activities of pearl millet lines under 

continuous salt stress for 7 days at different salinity levels 

Pearl millet lines ICMB 90111, 863B-P2 ,md 8 4 l B  PO that art, sensitive, 

moderately tolerant and highly tolcrmt to salinity stress rrspectively, wc.rr 

exposed to OmM, 75mM, l0OmM and 150mM NaCl for 7 ciays. The :intioxidant 

c n q m e  activities diverged significantly among these tl>rc.c. pearl rnil1t.t lines wit11 

increased intensity of salt stress (Figure 4.13A-F). 

4.2.2.1 Catalase (CAT) 

The activity of CAT in the control seedlings (grown without salt stress), was high 

in ICMH 90111 compared to the other two lines. C;~tnlasc artiv~ty clitl not 

changc much at three different levels of salinity in the linr. ICMH 901 11 though 

~t showed enhanced activity compared to the control. Tlir activity incroitscd at 

75 'and lO0mM NaCl Icvels but declined at  higher NaCl strrss. In the line 8J1B- 

P3, the activity increased at all the three levels of stress compared to thc control 

(Figure 4.13A). 

4.2.2.2 Superoxide dismutase (SOD) 

Compnred to the control, activity of SOD increased slightly at 75mM NaCI, but 

declined drastically with increasing concentrations of salt i.e.. lO0mM ancl 

150mM NaCl in ICMB 901 11 [Figurc 4.13BI. The activity in moderately tolernnt 

line declined at 75mM and lOOmM NaCl but increasccl slightly a t  150mM salt 

stress, Increased activity was noticed at 75mM NaCl in the tolerant line but i t  

cicclined at higher concentrations (Figure 4.13B). 

4.2.2.3 Glutathione reductase (GR) 

Specific activity of glutathione reductase increased only at 75mM NaCl stress 

but declined at l00mM salt stress. But the activity doublecl at 150mM salt 

stress in the link ICMB 90 1 1 1. The increase was steady and doubled 'at 150mM 

NaCl stress in the moderately tolerant line. In the tolerant line 841B-P3, (>R 

activity decreased considerably especially at higher salt stress conditions 

(Figure 4.13C). 



4.2.2.4 Glutathione-S-transferase (GST) 

The native activity of GST was higher in the salt susceptible line compared to 

the tolerant ones. However, the activity declined in the seedlings of d l  the three 

lines upon exposure to different concentrations of salt and this decline was 

more pronounced at  150mM NaC1 in the tolerant line compared to tht: other 

lines (Figure 4.13D). 

4.2.2.5 Reduced glutathione (GSH) content 

The decline in the content of glutathione was significant fit 75mhl NaCI strcss 

in the accession ICMB 901 11. The content was slightly 11lghrr at 100 kind 

150mM NaCl strcss but was less compared to the control seedlings. The 

glutathione content increased in presence of salt stress especially a t  100rnM 

NaCl stress in the mocierately tolermt line. The content was the lowest at 

75mM NaCl stress (declined by 3-folds) compared to 100mM (4.604 rnolcslg 

fwt.) and 150mM NaCl stress (5.208 moles/g fwt.) in the highly tolerant linr 

841B-P3 (Figure 4.13E). 

4.2.2.6 Lipid peroxidation 

Lipid peroxidation increased with ?in increase in the concentration of salt in the 

salt susceptible line ICMB 901 11 [Figurc 4.13F). In contrast, malondialdehyde 

(MDA) levels decreased considerably (2-6-folds) in 863B-P2. In the line 8418- 

P3, the content of MDA decreased with :in increase in salinity (Figurc 4.13F). 

4.2.3 Antioxidative enzyme activities of parental lines of pearl millet with 

extreme responses to salt stress 

4.2.3.1 Catalase (CAT) 

The specific activity of catalase was higher in the seedlings of the llnc Tift 

23D;BI-PI-P5 when  omp pa red, to WSIL-P8. In general, ,the activity declined 

under salt stress and showed almost a similar trend (Figure 4.14A). 

4.2.3.2 Superoxide dismutase (SOD) 

Like catalase, the native activity of SOD was higher in t h ~  line Tlft23D~Bi-Pl-P5 

when compared to the tolerant line. The activity of SOD declined till 72h under 

salt stress but exhibited activity like that uf control seedlings in the hne 



Figure 4.13 Changes in antioxidative enzyme activity during continuous 
salt stress for 7 days at different concentrations of NaCl in three 
representative lines of pearl millet [(A) Catalase, (B) Superoxide dismutase] 

(A) Cntalnse acti l i t )  under salt stress for 7 days 

11 uri no I I X I S ~ I ~  P: S ~ I I ,  1'1 

Pearl n~iller lines 

(B) SOI) activit! binder salt stress for 7 days 

Pearl millct lines 

[Note: ICMB 90111 (sensitive), 863B-P2 (moderately tolerant) and 8416-P3 
(highly tolerant)] 



Figure 4.13 Changes in antioxidative enzyme activity during continuous 
salt stress for 7 days at different concentrations of NaCl in three 
representative lines of pearl millet [(C) Glutathione reductase, (D) 
Glutathione-S-transferase] 

(C) GK nctivit) under salt stress for 7 dajs 

r~(l~"li" 1-- I 

Pearl millel line\ 

(I)) CST activity under salt stress for 7 days 

Pearl millet lincr 

[Note: ICMB 90111 (sensitive), 863B-P2 (moderately tolerant) and 841B-P3 
(highly tolerant)] 



Fig. 4 .13  Changes in (El Reduced Glutathione content and (F) Lipid 
peroxidation during continuous salt stress for 7 days at different 
concentrations of NaCl in three representative lines of pearl millet 

(E)  Reduced glutathione ((;SH) under salt stress for 7 dajs 

Pearl millet line5 

(F)  Lipid peroxidation under salt stress fur 7 days 

" 1- 

Pearl millet linea 

[Note: ICMB 901 1 1  (sensitive), 863B-P2 (moderately tolerant) and 841B-P3 
(highly tolerant)] 



Tift23D~Bi-PI-P5. Contrary to it, the activity was enhanced by 3-folds (till 72h) 

under salt stress in the accession WSIL-P8. Though the nct~\.ity declined by 

96h, it was nearly 2-folds higher under stress conditions (till 144h) when 

compared to that of control seedlings grown without salt stress (Figure 4.14B). 

4.2.3.3 Glutathione reductase (OR) 

The native activity of GR was higher in the l ~ n e  TiftL.7D!H-Pl-PS cornp;irrtl t o  

WSIL-PS. Thc activity of GR increased (almost 2-folds) till 13.011 unclrr salt 

stress but declined thereafter. In the susceptible linc WSIL-PX, a gr>tdu;~l 

increase (3-4-folds) in GR activity was noticed till 9 0 h  under salt strrss.  It 

declined by 120h but displayed 6-fold increase in the activity :at 14Jh (Figure 

1.14C). 

4.2.3.4 Glutathione-S-transferase (GST) 

Activity of GST decreased under salt stress marginally till 144h in the linr 

Tift23D,B1-Pl-P5. On the other hand, the activity increasccl by 3-folds under 

salt stress in the line WSIL-P8 at  48h. It decliried slightl:; by 96h but picked u p  

by 3-folds again by 120h (Figure 4.14D). 

4.2.3.5 Reduced Glutathione (GSH) content 

Thc line Tift 23D,B1-pl-P5 showed an increase in GSH content till 72h under 

stress but thereafter the level of glutathione declined drastically (Figure 4.14E).  

There was a gradual increase in GSH content of WSIL-P8 till 48h under s d t  

stress. The content decreased slightly by 72h but rose sharply by 96h (S.0moles 

of GSH compared to 2.5moles of GSH/g fwt. in control seedlings). Though the 

content of GSH declined by 120h, it increased again by 144h in WSIL-PS 

(Figure 4.14E). 

4.2.3.6 Lipid Peroxidation 

Significant changes in lipid peroxidation were not noticed till 72h under salt 

stress in the tolerant line Tift 23D2B1-P1-P5 The MDA content rather fluctuated 

thereafter. The native levels of MDA were lower in the susceptible line WSIL-P8 

compared to Tift 23D~B,-pl -P5.  Lipid peroxidation in the sensitive line WSIL-P8 

increased 5-folds by 48h, and then declined. The MDA levels could not be 

detected by 120h but it rose by 5-folds by 144h (Figure 4.14F). 



Fiwre 4-14. Changes in antioxidative enzyme activity during short-term 
salt stress at 150mM NaCl in parental lines of pearl millet, WSIL-p~ ( ~ l t -  
sensitive) and Tift 23DzBl-Pl-PS (highly salt-tolerant) 
[(A) Catalase, (B) Superoxide dismutaae] 

(A) CAT activity during short-term salt stress in pearl millet 
?r-5 

I I 

(B) SOD activity during short-term salt stress in pearl millet 
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Figure 4.14. Changes in antioxidative enzyme activity during short-term 
salt stress at 150mM NaCl in parental lines of pearl millet, WSIL-P8 (salt- 
sensitive) and Tift 23DzBl-Pl-P5 (highly salt-tolerant) 
[(c) Glutathione reductase, (D) Glutathione-8-transferasel 

(C) GR activity during short-term salt stress in pearl millet 

Time in Hours 

(D) GST activity during short-term salt stress in pearl millet 
o o o o x  , I 

Time in Hours 



Figure 4.14. Changes in (El Reduced Glutathione (GSH) and (F) Lipid 
peroxidation during short-term salt stress at 150mM NaCl in parental lines 
of   earl millet, WSIL-PS (salt-sensitive) and Tift 23DzBi-Pi-P5 (highly salt- 
tolerant) 

(E) GSH content during short-term salt stress in pearl millet 

Time in Hours 

(F) Lipid perosidation during short-term salt stress in pearl millet 

Time in Hours 



442,4  soe enzyme profiles of five representative accessions of pearl millet 

The activities of catalase (CAT1 and ascorbate peroxidase (APX) were too low to 

be detected on native PAGE gels. Hoverer. SOD pr<,files were on 
native PAGE. Differences in the activities of Mn-SOD isoforms 1 and 2 and 

cu/Zn-SOD were also noticed with increas?d exposure to salt in all of the lines 

(Plate 2).  A total of three isoforms of wrrc clctected of which two werr. M ~ .  

SODS and one was  a Cu-Zn SOD. Thr acti\.lty of the Cu-Zn SOD increased in 

all the lines under NaCl stress. Hoa-ercr, the Mn-SC)D isofom 1 displayed 

differential expression in sensitive, rnodcratc:ly tolerant and highly tolerant 

Imes. In the salt-sensitive lines WSIL-P8 m d  ICMB 901 11,  activity of Mn-SOD1 

was low all throughout the salinity treatment, while in the moderately tolerant 

hne 863B-P2, and tolerant lines Tift 23I)Bl-Pl-P5 m d  841R-P3, this  sof form 

dlsapprared after Id ,  2d and 3d, respectively. The secoild isoform Mn-SOD2 

showed a gradual increase in activity with time in the sensitive lincs all 

throughout the salinity stress treatment, whereas in the moderately tolerant 

and tolerant lines it increased with increased duration of exposure to salinity. 

Low activity of Fe-SOD was observed in seedlings of moderately tolerant and 

tolerant lines after 24h salt stress. However, no Fe-SOD isoform was observed 

in the sensitive seedlings exposed to 150mM NaC1. Fe-SOD bands were faint in 

intensity in the tolerant lines. 

4.3 Protein profiles at short-term salt stress in seedlings of pearl millet 

4.3.1 Short-term salt stress at OmM, 75mM and 150mM NaCl for Oh, 24h, 

40h & 72h in four accessions of pearl millet 

Protein profiles in salt tolerant (P3 10- 17Bk, 84 1B-P3, Tift 23D~Bl-Pl-P5) and 

sensitive seedlings (81B-P6) of pearl millet are shown in Plate 3.  Differences 

were noticed in the  protein profiles with increasing salinity in short-term 

treatments (24h, 40h and  72h). At 24h salt treatment, tolerant lines 841B-P3 

and P310-17Bk behaved differently with respect to a 180kDa protein. While in 

841B-P3, there was an increase in the band intensity of this protein with 

increasing salinity, the same protein band decreased in intensity wth 

increasing salt levels in the line P310-17B. A similar observation was recorded 

for a 54kDa protein in the same two lines after 72 h of saline treatments. There 



plate 2. Isoenzyme patterns of superoxide dismutase in pearl millet lines 
(A) WSIL-P8, (B) ICMB 90111, (C) 863B-P2, (D) Tift 23DzB1-PI-P5 and (E) 
841B-P3 at 150mM NaCl in short-term salinity treatments 

[0= 0 days (control), 1= 1 day, 2= 2 days, 3= 3 days, 4= 4 days, 5= 5 days, 
6= 6 days and 7= 7 days] 



were significant differences among susceptible and tolerant lines with respect to 

a 120kDa protein, which was absent in the line BIB-Pb (salt  sensitive), but 

present in d l  three tolerant lines i.e., Tift 23D1B,-PI-P5. 84lB-p3 and ~ 3 1 0 -  

17Bk a t  all the three salinity levels. 

4.3.2 Protein content of seedlings at short-term salt stress 

A gne rn l  decrease in protein content was observed in the sensiiive lincs WSIL- 

P8 after exposure to salt stress. But in the other susceptible lint, ICMU c>O1 11, 

there was a transient increase by 24h, which declined later tl~.~istic,;,lly (Tablc 

4.1 1).  The protein content doubled by 48h in the line 8638-P2, dt:cllnecI slightly 

there 'after and remained more or less stable till 144h. Prote~n content in the 

line Tift ~ ~ D L B I - P I - P ~  was 14.55mgIg dry tissue under control conditions. I t  

enhanced to 32.6% mg by 72h, but declined to 15.17mg/g dry tissue by Clhh. In 

the line 841B-P3, protein content declined till 7211, but increas~d consiric:rably 

by 96h under salt stress. The protein content however declined thereafter and 

reached a value almost equal to that of control at 144h (Table 4.11). 

4.3.3 Short term salt stress of five accessions of pearl millet at 150mM 

NaCl for Oh, 24h, 48h, 72h, 96h, 120h, 144h and 168h 

Protein profiles a s  seen in Plate No. 4 were found supportive of the total protein 

data (section 4.4.2) of the pearl millet lines exposed to salt stress for short- 

durations. Though quantitative changes were noticed in the protein, not many 

differences a t  the qualitative level were recorded in different lines of pearl millet 

under salt stress excepting 25kDa, 27kDa and 54kDa protein bands especially 

in the moderately tolerant and highly tolerant lines under salt stress. The 

25kDa protein band was not noticed in either of the sensitive lines WSIL-P8 and 

ICMB 90111, while the 27kDa and the 54kDa bands showed increased 

intensity in the highly tolerant and moderately tolerant lines compared to the 

sensitive lines under salt stress (indicated by arrows in Plate 4). In addition, 

about 15  kDa and 18 kDa bands were also noticed especially in the tolerant 

lines. 



plate 3. Protein profiles of OmM, 75mM and 150rnM NaCl treated seedlings 
of pearl millet (lanes 1-3: Tift 23DzB1-Pl-P5; lanes 4-6: 81B-P6; Lanes 7-9: 
g41B-P3; lanes 10-12: P310-17-Bk; OmM, 75mM and 150mM NaCl treated 
respectively) for (A) 24  h, (B) 48 h and (C) 72 h treatments 

[Note: Thick arrows = increase in band intensity in 7, 8, 9 and decrease in band 
intensity in 10, 11 and 12 with increased salinity treatment 
Thin arrows = absence of 120kDa bands in 4,5,6 (81B-P6) and its presence 
in rest of the lines] 



Table 4.11. Total Rote" content (mglg dry wt.) in pearl mUet lhes  
subjected to short-term salt stress at 150mM NaCl 

Time I Total Protein (rnglg drv wt.) 1 

* Data represent mean of two replicates 
* Values in the parenthesis indicate the standard errors 
* P value < 0.05 



plate 4. Protein profile8 of five accessions of pearl millet a t  150mM NaCl 
for short-term salt stress for Oh (0), 24h (I), 48h (2), 72h (3), 96h (4), 
120h (51, 144h (6) and 168h (7). [ (A) ICMB 90111, (B) w81L-P8, (C) 
863B-P2, (D) 841B-P3 and (E) Tift 23DzB1-Pi-P5] 

(A) ICMB 90 1 1 1 (B) WSIL-P8 

(D) 841BmP3 (E) TiR 23DaBl-Pl.P5 

0 1  2 3 4 5 6 7 M  0 1 2 3 4 5 6 7 M  

[Note: Prerencc/absence of arrows = prtsencelabaence of 15kDa, IskDa, 25kDa, 
27kDa and 54kDa bands] 



4.4 Effect of G& and CaClz on response to salinity stress in pearl millet 

seedlings 

Addition of C ~ C ~ J  and GA? slightly a11rviatcd thc :~dvcrse effevts of salt stress on 

germination and early seedling gro\rrth or t\vo inbred lines of pearl millet, ICMB 

901 11, a sensitive line and 8418-F13. ,I tolrrnnt Ilne. Bcc.:l~~se the two lints 

tested have different degrecs of sillt tolvrnncc. nnr of the pri~nnry objectives was 

to determine whether these lines rc,sponti bettcr to  the. comhlni~tion of st~linity 

mlrh CaCli or GA? or both. with rrspccr to secti germination, p , n - t h  'ultl pl-ol~nc. 

content. Thc frequency of seed gcrn~inatio~-i of rhr serisitivt~ line ~mprovcd 

slightly in 150mM NaCl in 841 8-P3 wlit~n treated with <;A\ and also with (;A, 

plus CaCI,,. The germination percentagr of tht: sens i~i \~f~ line ICMB 901 1 I cdso 

improved at  salt concentrations of 1OOmM tlnd 150mM NnCl when treated with 

GAo and CaCI.! individually cmd in combination (Fig. 4.15). Both lines wcrt. 

found to be highly responsive to exogenous (;A? and t~xhibiteci significant 

differences in lengths and fresh weights of thrir shoots and roots in salt media 

amended w t h  GA.1 (Figures 4.16 ancl 4.17).  Although the growth of seedlings 

declined with an increase in NaC1, appllccition of CaCl  and (;A,, or both kippear 

to have alleviated the  salt stress effects on both the lines (Figures 4.15, 4 . i 6  

'and Plates 5 and 6).  A decline in fresh ~veiahts of shoots ancl roots was noticed 

In these lines in presence of salt stress (Fig. 4.16).  111 presence of CaCI, and GAo 

individually and together, the salinity scns~tivc line ICMU 901 11 not only 

germinated and grew well, but also ciccumulated proline significantly when 

comp'qed to the non-mended  controls. T11r proline content in the tolerant line 

H41B-P3 uras 6 times higher than to its control value in the presence of CaCl! 

ancl GA.3 (Fig. 4.18). 

4.5 Development of molecular markers 

4.5.1 Data mining and primer designing for TRAP markers 

The NCBl database (ww.ncbi.nlm.nih.gov) proved very rapid and useful to 

retrieve sequences of our interest. Maze ESTs for GR6,  GR8 and GR13 

(glutathione reductase gene), having accession numbers CN844501, CK787292 

and CF349127 were obtained by gving t.he key words 'Zea mays and 



pigure 4.15. Effect of CaClz and GA3 on the germination percentage of a 
set of pearl millet inbred lines [ICMB 90ll land 8418-p3 (sensitive and 
tolerant to salt stress, respectively]] under 75mM, lOOmM and 150mM 
NaCl stress as compared to their respective OmM NaCl controls 
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Figure 4.16. Effect of CaClz and QA3 on the (a) shoot length and (b) root 
length of a set of pearl millet inbred lines [ICMB 90ll land 841B-P3 
(sensitive and tolerant to salt stress, respectively)] under 75mM, lOOmM 
and 150mM NaCl stress as compared to their respective OmM NaCl 
controls 



Figure 4-17. Effect of CaClz and GAj on the (a) rhoot fresh weights and (b) 
root fresh weights, of a Set of pearl millet inbred lines [ICMB 90l l land 
841BwP3 (sensitive and tolerant to salt stress, rerpectively)] under 75mM, 
100mM and 150mM NaCl rtress as compared to their respective OmM NaCl 
controls 

I l l  I C M  R 9 U I I I  - 111 8 4 1  H - P I  - 



.ate 5. Effect of CaCl2 (B), GA3 (C) and both [GA3+CaC12] (D) as compared to 
~e control (A) in 10-day-old seedlings of pearl millet line ICMB 90111 
.own in OmM, 75mM, lOOmM and 150mM NaCl media 

[Note: Germination improves at lOOtnM and 150mM NaCl in (B), IC) and lD) 
mPared to their respective controls (A).] 



plate 6. Effect of CaClz (B), GA3 (C) and both [GA3+CaC12J (D) as compared to 
the control (A) in 10-day-old seedlings of pearl millet line 841B-P3 grown 
in OmM, 75mM, lOOmM and 150mM NaCl media 

te: There is slight improvement of she 
(C) and (D) as compared to their respel 

o t  iength at 100mM and 150mM Na 
ctive controls (A).] 



Figure 4-18. Effect of CaC12 and GAJ on the proline content of a set of 
pearl millet inbred lines [ICMB 901 11 and 841B-P3 (sensitive and tolerant 
to salt stress, re~pecti~ely)]  under 75mM, lOOmM and 150mM NaCl stress 
as compared to their respective OmM NaCl controls 
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glutathione reductase' in the search tool available in the NCBI database. The 

accession numbers of maize EST for SOD2. SOD3. SODS,  SOD^ and SOD7 

(superoxide dismutase genes) were CN844460, Cli819973. CK7Xh884. 

~ K 7 8 6 8 0 3  and BQ61Y487, respectively. Thc accession number CN8-15-108 of a 

pearl millet sequence for a P5CS gene was also obtained directly from thc NCBI 

database using the search tool. The sequences were rctrievt~d in PASTA format 

for ease of handling to design primers. 

GRAMENE BLAST (~w%~.gramcne.org/multi/bl~~stview) search rrsults and the 

selected sequences for al~bmment from b<vley, millet, rict. anti sorghum are. 

given in Appendix I. None of the fixed primers designed fr11 in the intrrfacC of 

the exon cmd intron when checked using the 'ORF finder' in NCBI database. 

The lists of the fixed and arbitrary primers designed are given in Tablcs 3.5 and 

3.6,  respectively, in Chapter 3. 

4.5.2 Optimization of TRAP technique 

In the present study. DNA concentration was optim1zt.d to 5ng per 5\11 PCR 

reaction. lnitial scroening of the parental lines (Tift 23D,,Bj-P1 P5 a n d  WSIL-P8) 

to identify polymorphic TRAP markers was perfnrmed using combinations of 

some selected fixed primers with all of the 15 arbitrary primers and TRAP 

marker profiles were generated in silver. stained h.5''+> polyacryl~~midv gels a s  

shown in Plate 7. For clear detection of the multiple bands generated by TRAP- 

PCRs, a 68-well comb was used for PAGE profiling. 

4.5.3 TRAP marker analysis 

In total, 180 primer combinations (12 fixed primers comprised of 10 forward 

and 2 reverse primers in combination with 15 arbitrary primers) were checked 

fbr polymorphisn. among the two mapping populatibn parents. Fifteen PCR 

reactions were carried with each of the fixed primers, a s  there were 15 arbitrary 

primers. Each PCR reaction generated about 15-25 potential TRAP marker 

bands, which significantly varied in band intensity. The size of most of the 

fragments ranged from 130bp to 1590bp, all the bands from each PCR were 

highly reproducible except for a few weak 's<mds in some combinations. On an 



plate 7. Optimization of PAGE gel profiles for detecting TRAP 
polymorphisms between Tift 23DzB1Pl-PS (parent A) and WSIL-PS (parent 
B) with (a) k5CSF and (b) GR6F fmed TRAP primers in combination with 

TRAP primers Arl to  Ar15 

[Note: Encircled = A few possible polymorphic bands that can be scored across the 
mapping population] 

Plate 8. Optimization of TRAP technique among the mapping population 
progenies of Tift 23DzBl-P5 x WSIL-PS with TRAP primer combinations (A) 
GR6F-Ar2 and (B) SOD3F-Ar4 



average, each TRAP primer pair was able to generate 6 polymorphic TRAP 

markers that were clear and easily scornble when visualized using PAGE and 

silver staining procedures (Plate 7 ) .  Basrd on the clarity and intensity of the 

b'ands and their reproducibility, 11 fixed-arbitrary primer combinations were 

selected to screen for the same markers 111 thc t ; . , ~  mapping population 

available. DNA concentrations for the 'TRAP-PCK and the PAGE te~~hniquc were 

optimized for the mapplng populcition before gc2neratllig the, linnl m~crkcr 

profiles (Plate 8). 

Eleven TRAP PCR reactions that t3mployed fisrd EST-bascd primcrs in 

combination with arbitrary primers gent,r-atecl b8 easily scorttblc. polymorphic 

b w d s  (Table 4.12). These 68 markers u.crc. scored on thr F.J., mapping 

population of Tift ~ ~ D , , B I - P ~ - P S  x WSIL-P8. These mnrkcr pc~lymorphisms were 

highly reproducible m o n g  the parents as  wcll as  the mapping population 

progenies. Plates 9, 10 and 11 show parental pol>morphism in thc TRAP 

markers selected for screening of the mapping popl1lntion progenies. Plates 12, 

13. 14, 15  and Id show TRAP marker profiles for the segreg~iting mapping 

population progenies. The TRAP score sheet is rcpresenteci in Appendix 111. 

When these TRAP markers were analyzed for segregation distortion using a chi- 

square test (Table 4.13), it was found that scgregntion patterns of 22 TRAP 

markers were not significantly distorted, while 21 TRAP markers showed 

distortion at  1%) level of significance anci eight wcrc significant at 5'?<1 level. For 

the ratio 1:3, segregation patterns of 7 TRAP markers werc not significantly 

distorted, 4 showed distortion at 1% level of significance <and 6 were significant 

at 5% level. They were also tested for seb~egalion into 1:1 ratio and 19 TRAP 

markers were found segregating with no significant distortion. Hence, 22 and 7 

out of the 68 TRAP markers segregated according to the expecte? Mendelian 

ratio of 3 : l  or 1:3, respectively, while 19 TRAP markers segregated according to 

the expected ratio of 1: 1 (Table 4.13). 

4.5.4 Construction of linkage map 

o u t  of 68 polymorphic TRAP markers identified, 4 pairs of markers viz. 

S2A7.630 and S2A7.610, S3A4.530 and S3A4.513, PA15.290 and PA15.280 





Table 4.12 contd. 

(Note: 1. Presence of band is represented as '1' and absence of band is 
represented as  '0'. 
2. 'A', 'B', 'C', and 'D' are the corresponding scores for bands in the 
mapping population.) 



plate 9. Glutathione reductase (GR) based TRAP polymorphisms In 
~ i f t  23DzBlPl-P5 (parent A) and WSIL-PI (parent B) 

M A B  M A E  M A  B  

GK6F + .4r2 piiGK(:RXTI pGzi-1 
(kl= 100 bp marker; A='l'ift 23D2BI-P1-P5; B=\CSIL-PX) 



plate 10. Superoxide dismutase (SOD) based TRAP polymorphirms in 
TiR 23DaBxPl-P5 (parent A) and WSIL-PI (parent B) 

t 
300 bp ' 

S3A11 490 

SOD bp 

? tY 
200 bp 

' 400 bp ) 

(M= 100 bp marker: A='l'ift 23D2B,-PI-P5; B=WSIL,-PX) 



plate 11. ~l-pyrroline.5-carboxylate synthetase (P5CS) based TRAP 
polymorphisms in Tift 23DzBiPl-P5 (parent A) and WSILP8 (parent B) 

(M= 100 bp marker; A=Tift 23 D2B~-PI-PS: B=USIL-PB) 







Plate 15. TRAP marker profiles seen among the mapping population progenies of Tift 23DzBl-PI-P5 x 
WSIL-P8 with primer combination SOD3F-Arll 

MAB M 

= Blank  ells 

(M= 100 bp marker; .4=Tift 23D2BI-P1-PS: B=\VSIL-P8) 





Table 4.13. Chi-square analysis of segregation distortion of TRAP markers 

Presence 
(1s) 

Absence 
(0s) 

---- . .  - 
Chi Square values chi Square Value8 1 

(Expected ratio (Expected ratio 
-. 3:l Or . .All. ~ 1 

26.89 ** 0.17 n s  

31.01 * *  0 01 ns 

(1.35 ' 7 52 *' 
1.24 ns 15.(18 " ~ 
1.86 ns 3(1.(14'* 1 
4.21 ' 'I 'I 1 * *  

.i 37 ns -11.78 ** 

6 35 * 7 .52  *' 
2.51 11s 12.63 **  

0.OJ n s  22.77 * *  

21.72" 0.54 11s 

0.06 ns 20.04 * *  i 
L h  47 " 0.10 ns 

2 5 1  ns l l . f i 3  " 
14.82 " 2.37 n s  

10.33 "* 1.25 ns 

'J.30 * *  5.04 ' 
13.64 **  2.'18 n s  

0.77 rls 17.33 +* 

21.45 * *  0.84 ns 

0.77 ns 17.33 * +  
10.8c) **  4.17 * 
'1.39 * 57.04 **  

14.82 **  2 3 7  11s 1 
0 .  13 * *  56.09 * *  

3.56 ns 42.67 **  
11.40 ** 3.80 ns 

4.80 ' 8.85 **  
2.00 ns 37.50 **  
3.56 ns 10.67 * *  
1 .:39 ns 35.04 * *  

10.8') '* 4.17 * 

0.06 ns 26.04 ** 
0.06 ns 22.04 * *  
0.42 ns 19.06 * *  
2.15 ns 38.36 **  

10.89 **  4.17 * 
0.09 ns 

- -- -- 



Table 4.13 contd. 
- ------__- - 

~~~k~~ presence Absence Chi Square valuer Chi Square vaiuer 1 
S.No. Loci (1s) (0s) (Expected ratio (Expected ratio / 
-- - - cl 3 1:3) -- 1 : 1 )  

39 S3A4 950 64 33 4 2 1 i  9 91 ** 
40 S5A8 260 47 50 28 4b '* O 0'1 ns 
4 1  SSA8 340 G I  "I(> 7 59 j' h 44 + I 
42 S5A8 490 47 -19 31 72 " 00411s  I 

43 S5A8 690 48 18 32 00 *' 0 00 TI\  

44 S5A9 110 58 i c l  I 1  L ) b  ' *  3 72 n\ I 
45 S5A9 210 73 L 1 O 00 rl\ 24 -5 " 

46 S5AY410 54 4.3 1') 33 ' *  1 25 115 

47 S5A9510 58 38 10 89 " 4 1 7 *  

48 S5A9 700 6 1 34 5 Y O *  7 67 '* 

49 PA1 1040 74 23 0 OB 115 L(> 8 1 '* 

50 PA1 220 79 18 L I5 11s 38 30 " 

51 PA1380 63 14 5 2 3 *  8 (77 * *  

52 PA1 520 70 2 1 0 18 n\ Lh 38 " 
53 PA1 550 8 1 16 3 74 n\ 43 56 ** 

54 PA1 590 6 4  33 4 2 1  * 9 9 1  * *  

55 PA1 805 66 3 I L i 1 iis 1.2 0 3  **  

51, PA1910 68 29 1 24 ns  15 68 " 

57 PA1 990 62 1 5  6 35 7 52 " 
58 PA8 1050 34 62 5 5h * 8 1 7 * *  

59 PA8 130 '14 53 Ll 45 **  0 84 ns  

60 PA8510 56 4 1 1543 ' '  L 32 ns  

61  PA8 990 40 57 1 3 6 4 "  L 98 tis 

hL PA151050 49 44 24 69 * *  (1 27 n\ 

63 PA15160 L 5 70 0 09 n\ 21 '32" 

64 PA15 165 74 L 1 0 12 115 10 57 * *  

65 PA15 200 63 3 2 3 82 ns 10 I 2  ** 

66 PA15 280 16 h9 O 28 ns lc) 46 '* 
67 PA15290 7 8 17 2 56 n s  39 17 **  
68 PA15 550 33 61 5 1 2 "  -- 8 34 **  
- - - 

+ = significant at I%, level of signlficancr [LO'? 
*' = s~gnificant at 5'X) LOS 
nS = not significant 



and PA1 5.165 and PA15.160, werr Sound ~ o - d o m l n a n t l ~  svgrrgatlng In the 

mapping population. Flencu, while constructing the iillliag~ m;lp. thr nllmb(-r of 

TRAP markers was reduced to 64. Of th'se 64 TRAP mal.krl-s. 50 %v\.cr.r n ~ ; ? ~ , p ~ > d  

into the framework linkage map along w~th  54 HFLt' ~n:rriic,rs n.hlc.11 \vcre 

generated preriousiv for the T~f t  13D.B -PI-P5 * WSII. 1'8 I.~,rsrti ~,t.:ir.l mlilrt 

,napping populaticln (LILI et ill.. ltli14a,b); i.e..78.15, 111 IKAI- '  m,~r.lcr~.s tlctcctcd 

loci that could be plricecl on tht. 7 11nli;igr groups ( I S  ~ L , ; I I . I  1n1llt.r I ~ , I ~ > ~ M I I ~  

pop~~ la t ion .  The linliagc rn~rp thus corisiructc,tl along \viti1 t i l t ,  I T ) : I ~ I  I T O S I I I ( U I S  (11. 

'rR4P markers arc, given in the Fi~wre 4.  19. Aft~r. :lclciil~fi 111~. I I ~ , \ Y  ~ r ~ , ~ r l i t , ~ . i ,  t l l ~ ,  

total map length w~l s  1517.7cM (Kos:imbi). The 11(.\\.1y :itlrlc,tl I'liAi' r~i.i~-lir,rs 

were distributed across d l  scven lillk[ige groi~ps of prail millt,t 7 ,  10. 14.  :<. 0 ,  

6 irnd I markeris) rcspt3ctively, In LG1. LG2. LC;,?. L(;4. LGT,. I,(;I, ,in(l I,(;;/ 

(Table 4.14).  

Linkage group 1 hat1 a total map length of 328.4 cM ant1 \?;IS t l ~ c  stw~ntl  lc~ngcst 

linkage group for t h ~ s  mapping population. This 1ilik;rge group c~onsisli~tl of 7 

TRAP markers mcl 18 RFLP marltcrs. ?'his linltsgc~ gr.oup ~ i i i . l ~ ~ ( I ( . i I  ?, Tk4P 

markers dcsigned from GR sequence, 2 lr.0171 SO13 sccluc,nc,c, and .1 1rt11n K C ' S  

srcjuence but nonc: of them were \cry tightly linked to c,ic.l? othrr. 

Linkage group 2. uith a total map length c ~ f  254.8 cM, contcunccl 10 TKAP 

markers and 10 RFLP nit-u-krrs and formed the t h ~ r d  longest I~nii,igc, jiroLlp for 

[his population. Plmong th(,m, twc~ TRAP mnrkcrs tirs~gnrtl fur t11r (;K Krnc 

st:quence were tightly linked ancl formeci a cluster at the upper t:ritl of this 

linkage group. Linkage group 3 had a tcltal map Icllgth of 376.4 CM W I L ~  2 HFlP  

markers and 14 TRAP markers. ' r h ~ s  1s the longest of all thr 7 11nk:rgc. gr(1ups 

and the map distances of the TRAP mrrkers at the lower :inti upper rnris art: 

quite high flanking the tuw RFLP markers. As thls linkage group is L I S L I ~ I ~ ~ ~  thc 

shortest, and in this case is anchored by only two RFI,P markers, some of the 

linkages of TKAP mrvkers in this linka:,e group may be spurious. I t  will be 

necessary to assess this on a linkage mapping population havlng better 

anchored marker saturation on LG3 befvl-e these TRAP markers can cor~fidrntly 

be assigned to this linkage group. 



Genetic map of a pearl millet population segregating for salt tolerance with distribution of 
molecular markers across the 7 linkage groups 

LG1 LGZ LG3 LG4 LG5 LG6 LG7 
Map Length = 328.4 cH Map Lenglh = 259.8 cM Map Lenglh = 376.4 sM Map length = 131.2 cM Map Length = 230.3 cM Map Length = 137.9 cM Map Length = 58.7 cM 

TRAP markers = 7 TRAP markers = 10 TRAP markers = 14 TRAP markers = 3 TRAP markers = 9 TRAP markem = 6 TRAP markers = 1 

[Note: The red, blue and green highlighted regions indicate TRAP markers for GR. SOD, and P5CS genes, respectively] 



Table 4.14. Linkage group assignment and distribution of markers and 
length of linkage groups in the Tift 23DzB1Pl-P5 x WSIL-PI based mapping 
population 

Linkage 
I Group 
r 
1 LG1 

LG2 

LQ3 

I 
I 
I LG5 

LG6 

LG7 

Total ~ 

RFLP 
markers 

18 

10 

2 

---- 

TRAP 
I I 1 1 Length (cM) , 

328.4 

254.8 

376.4 

131.2 

230.3 

137.9 

58.7 

1517.7 

markers I markers 

7 

10 

14  

10 

17 

10 

4 

102 

1 3 

2 5  

2 0  

16  

8 

4 

3 

9 

6 

1 

5 2  5 0  
- - 



The lengths of linkage groups 4, 5 and 6 were 131.2 cM, 230.3 cM and 137.9 

cM, respectively. In linkage group 6, all the 6 TRAP markers (3 for GR gene and 

3 for SOD gene) mapped between the RFLP markers M202 and MR7A and so 

appear to provide gap-filling role between thrse two distantly located RFLP 

Linkage group 7 had a total length of only 58.7 cM in this cross and 

was the shortest of all the linkage groups. There wcre 3 RFLP markers and only 

1 TRAP marker in this group. A TRAP marker designcd from the SOD sec~ucncr 

was mapped to the lower end of this linkage group. 

4.5.5 QTL analysis 

4.5.5.1 Phenotypic data analysis 

Sceds of the parents and individual progenies of the FL4  mapping populaticln 

wcre germinated and grown for 10 days on filter paper boats i r ~  l,ala~lc.ed 

nutrient solutions (Hoagland and Arnon, 1938) of pH 6.7, contcuning two 

different concentrations of NaCl (OmM and 150mM) (Plate 17). The germination 

percentage was considerably affected by poor seed quality (due to rain during 

seed maturation) and dormancy of some progenies included in the mapping 

population. However this problem was overcome by replicate experiments. The 

phenotypic data were analyzed for significance of variance using the Residual 

h1,wimum L~kelihood (ReML) algorithm implemented in the Genstat statistical 

software package (Genstat, 1995) and the differences in entry means were 

round significant with respect to all of the observcd traits for both environments 

trsteci (saline and non-saline medium), as  shown in Table 4.15. 

4.5.5.2 QTL mapping 

Combining the marker da ta  set with the phenotypic trmts dataset and the 

linkage maps  p e ~ l i t t e d  evaluation of the ability of the map to detect,QTLs for 

salt stress tolerance. QTL analysis revealed that salt tolerance using 

gemination,  shoot and root lengths a s  !neasurement has potentially valuable 

QTLs associated with the TRAP markers. 

A total of 9 putative QTLs, viz., 2 for Shoot Length at 150mM NaCl (SL-150), 4 

for Relative Shoot Length (Rel-SL), 2 for Root Length at  150mM NaCl (RL-150) 



Plate 17. Screening for salinity Stress related phenotypic traits for some 
randomly selected (Tift 23DzBi-PS x WSIL-PB) F,., mapping progenies in 
two salinity levels (OmM and 150mM NaC1) 

Note: (A-F) Each pair of test tubes contains an F2.4 progeny of the (Tift 
~ ~ D ~ B I - P s  x WSIL-P8)-based mapping population]. 









and 1 for Relative Root Length (Rel-RL) were identified by SIM (Simple Interval 

Mapping) using MapMakerIQTL version l . l b  (Lincoln et al., 1992b) at a LOD 

threshold value of 3 .0  and CIM (Composite Interval Mapping) using PlabQTL 

version 1.2 (Utz and Melchinger, 2003) (Table 4.16). N0.w of the putative QTLs 

detected were common across the traits and stress treatments. No QTLs were 

detectcd for gf,rmination (%) of pearl millet under salt stress. Preliminary QTL 

analysis by CIM using PlabQTL vcrsion 1.2 (Utz and Melchinger, 20031, revealed 

that Shoot Length in 150mM NaCl (SL-150) was associated with a major QTL 

mapping between RFLP marker locus M202 and TR4P marker S2A7.690 at the 

top of LG6 (Table 4.16 and Fig. 4.201, which explained approximately lbL!%, of 

the adjusted phenotypic variance for this trait among the mapping population 

progenies. Similarly, a significnnt QTL for Relative Shoot Length (Rel-SL) was 

detected in this same marker interval, and explained approximately 25%) of the 

adjusted phenotypic variation in the ability to maintain shoot length under 

saline conditions at  levels comparable to control conditions (Table 4.16 and Fig. 

-1.20). This QTL was seen to increase shoot length by 18% and was over- 

dominantly inherited from the salt-tolerant parent. 

Other putatively identified QTLs governing root length and shoot length under 

saline conditions (Table 4.16) werr ~~nreliable due to large gaps in the linkage 

map, probably due to the fact that the TRAP markers were generated for the F, 4 

generation of the mapping popula~ir~n (while the RFLP markers had been 

generated on the F1 generation itsclf). Hence, these QTLs need to be confirmed 

using a proper FL or RIL mapping population and related phenotypic traits in 

later studies. 





Figure 4.20. Promising QTLs for shoot length and relative shoot length 
under saline conditions identified on LG6 of pearl millet 

[Note: SL-150= Shoot Length at 150mM NaCl, Rel-SL= Relative Shoot 
Length at 150mM NaCl compared to the non-saline control] 



DISCUSSION 



CHAPTER 5 

DISCUSSION 

The problem of salinity is increasing worldwide and therefore efforts are being 

made to combat it. One of the strategies to d e d  with salinity is to develop more 

s d t  tolerant crops and this has  increased the naecl to understand the 

mechanisms of salt tolerance. Pearl millet adapts well to diverse environments 

and drought, and is easy to cultivate. Pearl millct grrun has high nutritive value 

for food and feed rations. It is therefore, a promising cereal crop for the arid and 

semi-arid regions. In fact, pearl millet is the only cereal that can be grown in 

some of the hottest and driest regions where rciinfed agriculture is possible in 

India and Africa and so plays a critical role in food security in such areas. I t  is 

the source of food, feed and fuel for the poorest of the poor people living in these 

marginal lands of the arid and semi-arid tropics. However, such areas suffer 

from salinity problems too. Compared to many other cereals, pearl millet has  

rcceived relatively little research attention. Thc development of pearl millet 

varieties or hybrids with improved salt tolerance could benefit the people of 

scmi-arid and arid regions, improving their livelihoods. Genetic variation in the 

cbifects of salinity on germination, growth ,and yield of pearl millet, thus,  

requires critical investigation. 

Molecular-marker based breeding has tremendous potential to identify the 

genes or genomic regions responsible for a particuliir trait of interest. With the 

availability of large numbers of DNA sequences in public databases with 

putative functions, the task of bridging this information with a particular 

phenotype can easily be accomplished using molecular markers. The approach 

of this study was to fpcus on the responses of a set of genetically diverse pearl 

millet inbred lines to salinity in order to assess differences in their salt 

tolerance and to develop molecular markers associated with salinity tolerance 

in this crop. 



5.1 Screening and selection of pearl millet germplasm for salinity 

tolerance 

Salt tolerance is  considered to be a developmentally regulated phenomenon, 

with germination and early seedling grou-th stages usually being the most 

sensitive (Maas et ul., 1083). Tolerance at one stage of plant development does 

not necessarily correlate with the tolerCulce at other devrlopmental stages 

(Shannon, 1985). However, salt tolerance at the germination anci seedling stagc 

examined in solution culture persisted through to the mature plarlt in sorghum 

(Azhar and McNeilly, 10871, hnrlcg (Martinez-Cob c>t al., 1987), maizc (Ashraf 

rind McNeilly, 1989; Maiti et a / . ,  1996), alfalfa (Al-Khatib et al., 1994) and millet 

(Kebebew and McNeilly, 1995). Almost all work on salt tolerance in different 

crop species reported prc\r~ously (Kingsbury and Epstein, 1984; Norlyn and 

Epstein, 1984, Allen et al., 1985, Sayed, 1985, Singh and Rana, 1989, Crarner 

et al., 1991) has  included plant assessment at  seedling growth stages. 

Assessment in solution culture during germination and seedling growth stages 

can provide a rapid, accurate and less expensive method of initial screening of a 

large number of accessions for salt tolerance (Singh and Chatrath, 2001). 

Differences in relative NaCl tolerances of ten seedlings based upon root length 

data clearly showed that such variation exists between and within maize 

accessions examined by Kh'an et a/ .  (2003). 

Effects of salinity are seen to vary during plant development, thus giving way to 

arguments concerning methods about selection criteria for distinguishing 

tolerant and sensitive plarils. Germination percentage, shoot and root lengths, 

seedling survival are gencrdly used as  simple measurements of selection 

criteria and have been successful in sorghum (Azhar and McNeilly, 19891, maize 

(Rao, 1997),  rice (Yeo et al., 1990) and wheat (Prakash and Sastry, 1992; Noori 

and McNeilly, 2000). In the present sA:dy, these same parametefs were used for 

screening a small set of genetically diverse pearl millet inbreds. The effects of 

varying concentrations of NaCl on shoot length, fresh and d n  weights,as well a s  

shoot proline content and accumulatio~l of P and Na+,were reported earlier in 

maize (Ciqek and Cakirlar, 2002), wheat (Almansouri et al., 2001), rice (Lee et 
al., 2003) and barley (Bagci et al., 2003). Boubaker (1996) showed that 



germination and seedling characteristics are also viable criteria for selecting 

salt tolerance in dumm wheat. Hence, to assess exploitable genetic variability in 

pearl millet for salinity tolerance and to detect the sdt-sensitive and salt- 

tolerant lines among a set of 28 pearl millet inbreds, these lines were evaluated 

in uitro for germination and early seedling growth characters under non-saline 

control conditions and three levels of NaC1. 

5.1.1 Morphological parameters 

5.1.1.1 Effect of salt stress on germination 

.&ndysis of variance (ANOVA) (Table 4.1) among the 28 pearl millet inbreds 

revealed significant genotypic differences for germinration percentage. 

Significant salinity level x genotype interaction effects ( R 0 . 0 5 )  were also 

observed for germination, indicating that the differences betwcen genotypes 

depended on the salinity level (and thus that the inbrcds differed in their 

relative salinity tolerance during germination) as  was also observed for barley 

genotypes in a similar study (Othman et nl., 2006). G?rminntion percentage of 

the pearl millet inbreds was strongly affected by salinity lcvels and increased 

salt concentration caused a decrease in final germiliation percentage. These 

rcsuits were in agrecment with Basalah [1991], who found that high levels of 

soil salinity can significantly inhibit seed germination. In general, both 

halophytes (Ungar. 1996) and glycophytes (Varshney and Baijal, 1977) respond 

in a similar manner to increased salinity stress during germination; with both a 

reduction in the percentage of seeds germinating and a delay in the initiation of 

the germination process. Inhibition of seed germination in glycophytes under 

salt stress could be attributed to osmotic stress or lo specific ion toxicity 

[Huang and Redmann, 19951. Moderate stress intensities seemed to delay 

germination while higher stress intensities significantly inhibited the final 

germination percentages of pearl millet similar to the results reported by 

Almansouri et al. (2001) in wheat. 

Even though salt tolerance during germination differs from that at later stages 

of plant development (Ashraf et al., 1997; Mano and Takeda, 1997a), good 

germination under saline conditions is  essential because it is the first stage of 



plant growth. From this Perspective, it is clear that five pearl millet lines (Tift 

23~2B1-Pl-P5,  P301-17Bk, 841B-P3, ICMB 95333 and ICML22) with high 

germination percentages at  higher salt level (150mM NaCl), have advantages 

over the other genotypes that lost their ability to gtrminate at higher salt 

concentrations. However, most pearl millet inbreds considered were found to 

possess a moderate level of tolerance to salinity (i.e. ability to geminate up  to 

75mM NaCl concentration). But, germination of seeds of halophytes is inhibited 

or severely reduced only at or above 250mM NaCl (Malcolm et a!., 2003). Even 

barley, which is considered one of the most salt-tolerant cereals, does not 

survive at  salt concentrat.ions higher than 250mM NaCl (Munns et al., 2002). 

Same of the grain such as sorghum, maize, barley, rice, coupea and wheat ( ~ n d  

legumes such a s  cowpea) are relatively tolerant to salinity during germination, 

but sensitive to salinity at  the seedling and early vegetative growth stages, and 

then again become tolerant as they approach maturity (Akbar and Yabuno, 

1977; Ashraf, 1994). In contrast, durum wheat is less tolerant to salinity at 

gemination than after third-leaf stage (Francois et al., 1986). Selection for salt 

tolerance can also be undertaken where the plant is only sensitive at one 

particular growth stage, a s  in sugar-beet (Bernstein and llayward, 1958). 

5.1.1.2 Effect of salt stress on length, fresh and dry weights of shoots and 

roots 

Our results show that lines of pearl millet tolerant, moderately tolerant and 

sensitive to salinity differed significantly in all of the observed parameters, 

including reduction in shoot lengths, fresh weights and dry weights of shoots 

and roots in response to salinity stress (Fig. 4.2 to 4.7). Relative shoot and root 

length reduction were the traits most ,affected by salinity stress in all lines 

followed by shoot dry weight and then fresh weight. Similarly, sorghum when 

exposed to high levels of NaCl exhibited reduced shoot growth (Bernstein et al., 

1993; deLacerda et al., 2003). Reduction in shoot and root dry weights could 

perhaps be used a s  one of the good parameters to characterize salinity 

tolerance in pearl millet at the seedling stage as opined by Lee et al. (2003) for 

rice. The shoot/root ratios based on lengths of 10-day old pearl millet seedlings 

decreased with increased salinity levels. In rice varieties, a positive correlation 

between the shoot/root ratio and the tolerance to NaCl was iound (Lutts et al., 



199613). According to S-mnnon et al. (1994), under field conditions, the decrease 

in the shoot/root ratio under saline conditions, allows a better use of the soil 

moisture and nutrients. Plant roots are the first organs to become exposed to 

salinity after germination, and root growth is particuldly sensitive to salinity 

(Cramer et al., 1988). In many cases, pearl millet seedling root lengths were 

observed to increase with increased salt concentration [Table 4.31. Root length 

is an  important indication of salt stress tolerance 111 p l a ~ t s  because roots 

providr: contact with the soil =and absorb water and nutrients from it. For this 

reason, root length provides an important clue for the salt stress response. 

In the present study, the relative reduction of shoot length and shoot dry matter 

(shoot dry weight, mg/seedling) at  various salinity levels was less in the most 

tolerant lines thnn in the sensitive lines (Tables 4.6 and 4.7) .  Salinity tolerance 

is measured a s  relative value, this value being more important in assessing 

plant spccics of divcrse origin (Shannon, 1984; Ashrd  and Waheed. 1990). 

Twenty-nine accessions of durum wheat assessed for their ability to sustain 

growth undrr  saline conditions at the seedling stage, which were measured as  

absolute ,and relative values (Noori and McNeilly, 20001, exhibited variation 

similar to that observed in the present studies. 

A genc:ral observation from the screening results is that there was grouping of 

traits under study during germination and rarlv scedling growth in the 

genotypes that match with the categories made (sensitive, moderately tolerant 

and highly tolerant to salt stress) (Table 4.8). These results vaned from that of 

rice (Yeo et al., 1990), where although there was useful varietal v'viation fur 

each of the characters investigated, the desirable characters were scattered 

amongst different genotypes 'and hence, there was no grouping of these salinity 

tolerance traits in a single genotype. 

5.1.2 Biochemical parameters 

Understanding the mechanisms of salt stress tolerance is cxpected to lead to 

more effective means to breed or genetically engineer salt tolerant crops. Salt 

tolerance research also represents an important part of basic plant biology, 

contributing to our understanding of subjects ranging from pene regulation and 



signal transduction to ion transport, osmoregulation and mineral nutrition as  

reviewed by various workers (Munns et al., 2006; Ma et al., 2006; Sairam and 

Tyagi, 2004; Borsani et al., 2003; Munns, 2002; Zhu, 2001a,b, 2002; Grover et 

al., 2001; Yeo, 1998; Smirnoff, 1998; Neumann, 1997'; Gorham et ul., 1985). 

Hence, a study of these aspects may help understand the possible mechanisms 

for salt tolercmce in pearl millet. Furthermore, if the mechanisms of salt 

tolerance at the germination and early seedling stages can be defined, they will 

be extremely valuable in breeding programs that are aimed at improving crop 

plant resistance to salinity. Many plants, such as  extreme halophytes, display 

Nai dependence for optimal growth 'md development and develop specialized 

structures such as  salt glands and bladders to accommodate high salt 

concentrations in tissues (Glenn et al., 1999). Other plants develop wholc plant 

strategies for avoiding stress such as accelerated completion of ontogenv. 

However, these specialized adaptations are laclung in most major crop species. 

Further, the precise impact of osmotic and ionic effects on cell growth, division, 

phytohormone balance, and death in the context of the whole plant are complex 

and require further investigations (Munns, 2001). Therefore, emphasis is placed 

on the molecular genetic mechanisms controlling osrr.otic regulation at the 

cellular level, mainly because the action and regulation of most osmoregulatory 

components was not fully explored in the context of the whole plant. The 

mechanisms examined to investigate salt tolerance in our studies include 

accumulation of proline and ions, and activities of antioxidative enzymes. 

5.1.2.1 Proline accumulation 

One metabolic response to salt stress in a majority of plants is the synthesis of 

compatible osmolytes. They not only act as osmotic balancing agents but also 

protect sub-cellular structures and reduce oxidative damage caused by free 

radicals that are prbduced as  a result of expoSure to high salinity levels '(Hong 

f t  al., 1992; Hare et al., 1998; Kavi Kishor er al., 2005). Osmolytes include 

Sugars, polyols, amino acids like proline and tertiaq and quaternary 

ammonium, and sulphonium compounds such as  glycine betaine (Rhodes and 

Hanson, 1993). The transient accum~~lation cf certain metabolites, such as  

proline, might serve a s  a safety valve to adjust cellular redox state during stress 



(Shen a l . ~  lgg9; Kuznetsov and Shevyakova, 1999; Kavi Kishor et a!,, 2005). 

Some Australian halophytic Melanleuca species are salt tolerant, and this has 

been attributed to their ability to accumulate large quantities of 

osmoprotectants such a s  proline and proline betake ( ~ a d u  2003). Whole 

free proline levels were observed to increase with increasing salinity levels in all 

of the pearl mlllet lines included in this study, irrespective of their tolerance to 

salt. Significantly greater proline accumulation was observed in the tolerant 

lines with increasing salinity levels as compared to the sensitive lines. Perhaps 

this enables the tolerant genotypes to cope with thc salt stre.:. 15b conditions more 

efficiently. Similar increases in proline content was also reported in rice (Kavi 

Kishor, 1988; 1989; Dubey and Rani, 1989), pigeonpea (Rao and Rao, 1981), 

niger (Sarvesh et al., 1996) and many other plants (Delauney and Verma 1993) 

in response to increasing salinity levels. Froline accumulation was also 

significant under salinity stress in salt tolerant cultivars of green gram (Misra el 

al., 2006), and is correlated with salt tolerance of many higher plants (Bray et 

ul., 1991: Perez-Alfocea and Larher, 1995; Lopez et al., 1994: Sarvesh el al., 

1996; Ghoulam et ul., 2002: Girija et al., 2002). Higher proline accumulation is 

related to salt tolerance in the salt-tolerant genotypes, n;ld does not occur as  a 

consequence of tissue dehydration or tissue reaction to stress damage (Misra 

and Gupta, 2005). Accumulation of' free proline is correlated with tissue Na' 

concentration for numerous plant species. This strongly suggests a possible role 

of proline in osmoreg~lation during salt stress (Goas et a / . ,  1982; Levitt 1980). 

Proline is an important osmoprotectant in plants and c m  protect the 

photosythetic machinery against salt induced damage (Sivakumar et al., 

2000). 111 rice roots exposed to salt stress, more accumulation of proline was 

correlated with increasing concentrations of NaCl (Khan et al., 2002) as is also 

noticed in the present study. Proline was shown to protect PEG-induced 

precipkation of some enzymes and prciein complex in uitro [Paleg ale, 1985). 

Proline may act as  an enzyme-stabilizing agent in salt-stressed tissues (Demir 

and ~ ~ ~ ~ ~ ~ l i ~ k ~ ,  2001) or it may stabilize sub-cellulfi StrllCtures and 

scavenge free radicals (Hare et al., 1996). Proline was also shown in vitro to 

reduce enzyme denaturations caused due to hi& temPeratLlrc, NaCl stress, etc. 

(Hamilton and Heckathorn, 2001). NaCl curtailed caboxJ'lase activity of 



~ ~ t . , i ~ c o  and enhanced the OxYgenase activity as was shown by Sivakumar et al. 

7000) ~ u t  salt-stress induced oxygenase activity was suppressed b,, Drofine i- " .  
at a concentration of 50mM NaC1. The above findmgs support the \iew 

that proline plays a role in Protecting photosynthetic activity under 
stress. ~ d d i t i o n d l ~ ,  proline acts as a reserve source of carbon, nitrogen and 

during recovery from stress (Aha et a / . ,  1991; Zhmg et a/ . ,  1997). Among 

various compatible solutes, prolinr is the only molecule that was to 
plants against singlet oxygen and free radical induced damages (Alia ~t 

1997). Since proline Can act as a singlet oqgen quencher (Alia and 

pardhasaradhi, 19931, and as a scavenger of OH. radicals, it is able to stabilize 

proteins, DNA and membranes (Hamilton and Heckathorn, 2001; si,,akurnar et 

a[., 2000: Alia et a[., 1991; Betlinger 'and Lasher, 1987; Fahrendorf et a/ , ,  1995; 

Alia et al., 1997; Floyd and 2 s - N n e ,  1984; Paleg et al., 1984; Rudolph et al. ,  

1986; Anjum et a/. ,  2000; Smirnoff and Cumbes, 1989: Matysik et al., 2002; 

Kavi Kishor et al., 2005). Hydroxy-radical scavenging activity has been 

measured for sorbitol, mannitol, myo-inositol and proline and it was found that 

proline is an effective hydroxy radical scavenger (Alia et ul., 1997; Smimoff and 

Cumbes, 1989). Thus, prolinc is not only an important molecule in redox 

signaling, but also an effective quencher of reactive oxygen species formed 

under salt, metal and dehydration stress conditions in all plants, including 

algae (Alia and Pardhasaradhi, 1991; Kavi Kishor et al., 2005). 

5.1.2.2 Accumulation of Nai, K+ and other ions under salt stress 

Plants depend upon the maintenance of low cytoplasmic Na* and C1 

concentrations and a high K ' / N a 4  ratio under salt stress, because K* 

counteracts the inhibitory effects of N a  and Li*. Most plant cells maintain 

c)*osolic K- concentrations in the range of 100-200 mM and Na- values in the 

low mM range (1- 10 mM) up to ;, maximud of 100 mM (Maathuis &ad 

Amtmann, 1999). In contrast to K t ,  N a a  is not essential for, but facilitates 

volume regulation and growth in most plants. However, at h'gh concentrations, 

Na* limits growth (Blumwald. 2000). In the present studies, sensitive lines 

showed more accumulation of Na4 when compared to K'. .411 the tolerant lines 

recorded K'/Na+ ratio r l  indicating higher accumulation of Kt  than Na'. Less 



accumulation of Na' and more a~cumulation of K+ are also regularly observed in 

salt-tolerant varieties of rice (Vaidianathan et a/., 2003; Sangam, 1995). Lower 

uptake of Na' and comparatir~ely higher accumulation of K' seems to be one of 

the mechanisms of their tolerance to salinity stress especially in the tolerant 

lines. Optimal ~ccumulat ion  of Kt facilitates ion homeostasis which is otherwise 

disturbed under excess Na' concentrations. Bread wheat (Tntimm uesfivum) 

restricts Na* transport to leaf tissues through Na- exclusion and manta ins  high 

selectivity of K* over Na' Fo rham et nl., 1986; C;orhGun, 1993). high K,:Na. 
r h o  in leaves of T. aestivum m d  T. tccusc}lii is nLtrlbutrd the 
enhanced K'/Na+ discrimination character (Gorham et a/., 1 ~ ) 9 0 ;  ~ ; ~ ~ h ~ ~ ,  1993; 

~ v o r a - k  et a[., 1994). Similarly, high K3:Na* ratios in leaves of thr wild HordPum 

species indicate mechanisms for Na* exclusion , ~ d  K+/Na+ in these 

species. However, wild Hordeum species with the exception of H. munnum 

appear to maintain K./Na* selectiv~ty even at high salinity levels ( i . ~ .  450 mM 

NaC1) (Garthwaite et al., 2005). By contrast, the K+/Nal discrimination trait in 

I: aestivurn and T, tauschii is most apparent at  relatively low salinity levels (50 

mM) (Gorham, 1993: Gorham et al., 1997). The maintenance of a high cytosolic 

KV/Na- ratio is sign~ficant for plant gowth during d t  stress (Glenn et al., 

1999). Thc yeast halotolerance gene (HAL11 facilitates K./Na* selectivity and salt 

tolerance of cells. Over expression of HAL1 gene in A. thaliuna resulted in less 

Na. accumulation and promoted salt tolerance (Yang et a/., 2001). Similarly, 

R U ~  et a[. (2001) found that a high affimty K' transporter (AtHKT1) from A. 

rha/iana functions as  a selective Na* transporter and also mediates Kt 

transport. 

To avoid cellular damage and nutrient deficiency, plant cells need to maintain 

adequate K, nutrition and a favourable Kq/Na* ratio in the cytosol (Niu et al., 

1995; Serrano et ul., 1999). Excessive concentrations of Na+ ions at the root 

surface may disrupt plant K- acquisition and nutrition that is vital for the 

maintenance of cell turgor, membrane potential, and the activities of many 

enzymes (Lazof and Bernstein, 1999). Once Na. enters into the cytoplasm, it 

has a strong inhibitory effect on the activity of many enzymes. This inhibition is 

also dependent on K' levels in the cytoplasm: a high Nat/K* ratio is  most 

damaging. Therefore, Na* *reds to be compartmentalized into the vacuole away 



from the enzymes (Flowers et a/. ,  1977). Recent studies identified 

pathways for Na' entry into cells (Zhu, 2000) and vacuoles through vacuolar 

membrane-bound proteins. Cloning of genes that encode Na+/H* antiporters 

(Ohta et a[., 2002) demonstrated the importance of intracellular Na- 

compartmentation during salt stress. Thus. s d t  tolerance requires not only 

exclusion but d S 0  SeqUeStration of Na- ions. Besides, the acquisition of K +  is 

important, whose uptake is severely affectcd by high external Na' concentration 

due to the chemical similarities of the two ions. Therefore, K' transport systems 

involving good selectivity of K '  over Nti- can be considered as an important 

determinant of salt tolerance in higher plants (Rodriguez-Navarro, 2000). 

Tolerant genotypes not only accumulate less Na- but also show minimum 

imbalance in K-, Cali and Mgi. content (Pancley and Srivastava. 1995-97). A 

similar trend was noticed in pearl millet 1inc.s sul?jectcd short-term salt stress 

treatments. The increase in accumulation of Na- <and CI- were comparatively 

higher in the salt-sensitive pearl millet lines, while increase in ecc.umulation of 

K '  and CaJ* were much higher in the moderately tolerant and highly tolerant 

lines than the susceptible lines. It cppears that the increased accumulation of 

C1 in the sensitive lines not only added to the toxic rfGcts in the plant tissue, 

but also the saline-induced changes in mineral nutrient uptake likely 

contributed to the reduction of plant growth in these lines, as was observed in 

Phuseoll~s species by Bayuelo-JimOnez et ui .  (2003), Scveral salt-tolerant wild 

ffordeum species were shown to possess an cxccptional capacity to exclude Na- 

and C1 from their shoots (Garthwaite et ul., 2005). thus indicating a probable 

mechanism for lower increase in accumulat~on of these ions in thc tolerant 

lines of pearl millet than the sensitive lines. Hlgher increase in Ca2- in the 

tolerant lines may be due to its involvement as a second messenger in excluding 

No+ out of the cells via the SOS (salt overlay sensitive) pathway (Zhu, 2003). 

5.2 Antioxidative enzyme activity 

Among the secondary stresses imposed by high salinity, oxidative stress is an 

important constraint for salt tolerance. Many studies have implied that salt 

stress could generate reactive oxygen species (ROS) in plailts (e.g. Burdon et al., 

1996; Shen et al., 1997; Tsugane et al., 1999; Hong et ul., 2000). ROS include 



singlet OxYgen, hydrogen peroxide, hydroxyl radicals, and superoxide anions. 

ROS have damaging effects on cellular structures and macromolecules such 

lipids, enzymes and DNA. Detoxification of these compounds by effective 

enzymatic machinery contributes to alleviation of salt stress. 

It ha s  been demonstrated that salinity.-induced oxidative stress cind lipid 

~eroxidation is frecjuenfly used as  an  indicator of oxidative strcss when p l a ~ ~ t s  

are subjected to salinity 1e.g. in hl~rus albu (Sudhaknr et ( I / . ,  20011, 

Lycopersicon esculeritiim (Mittova et al., 20021, Beta vulguns (BoI. et t r l . ,  20031, 

O y z a  sativa (Vaidyanathan et al., 2003), and Gossypium hirsutum (Meloni et 

ul., 2003)l. TO ovcrcome the oxidative stress, plants make use of complex 

antioxidative machinery. Relatively higher activities of ROS-scavenging enzymes 

have been reportcd in stress-tolerant genotypes when compnred to stress- 

sensitive ones, suggeting that the antioxidativc system plays an important role 

in plant tolerance against environmental stresses. Salt-tolerant genotypes 

generally can protect themselves from salt-induced oxidative stress by 

maintaining higher concentrations of osmolytes, antioxidati\re molecules such 

as  anthocyanins and increased antioxidative enzyme activities (Sreenivasulu et 

al., 2000, Sairam et al., 2002, Bandeoglu et al., 2004, Gossett et al., i994a) 

than the salt-sensitive genotypes. 

5.2.1 Antioxidative enzyme responses under short-term salt stress 

Specific activity of catalase was low in the sensitive lines compared to tolerant 

ones under salt stress conditions. In the tolerant line, the activity ~ncreased by 

12-folds by 72h though it declined later on. Such an increase in the activity of 

CAT was recorded in the tolerant genotypes of Beta maritime (halophyte) and 

the non-halophyte Beta vulgaris (Bor et al., 2003) also. Such comparisons were 

also made between genotypes of rice (Sudhakar. et al., 200 1) and wheat (Sairam 

et al., 2002) differing in salt tolerance. It appears therefore that some genotypes 

utilize catalase a s  an  effective antioxidative enzyme to convert hydrogen 

peroxide that  is  generated during salt stress. 

The native activity of SOD appeared lower in the sensitive line when compared 

to the tolerant lines of pearl millet. This suggests that SOD may function a s  an 



effective ROS scavenger, by converting 0 2  - to H102 as pointed by Alscher et al. 

(2002). The salt sensitive lines showed a gradual hike in SOD with exposure to 

salinity till 72h but declined later on. A similar decrease in the level of SOD 

under salt stress was reported earlier by Santos et a1 (2001) in sunflower. Very 

high SOD activities were reported under salt stress conditions in several salt- 

tolerant species compared to the salt-sensitive ones (Sreenivasulu et a/.,  2000, 

Qossett et a/., 1994a; Acar et al., 2001). Also, the potential role of SOD in the 

protection against salt stress was examined using transgenic rice plants 

(Tanaka et al., 1999). Even though a high SOD activity protects the plants 

against the superoxide radical, it cannot be solely responsible for membrane 

protection against peroxidation because it converts 0) to HLOJ, which is also a 

ROS. This ROS should then be scavenged by other enzymes, such as  catalases 

and peroxidases. 

The native activity of GR was lower in salinity sensitive line when compared to 

the moderately tolerant and tolerant lines. In the sensitive line, the activity of 

glutathione- S-transferase also declined but slightly increased by 72h. Highest 

GST activity was observed in the moderately tolerant line while the increase was 

transient in the tolerant line. Since APX and G K  are key enzymes of the 

ascorbate-glutathione cycle (Noctor and Foyer, 1998), the genes encoding the 

enzymes in this pathway could be a potential source for generating transgenics 

that confer salt stress tolerance. In some spccies salt tolerance was associated 

with an increase in both APX and GR activities (Bor el a/., 2003; Harinasut et 

ul., 2003); only an increase in GR was observed in pearl millet. However, 

discrepancies were also noticed in several species with regard to the activities of 

this enzyme (Jogeswar et al., 2006). These could be related to the complexity of 

this cycle, that have enzymes encoded by multigene families whose products 

are localized in different cell compartments, and are reylated.different1y by 

stress conditions. Functioning of GdH (reduced glutathione) as  an antioxidant 

compound under salt-induced oxidative stress has received much attention 

during the last decade. Our results indicated that the content of GSH was less 

in the susceptible line to the tolerant line. Glutathione metabolizes 

free radicals and also protects the thiol status of proteins (Gilbert et al., 1990). 

Glutathione and ascorbate mostly eldst in the chloroplasts (Mzneguzzo et al., 



1998; Meneguzzo et al., 1999). They also exist out side the chloroplasts and a 

decline in the GSH to GSSH ratio usually reflects the predominant o ~ d a t i o n  of 

the cytosolic antioxidant. The increase in total glutathione content in the line 

863B-P2 may be increased GR activity in this line and illdeed this is reflected in 

the activity. GSH may be synthesized in the shoots and then transported to 

roots since roots are the primary organs that suffer salt stress (Ruegseggrr et 

( I [ . ,  1990). Thus,  GSH appt:ars to be an important signal molecule in diffcrent 

defense responses. Oxidative stress produces hydroql radicals that rue highly 

toxic to the cells. GSTs conjugate OSH with endogenously produced 

electrophiles, which results In their detoxification (Williamson and Beverly. 

1987). The constitutive as  well as  salt induced activities of GST were higher in 

the salt tolerant seedlings under salt stress conditions. This is an indication 

that salt tolerant specics of pearl millet possess effective mechanisms to 

conjugate with GSH and detoxify the electrophiles when exposed to salt stress 

conditions. A central nucleophilic cysteine residue may be responsible for thr 

high reductive potential of GSH due to which i t  scavenges cytotoxic H ~ O ? ,  and 

rcacts non-enzymatically with other ROS a s  pointed by Larson (1988). The 

central role of GSH in the antioxidant defense is due to its ability to regenerate 

another powerful water-soluble antioxidant, ascorbic acid (ascorbate), via the 

ascorbate-glutathione cycle (Foyer and Halliurell, 1976; Foyer, 1993; Noctor and 

Foyer, 1998). Glutathionc rcductase (GR) plays a key role in this cycle during 

oxidative stress by converting the oxidized glutathione GSSG to GSH and 

maintaining a high GSH/GSSO ratio (Alscher, 1989; Fadzilla et al., 1997). 

Higher GSH to GSSG (oxidized form) ratios and GR activities are correlated to 

acclimation or tolerance in plants subjected to oxidative stress imposed by salt 

in cotton and Bruguiera pamiflora (Gossett et al., 1996; Parida et al., 2004a,b). 

lt was previously reported that overexpression of GR in transgenic plants led to 

elevated levels of GSH, increasing t h ~  tolerance to salt and'oxidative stresses 

(Foyer et al., 1991). Roxas ct al. (2000) repoited the alleviation of oxidative 

stress by ~ve r -~xpres s ion  of a tobacco GST in transgenic tobacco seedlings 

under stress. 

While lipid peroxidation was not much in Tift 23D?B,-Pl-P5, WSIL-P8 displayed 

very high levels of MDA under short-term salt stress. An incrdase in MDA levels 



with increasing salt concentration was noticed in the sensitive line ICMB 901 11 

after 7 days salt treatment, while the moderately tolerant and tolerant lines 

recorded decrease in MDA levels with increased NaCl concentrations. Such 

contrasting differences In pearl millet sensitive and tolerant lines indicate that 

they may possess differential mechanisms to combat the stress. H igh~r  lipid 

peroxidation in sensitive cultivars of pea (Hernandez ef al., 1993) and rice 

(Dionisio-Sese and Tobita, 1998) were reportcd earlier: suggesting that the 

elevated levels of the antioxidative enzymes protect plants agciinst the ROS, 

thus  avoiding lipid peroxidation during salt stress in thr to:er,ult cultivars 

(Gossett et al., 1994b; Shalata =and Tal, 1998; Comba et nl.,  1Y98: Shalata et al., 

2001). Lipid peroxidation of membranes of higher plants is an indication of free 

radical-induced oxidative damage under salt stress conditions. This is indicated 

by MDA levels in the tissues. MDA levels provide =an index of oxidative damage 

due to the inadequate response of the antioxidati\fe systems as  evident in 

several other crop species (Sreenivasulu et al., 2000, Mittova et u l . ,  20021. 

5.2.2 Isoenzyme profiles at short term salt stress 

Analysis of isoforms of antioxidative enzymes during salinity acclimation will 

provide important new insights into salt tolerance mechcanisms or processes. 

Superoxide radicals are toxic by-products oi oxidative metnbolism. Thus, the 

dismutation of superoxide radicals into H J O ~  and oxygcn by SOD is an 

important step in protecting the cell. lsoforms of SOD can be divided into three 

classes based on the metals present in active site: CujZn-SOD, Mn-SOD, and 

Fe-SOD (Beyer and Fridovich, 1987). Our results indicate the presence of two 

isoforms of Mn-SOD and one isofonn of Cu/Zn-SOD in pcarl millet on the basis 

of activity levels with in situ staining technique on the gel. The increase in 

exposure to salinity stress led to an  increased intensity of the Mn-SOD2 and 

CujZn-SOD isofonns ih native gels. Ixe et al. (2001) observed two isoforms'of 

Mn-SOD and five isoforms of Cu/Zn-SOD in rice, while Fe-SOD isoform was not 

detected in the activity gels. The difficulty involved in ide itifying Fe-SOD in 

different species of higher plants is related to their low enqmatic activity and 

low expression (Salin and Bridges, 1980; Almansa et al., 1901; Gueta-Dahan et 

a!., 1997). ~ l ~ ~ ,  F ~ - S O D  is usually inactivated by H102 (Alscher et a[., 2002). 



Salt-stress increased the activities of leaf mitochondrial Mn-SOD and 

chloroplastic Cu/Zn-SOD in NaC1-tolerant pea cultivars (Hernandez et al., 

1995) and this has  been also observed in shoot cultures of rice (Fadzilla et al., 

1997). 

Our results showed a strong correlation between salt tolerance and the activity 

of antioxidative enzymes. This suggests that the bdance betwccn the activities 

of HJOJ-producing and H~O~-scavengin,: enzymes play an important role in 

providing a defense mechanism against scilt-induced oxidative damage in plant 

cells. Different responses of antioxidativc systcms to salt stress in different 

pearl millet lines suggest that there is no universal mrchanism illcorporating all 

the antioxidants that lead to ROS detoxification in pearl millet. The genotypes 

studied here differed significantly in initial antioxidant content, trends of 

~ncreasc/decrease in enzyme activity in responsc to short-term salinity stress, 

rind lipid peroxidation resulting from salinity strcss. The results from this study 

may provide base-line information and a system necessary to conduct further 

studies related to the molecular and genetic basis of salinity tolerance in pearl 

rnillet to elucidate the importance of thc relationship between antioxidant 

activity and development of salt tolerance. 

5.3 Protein profiles 

Analysis of the protein profiles of pearl millet on SDS-PAGE revealed that some 

polypeptides (120kDa) were synthesized in response to salt stress in tolerant 

Ilnes (P310-17B, 8418-P3, Tift ~ ~ D , ) R I - P ~ - P ~ ) ,  while synthesis of few existing 

polypeptides (180kDa and 54kDa) increased under short-term salt stress (in 

841B-P3). Similar reports of synthesis of specific proteins under salt stress have 

been reported in other species also (Misra et at., 2006). Increased synthesis of 

polypeptides in cells Adapted to salinity was alsdreported (Singh et al., 1985). 

Bands of polypetides with molecular weights of about 15kDa, 18kDa, 25kDa, 

27kDa and 54kDa were noticed in pearl millet seedlings on exposure to short- 

term salt stress a t  150mM NaCI. The absence of 25kDa protein band in the 

sensitive lines, while its presence in the moderately tolerant and highly tolerant 



lines, indicates its association to salt tolerance. The intensity of 27kDa and 

54kDa bands increased in the SDS-PAGE profile when compared to that the 

sensitive lines across all the treatments. Such salt stress induced proteins (20- 

24kDa) were reported earlier in various plants like barley (Ramagopal, 1987: 

Hurkman and Tmaka,  1987; Hurkman et a/., 1991). A protein of 26kDa in 

Brassica (Jain et a[ . ,  19931, 15kDa and 2BkDa in i c e  shoots (shira ta  and 

Takagishi, 19901, 26kDtl cmd 27kDa in rice cultured cells (Shirata alld 

Takagishi, 19901, 23kDa in germinating seecis of rice (Rani and Reddy, 1994), 

22kDa in Raphanus sattms (Lopez et al., 19941, 26kDa in cit- . us  and tomato 

cells (Ben-Hayyim et ctl., 1989), 18kDa, 19.5kDa, 2lkDa, 26kDa, 34kDa, 

35.5kDa, 37kDa and 58 kDa proteins in cultured tobacco cells (Singh et al.,  

1985) were also recordcd earlier. Synthesis of a 26kDa protein was unique in 

tobacco cells under salt stress. Singh et al. (1987a,b) latter named this protein 

as 'osmotin', because i t  was synthesized and accumulated by cells undergoing 

gradual osmotic adjustment to either salt or dessication stress (Chretein et ul., 

1992; Perez-Alfocea and Luher,  1995). The newly synthesized proteins and also 

proteins that displayecl increased le-rels of activity under salt stress may have 

an adaptive role in osmotic adjustments (osmotic as wel! as  ionic components of 

salt stress) (Shirata and Takagishi, 1990: Singh et al., 1987a,b), thus protecting 

the key cytoplasmic enqmes nrld protein synthesizing apparatus against 

adverse effects of high salt concentrations. The possibility that a variety of 

environmental stresses may lead to the production of one or more common 

proteins suggests a general stress tolerance mechanism for abiotic stress and 

also the possibility that there may be a key set of proteins (Hanington and ~ l m ,  

1988) cannot be ruled out from our findings. The polypeptides identified in the 

present studies were not comparable to those proteins specifically synthesized 

under heat shock in tobacco cell lines (Harrington and Alms 1988). Thus, 

conclusions draw from the s tud ie~  of Ben'-Hayjim et a / .  (19931 thdt salt- 

induced proteins are species-specific and that 110 sil'nilaritics exist among them 

is not consistent with our findings, as  a few of the proteins r-ported in response 

to stress in pearl millet are common (on the basis of molecular weight) with 

those reported from other sources under salt Stress (Sin& Ct al., lgB5; Shirata 

and Takagishi, 1990). 



5.4 Effect of G& and CaCla on salinity stress 

Among the different plant groWh regulators, gibberellic acid (GAo) is capable of 

reversing the salinity-induced stress on hgocotyl elongation (Banyal and Rai 

1983, Smith et a!., 1995). Although the effect of gibbrrellic acid on growth, 

photosynthesis, enzyme activities and productivity wcrt. well studicd (Kavi 

Kishor 'and Mehta, 1987: Smcna  and Pandey, 2001) and its cffcct on salinity 

~llduced inhibition was also found out in various crops (Angrish et a/ . ,  2001: 

Aldesuquy and Ibrahim, 2001), pertinent information with regard to pearl millet 

\\.as not previously available. Similarly, an important determinant for plant salt 

tolerance that is relevant lo Na* and K+ homeostasis is cdciiim. I t  was observed 

that increased Ca2* supply has  a protective effect on plants under NaCl stress. 

Onc possible approach to reduce the effect of salinity on pl:~nt productivity is 

thr  addition of CaL* to the growth medium. Sevcral earlier reports indicated that 

supplemental Ca2- (usually up to at least 5mM) me? alleviate thr  reduced 

growth caused by salinity. A CaJ* signaling pathway regxlates a I<' channel for 

low potassium response in Arabidopsis (Li el ol., 2006). Because H,Oi 

production leads to CaL' changes in plant cells (Pci t3t ~ 1 . .  2000), it is 

conceivable then that Cai+ functions as  a second messenger in plant response 

ro low-Ka stress. 

The effect of Ca2- and GAI in ameliorating salinity stress in two inbred lines of 

pearl millet, ICMB 901 11 (sensitive) and 8418-P3 (tolerant) was investigated in 

the present study. Because the two lines tested have different degrees of salt 

tolerance, one of the primary objectives was to determine how these lines 

responded to the combination of salinity and CaC1, or GA?, or salinity and both 

CaC1, and GA3 with respect to seed germination, early seedling growth and 

proline content. Both CaClr and GA,, were effective in partly ameliorating the 

adverse effectd of salinity stress on gemination and early seed1;lng growth 

measured in terms of length and fresh weights of shoots aild roots, a s  well a s  

on proline accumulation. Likewise, gemination percentage gromh and grain 

yield of wheat decreased with increasing salinity levels, but these effects were 

partially ameliorated by seed treatmet~t with GA3 (Kumar and Singh, 1996; 

Ashraf et al., 2002). In another study, wheat seeds after treatment with various 



growth regulators, showed the highest percent germination when treated with 

20mgL-' GA3 (NaYYar et al.3 1995). Additionally, Huber et al., (1974) found that 

GA? counteracted the effect of NaCl on the in viva activity of carbohydrate 

metabolism in leaves of Pennisetum t!yphoides (a s p o n y m  for p. glaucum), CaJ+ 

alleviated the salt-induced inhibition of root elo~~gation more effectively than 

shoot elongation, especially in the salinity-sensitive pearl millet line ICMB 

901 11, similar to previous reports in wheat (Kinraide, 1999). The reason for this 

is that  salts in the nutrient solution lower the activlty of Cad- (Cramer and 

Lauchli, 1986) and root growth is severely affected. Root elongation of maize 

was not affected by the addition of 80mM KaCl, provided that supplemental 

Cab  (10mM) was given. In thc absence of exogenous Cai*, there was a reduction 

in root growth that  was no1 readily reversed by subsequent supply of Ca.' 

(Cramer et al., 1988). Similarly, even at 150mM NaC1, elongation of sorghum 

roots was reduced by only 2070 if supplemental Ca" was given, but by 80'Xl 

devoid of it (Colmer et al., 1996). The effect of supplemental CaL' on salt- 

stressed roots was also related to the ion activities in the external solution 

(Cramer et ul., 1986; Yermiyahu c t  GI., 1997). Application of Cai' increased the 

salt-induced proline accumulation especially, in the sGt tolerant line of pearl 

millet a s  reported earlier in wheat serdlings also (Sadiqov et al., 2002). A similar 

observation was made with CrA.3. Furthcr, a combination of CaCll and GA? 

considerably increased the proline accumulation in the salinity-sensitive line 

ICMB YO1 11 and increased this almost 6-fold in salinity-tolerant line 841B-P3, 

as compared to their corresponding salinity-stressed controls. The positive 

effect of cab be due to its role in the protection of cell membranes from the 

adverse of (BUS&, 1995) or its role in the signal transducing 

events. 

5 .5 '~eve lo~ment  of molecular markers 

Of the several marker techniques available till date, SSR markers are currently 

the best option available to plant breeders for marker-assisted backcrossing 

Programs, because of their ease of use, co-dominant inheritmce, high levels of 

Polymorphism, and  reasonably even distribution across the nuclear genome. To 

date, about 100 SSR markers are available for use in peml mil!et (e.g., Qi et al., 



2001; Allouis et a[., 2001; Budak et al., 2003; Qi et al., 2004: Senthibel et al., 

2004). However, a much larger number is required for their widespread 

application in plant breeding. Therefore, development of additional novel PCR- 

compatible markers is a valuable objective for the pearl millet research 

community, especially if these markers can be targeted at genomic rcgions 

known to contribute to the control of economically important, genetically 

complex traits such a s  salinity tolerance. In the present investlgatlon, the novel 

TRAP marker approach (Hu and Vick, 2003) was used as  this alloa>s PCR-based 

mapping of genes for which some sequence infoimation is availablt:, at least 

from related species (in this case maize), and generation of  PCR-compatible 

markers that will be "breeder friendly". 

5.5.1 The advantage of TRAP markers 

There are se\'eral advantages of TRAP over other DNA marker techniques, First, 

it combines the favorable features of the RAPD (easy to perform) and the AFLP 

(highly informative) methods. Second, TRAP explores the bioinfomatlcs tools to 

design primers agajnst known sequences of putative genes, while RAPD and 

AFLP are generated by random anonymous sequences Taking advantage of the 

sequence information for candidate genes in designing fixed primers, TRAP was 

expected to generate at lcast modest portion of t rd t  specific markers. It was 

preferred over other marker systems, as  it does not have much of'the inherent 

limitations associated with RAPD, AFLP, RFLP and SSR markers. The RAPD 

marker system is known to have low repeatability due to the unpredicted 

behaviour of the short primers used in PCR reactions. Evcn though AFLP is 

efficient in producing multiple fragments from a single PCR 

reaction, the extensive pre-PCR sample processing makes it laborious and less 

attractive. Expressed sequence tagged (EST) markers are also promising, but 

'our initial attempt to get 'such markcrs using the d'esigned fixed primer pairs' 

(forward and reverse EST primers) designea for the respective ESTs gave 

monomorphic fragments. SSR markers are the most widely I sed marker system 

for plant breeding because they are user friendly, highly ~ o l y m o r ~ h i c  and 

l ~ ~ u s - s ~ ~ ~ i f i ~ ,  However, their use for rapid whole genome mapping is hm1pered 

by the large number of pCR reactions required for generating data for a 



sufficiently large number of marker loci and the often huge initial cost involved 

in SSR development. Finally, all of these PCR-based methods are faster than 

hybridization-based RFLP markers, but the latter is still the standard for 

comparative mapping across more distantly related species. With this back 

drop, this study attempted to develop TRAP makers associated with genomic 

contributing to salinity tolerance and to assess their utility for mapping 

this trait in pearl millet. 

5.5.2 Optimization of TRAP technique for pearl millet 

Fixed primers were designed targeting the GR.  SOD and p 5 c ~  gene families 

pearl millet. PCR conditions were optimized for the fixed primers in comb: $nation 

with a set of 'arbitrary primers. During the initial PCR optimizations, it was 

observed that arbitrary primers could behave lilte RAPD primers to amplify 

I'ragments in conjunction with themselves. Hence, the fixed primer 

concentration in the reaction mixtures was increased thrice to that of the 

~ b i t r a r y  primer to minimize the amplifications primed by arbitrary primer 

alone. Thc initial annealing temperature for the first five cycles was set a t  3S°C. 

The rationale behind using this temperature was that primer annealing to the 

DNA template depends on the matching-level of the two sequences, and 

amplification efficiency is determined by the effectiveness of primer binding to 

thc  tc:mplate DNA. The low initial =annealing temperature ensured the binding of 

a r b i t r w  primer to template sites with even a partial match in the target DNA 

secluence. The annealing temperature was then inc:reased for the subsequent 35  

cycles to 50°C. This temperature change ensured that DNA products amplified 

in the initial five PCR cycles were efficiently and consistently amplified in 

exponential fashion during the remaining PCR cycles. I f  the annealing 

temperature was kept af  35°C for all the cycles then it would have resulted jn 

bands of poor reproducibility (Li and Quiros, 2001). Increasing the initial 

annealing temperature (for the first five cycles) led to higher specificity and 

fewer amplified fragments. This was also observed by Liu et (2005). 

The TRAP-amplified fragments were highly repeatable except for a few weak 

bands in certain combinations, which might have been resolved better, if 



autoradiography or fluorescence-based methods of detection had been used 

instead of silver staining. The number of fragments produced by TRAP primer 

 omb bin at ions in this study was less than reported by Hu and Vick (2003) and 

~ i u  et al. (2005), who used fluorescence-based detection systems. Nevertheless, 

the strong bands  were highly reproducible, easily scorable, and posed no 

~ rob le rns  for scoring on silver-stained PAGE gels. I t  was observed that in some 

mapping population progenies, the strong bands were weaker in intensity than 

expected, but still they were easily scorable. This behaviour might be mainlv 

because the primers got distributed to several other competing loci where 

amplifications were also made, thus  reducing the primer availability at the 

locus chosen for scoring and finally resulting in unexpectedly low PCR prod~~c:t 

band intensity for the txrget due to decreased amplification at that locus. 

5.5.3 TRAP marker analysis 

Among the TRAP primer pairs designed for the three gene sequences (CiR, SOD 

and P5CS), those producing unique bands for both parents (Tift 23D2R1.P1-P5 

and WSIL-P8) were preferred for amplification of DNA from thc mapping 

population progenies, a s  this minimizes the IikelihosJ of mis-scoring tracks 

with low PCR product levels. Further, such unique bands for both parents 

could potentially be convertecl to co-dominant markers, provided they map at  

s m e  place or have very tight linkage between them. Out of 68 polymorphic 

TRAP markers identified, 4 TRAP marker pairs (viz., S2A7.630 and S2A7.610, 

S3A4.530 and S3A4.510, PA15.290 and PA15.280 and PA15.165 and 

PA15.160), appeared to be segregating co-dominantly in the mapping 

population. Each pair is likely to represent co-dominant marker alleles for a 

single locus a s  they map to the same placc and exhibited banding patterns on 

the PAGE gels just  like co-dominant SSR markers (i.e. intense bands when 

present alone in t h t  individual and less interlse bands when both bands are 

present in the individual). However, this can only be confirmed after cloning 

and sequence analysis. Liu et al. (2005) also noticed a few -RAP markers that 

exhibited co-dominant inheritance in wheat. 

Each TRAP PCR reaction gne ra t ed  15-25 potential TRAP marker bands, which 

significantly varied in their intensities, The sizes of most of the amplified 



fragments ranged from 130bp to 1590 bp. A total of 68 polymorphic TRAP 

markers were identified from 11 futed-random primer combination reactions, for 

an average of -6 easily storable polymorphic TRAP markers for each TRAP 

primer pair used.  The polymorphism level detected was low compared to that 

reported by Liu et a]. (2005), and Vick (20031, Alwda et d .  (2003, 2006), 

and A r r o  (20051, who got an average of more than 2-1 polymorphic markers per 

reaction. This might be due to use of a less effective detection system (silver 

staining) in the present study, or could be ~ ~ t t r ~ b u t e d  to ihe low lcvcl of 

available between the parents of this mapping population 

(.ompared to those used by Liu et d .  (2005). However, these results are 

comparable to a parallel study in our lab for developing TRAP markers for 

drought tolerance and stover quality in a well-cha~acterizcd and highly 

polymorphic pearl millet mapping population (Kajnram, 2005). This study and 

that of Rajaram (2005) together are the first time that the silver-staining 

technique is being used for visualization of TRAP mnrkers. Our results 

indicated that  the TRAP markers provide a rapid and powerful technique for 

fingerprinting pearl millet for agronomically importnnt traits like selinity 

tolerance, but  suggest that more sensitive PCR product visualization procedures 

may be needed to more effectively exploit the potential of thls marker system. 

These TRAP markers were analyzed for segregation distortion using a chi- 

square test and 22 and 7 out of the 68 TRAP markers wcrc found segregating 

~iccording to the expected Mendelian ratio of 3: 1 or 1:3, respectively. When the 

TRAP mnrkers were tested for segregation into 1: l  ratio, 19 TRAP markers were 

found segregating with no significant distortion. The segregation of these 

nine1et.n TRAP markers into 1: 1 ratio instead of the Mendelian 3: 1 ratio may be 

attributable to the fact that the mapping population size was quite low in this 

case (only 97 genotypes) and the number of leaf samples collected for DNA 

extraction per genotype was also less (25-30). 4 larger population consisting of 

about 200-500 progenies, has  been considered better for DNA marker studies 

and linkage analysis (Young, 2001; Beavis, 1994). 



5.5.4 Construction of linkage map 

In this investigation, we used TRAP and RFLP marker data to generate a genetic 

linkage map in an F J ~  mapping population suitable for salinity to lerace  QTL 

detection. Our goal was to exploit the advantages of TRAP markers with the 

  remise that they could be useti to generate m abundance of mnrker loci 

scattered throughout the genome and for this the previo~tsly generated RFLF 

markers ( L ~ u  d a/, 1994a.b) were used to assign TRAP m a k e r s  to specific 

linkage groups and draw comparisons with previously publishrd pearl millet 

marker-based genetic linkage maps. This s t ra te0  pi-ovcd efficient and led to the 

construction of a map containing 102 (52 RFLP and 50 TRAP) loci in a short 

time. Of 64 TRAP markers (4 marker pairs reduced to single ro-dominant loci]. 

50 were mapped into the framework linkage map along with 54 RFLP markers, 

which were generated previously for the (Tift 1?3D,,Bl-PI-P5 x WSIL-Pa]-based 

pearl millet mapping population (Liu et (11.. 1994a,b). The linkage analysis of the 

new TRAP markers in combination with previously mapped RFLP markers, 

helped to assign the newly developed TRAP markers into specific linkage groups 

so that they can be placed on the pearl millet consensus map. A s  TRAP markers 

are dominant in nature,  the use oi cu-dominant markers in mapping analysis 

helps to minimize the discrepancies cxpectecl to arise due to dominant markers 

c..ulsting in coupling and repulsion linkage phase in the FA mapping population. 

The TRAP markers generated in this study were distributed across all seven 

linkage groups of pearl millet 17. 10. 14, 3, 9, 6 and 1 TRAP marker(s) 

respectively, in LG1, LG2, LG3, L04, LG5, LG6 and LC171 and the total map 

Icngth was 1517.7cM [Kosambi units). Each linkage group had at least one 

TRAP marker and hence it appears that this marker system has sufficient 

potential to cover the whole genomc and fill gaps in the RFLP- and SSR-based 

p c ~ l  rhillet linkage map, a s  previbllsly observed in wheat (Ll'u et al., 2005). The 

TRAP protocol not only efficiently produced markers in target regions of our 

interest a s  in the cases described above, but they might Lave also produced 

markers mapping to other regions. There could pe three reasons for this: one is 

that other loci might be a member of homologous gene families to which the 

targeted candidate gene belongs and hence might have a complementary 



sequence to tha t  of the f ~ e d  primer used. The second reason is presumably due 

to the low (35°C) initial annealing temperature used in the TRAP PCR protocol, 

which allows low annealing specificity and the subsequent amplification of large 

number of fragments. However, increase in annealing temperature to 50°C for 

35 cycles, after the initial 5 PCR cycles at 35"C, reduces the potential ior non- 

specific amplification. The third reason is that the random primer may amplify 

In conjunction with itself (Liu et ul., 2005), effectively behaving like a long- 

primer RAPD marker. However, the third reason could be ruled out in o u r  

studies a s  the arbitrary-arbitrary primer combination could hardly ,amplify any 

fragments within the size range of 150-2000 bp. This is one of the two first 

on the construction of linkage maps in pearl millet using TRAP markers. 

TRAP markers are very efficient for rapidly generating a lnrgc number of 

scattered across the genome, which allow fragmented linkage groups 

to be joined and many larger marker ~ntervals to be filled. 

5.5.4.1 Comparison with previously published maps 

It is difficult to make extensive comparisons of marker orders between our  map 

and previously published maps because the majority of our markers were 

generated by the TRAP protocol based on primer sequences developed for the 

SOD, GR and PSCS gene sequences, which were not previously been used to 

construct pearl millet gcnetic maps. However, previously published RFLP-based 

gcnetic linkage map of perul millet constructed by Liu et al. (1Y94b) and 

uodated by Devos ef ul. (20001, Yadav ct 01. (2002, 20041, Brccsc et ul. (20021, 

and Qi et al. (2006).  allowed u s  to draw some comparisons with RFLP locl on 

our map. Of the  RFLPs that we used for mapping, 52 were found common with 

those on the map  presented by Liu el 01. (1994b). Most of them detected loci on 

linkage groups similar to those reported by Liu el al. (1994a,b) and the order of 

common markers along our mbps agreed well with the previous maps. 

Therefore, we assume that our linkage group assignments are correct. However, 

it would be  necessary to assess these TR4P markers on a linkage mapping 

population having better anchored marker saturation on the linkage groups 

(especially LG3 a d  LG7) before these TRAP markers can confidently be 

assigned to pearl millet genome. 



Hence, we believe that TRAPS markers are very efficient compared to other 

marker systems. First, the TRAP technique generates a reasonably large 

number of markers Per PCR reaction, comparable to the AFLP technique. 

second, the TRAP technique does not require extensive pre-PCR processing of 

templates, a s  does the AFLP technique. Instead, total genomic DNA is used a s  

template, thereby making TRAP markers as  user-fr~endly as  SSR markers, but 

much more efficient in terms of the number of segregating marker bands 

generated per PCR reaction. Although therr is some uncertainty as  t o  the 

nature of TRAP-amplified fragments, we found tlint TRAP markers are highly 

and more cost-effective for filling groups than SSR markers because 

more loci could be assigned with a single PCR reaction (Liu et al., 

2005). 

5.5.5 QTL analysis 

Therc is considerable evidence to support the view that s d t  tolerance and  its 

sub-traits are determined by multiple QTLs ant1 that both additive and 

dominance effects are important in the inheritance of mnny of the traits 

associated with salt tolerance (Fooland, 2004; Flo~vcrs. 2004; Gregorio et al., 

2002). Genetic analysis in Arahidopsis by crossing the most salt-tolerant 

ciccessions with tht: most salt-sensitive ones suggested that the salt tolerance 

during germination was under polygenic control (Quesada t.1 ol., 2002). 

5.5.5.1 Phenotypic data analysis 

F? populations are commonly utilized in initial assessment of the inheritcame of 

tlhcnotqpic traits in crops. Unlike a DH or RIL population, individual progenies 

in the segregating F population are expected to be heterozygous at 50'8, of their 

loci, and F individuals derived by selfing a single FL individual are expected to 

differ in their genetic background at  these loci. Due to non-availability of F2 

plants (the F, plants having been RFLP genotypcd in the early 1990s and 

advanced by two generations of selfing wthout  selection to produce F ~ ~ - s e l f  

bulks to produce seed samples for use in downy mildew resistance screens), in 

our investigation, small samples from F2.r progenies were used for phenotypic 

analysis, and DNA extracted from the same individuals pruvlded the material 



for TRAP marker genotypic analysis and construction of the genetic map. such 

an early generation mapping population, segregating for the gemination- and 

early seedling growth-related traits, was identified that was based on the cross 

between salt-tolerant line Tift ~ ~ D J B I - P I - P ~  and salt-sensitive WSlL-P8. 

phenotypes of the FJ 4 progenies were determined by measuring the germination 

~e rcen tage ,  and  shoot and root lengths of small samples of 10-day old seedlings 

under saline and non-saline environments. A similar phenotypic assessment of. 

a salinity tolerance mapping population was reportcd in wheat for F r  and F,> ,, 

populations assessed for low N a  uptake trait and salt tolerance (Munns et ul.. 

2002). Analysis of variance (ANOVA) revealed significant differences between the 

(Tift 23D,Bi-Pl-P5 WSIL-P8)-based pearl millet F,q mapping population 

progenies for seed germination percentage, and lengths of shoots and roots. 

Significant salinity level x genotype interaction effects (P<0.05\ were observed 

also for seed germination indicating that the progenies differed in their salinity 

tolerance during germination. 

5.5.5.2 QTL mapping 

Combining the  marker data set with the phenotypic data set and the linkage 

maps permitted evaluation of thc ability of the map to detect QTLs for salt 

stress tolerance. We tested the utility of our map for detecting QTLs associated 

with agronomically important t r a t s  using germination, shoot and root lengths 

in saline and non-saline media, as  examples. QTL analysis revealed that salt 

tolerance for seed germination, as  well as  for shoot and root lengths of 10-day 

old seedings a s  measurements, has potentially valuable QTLs associated with 

TRAP markers based on sequences of genes for enzymes with antioxidant 

activity. 

Preliminary QTL analysis by CIM (Composite I n t e n d  Mapping) using RlabQTL 

version 1.2 (Utz and Melchinger, 20031, retealed a putstive major QTL for 

relative shoot length (Rel-SL) that was flanked by TRAP ~ a r k e r  S2A7.630 on 

LG6. This QTL locus had an LOD score of 5.18 and explained 24.7% of the total 

adjusted phenotypic variance (26.8%) for the mapping population progeny 

of shoot length under saline conditions to that in the non-saline control 

treatment. Results indicate that the favourable allele for thls QTL increased 



relative shoot length under stress conditions by 18cv0 and was inherited 

recessively from the salt-tolerant parent, Tift ~ ~ D ~ B , - P ~ . P S ,  ~ ~ ~ t h ~ ~  significant 

QTL, for shoot length itself of 10-day old seedlings groun in the 1 5 0 ~ ~  N ~ C ~  

treatment (SL-lSO), was detected on LG6 and was flanked by this TRAP marker, 

This second UTL had an LOD of 3.52 and accounted for 15.6U/r, of the total 

adjusted ~ h v n o t y ~ i c  variance for this trait. The favourable allele for this QTL 

was also inherited recessively from the salt-tolerant parent, These two Q T L ~ ,  

which likely represent a common single gene, appear to overlap ;it TRAP marker 

S2A7.630, so thls chromosomal region appears likely to bc involved in the 

control of salt tolerance of shoot length in young pecvl millet seedlings. Genetic 

analysis uf salt tolerance in pearl millet suggests that the effect of these two 

QTLs (RelLSL and SL-150) is large enough to be detected in saline 

environments. Several additional QTL candidates governing root and shoot 

lengths under saline conditions were detected and are reported as  preliminary 

QTLs associated with salinity tolerance in pearl millet. Most of these QTLs have 

small effects and  are therefore less likely to be reliable. Thc smaller the effect of 

QTLs, the more difficult for it is for them to be detected (Icearsey and Farquhar, 

1998). Hence, these loci need to be confirmed usiti: a proper RIL mapping 

population based on cross (Tift 23D2R1-P1-PS x WSIL-P8), which could be 

assessed for other related phenotypic traits in future studies. Analysis of the 

genetic control of salt tolerance were performed in several crops, including 

wheat (Dubcovsky et al., 1996; Semikhodskii et al., 1997; Munns et a/., 2002), 

hxley  (Ellis e: al., 1997; Mano and Takeda, 19971, and most extensively in rice 

(Lec et ul., 2006: Flowers et al., 2000; Prasad et ul., 2000; Koyamo et al., 2001; 

Lin et a[. ,  1998, 2004: Gong et a/. ,  1999), the present work probably being the 

first report of salt tolerance in pearl millet. Interestingly, QTL analysis of plant 

responses to salt stress has  often revealed relatively small numbers of major 

QTLs (Ye0 and Flowers, 1990; Zhang st af. ,  1995; Gong e ta / . ,  19991,' 

Physiological traits associated with salt tolerance in rice were complex and 

controlled by a few major QTLs. QTLs for salinity tolerance associated 

morphological traits like germination percentage, root length, etc., have been 

mapped in rice ( h a s a d  et al., 2000), but there were no QTLs identified for shoot 

length in tha t  study. In anticipation of its significant cont.ribution, the pair of 



QTLS identified on linkage group 6 in our studies may contain a major gene 

that contributes to salt stress tolerance during the early seedling stage of 

growth in pearl millet. However, this needs to be confirmed by conducting field 

trials in saline soils for two or three seasons to test if the QTLs confer tolerance 

that is stable across seasons (and growth stages). Chromosome substitution at  

these loci ran be done during the course of fine-mapping and marker-assisted 

backcrossing of this region of linkage grrlup 6 from Tift 23D,B,-PI-P5 into the 

backpound of disease resistant, salinity-sens~tive lines such as  WSlL- 

pg and lCMB 901 11 to produce more agronomically desirable salt tolerant 

hybrid parental lines. 

Although there are no previous reports for QTLs identified in F L 4  populations, 

QTL analyses for rice salt tolerance were reported using RILs, DM lines and F L  

progenies (Lee el al., 2006; Gong el al., 1999: Koyma et ul., 2001; Lin et a/., 

1998; 2004; Zhang et al., 1995). In the present study, we identified two new 

QTLs related to the salt tolerance of seedling shoot growth of pearl millet. Zhang 

ct al. (1995) and  Gong el al. (1.999) detected QTLs for salt tolerance on rice 

chromosomes 1 and 7, respectively, and Lin et al. (1993) also derected a QTL on 

chromosome 5 with a small effect on the length of survival of seedlings under 

saline conditions. Koyarna et al. (2001) idcmtified ten QTLs for five shoot traits 

rclatcd to salt tolerance in ricc, such as Na' uptake (one QTL) and K uptake 

(two QTLs), Na* concentration (two QTLsl and K' concentration (two QTLs), and 

Na.:K4 ratio (two QTLs). Lin el al. (2004) dctoc~ed five QTLs for four traits 

associated with salt tolerance in rice roots, m d  thrcc QTLs for three traits in 

shoots, bu t  these QTLs did not occupy the same map locations. 

The comparative genetic mapping between pearl millet and rice (Devos et al., 

2000) revealed that  linkage group 6 of pearl millet (2n=2x=,l4; C=2.4pg) is  

largely homologous to foxtail mi;!et (2n=2x= 18; C=0.45pg) chromosome V and 

rice (2n=2x=24; C=0.4pg) chromosome 1. A major QTL region for dornestication 

traits on foxtad millet chromosome V was found orthologous to regions of rice 

chromosome 1, pearl millet linkage group 6, and maize chromosomes 3 and 8, 

all of which c a n y  genes controlling shattering ability (Paterson et al., 1995; 

Poncet et al., 2002). Interestingly, QTLS for major traits concerned with salt 



tolerance have been frequently detected on rice chromosome 1 (Gong et al., 

1999; Koyama et a1.r 2001; Lin et a[., 2004), while the two QTLs identified for 

salt tolerance in pearl millet from our studies lie on homologous linkage group 

6 .  However, it is difficult to make detailed comparisons, because, for the most 

part, different sets of DNA markers were used in these studies and this portion 

of the pearl millet linkage map is poorly saturated with marker loci. None-the- 

less, this information might be useful in bwiding future research to compare the 

g,enetic regions conferring salt tolerance across these two spcc:ies, provlrled that 

enough loci can be detected using common markers. Further. In order to 

compare the map locations of QTLs determined by independent stucilc.~, it will 

be necessary to integrate several independent linkage maps of IINA markers 

into one map. 

From our studies, we hoped to identify new sources of sdillity tolerance: among 

elite breeding materials nnd to identify the first QTLs for salt tolerat~ce in pcarl 

millet. These QTLs for detected as  a result of genetic recombination in a cross 

between a salinity-tolerant line and a salinity-sensitive line. The detection of 

two QTLs (that may in fact represent a single gene 7 f  relatively large cffect) 

associated with salt tolerance provides important information k)r R future 

functional analysis of pearl millet salt tolerance, because they were ~clentified in 

an F, ., mapping population derived from two parents with differential responses 

to salinity. The molecular markers that are nearest to these QTLs (M202 and 

S2A7.630) may also be useful for M A S  in an applied pearl millet breeding 

program aimed at  developing parental lines of hybrid cultiiars with high levels 

of salt tolerance. In addition, the salt-tolerant lines identified may be used a s  

donor parents for breeding salt tolerant pearl millet. Thus, the application of 

QTL mapping for salt tolerance may greatly facilitate improvement of salt 

tolerance in pearl millet. 

Finally, it is concluded that the TRAP technique is a relatively high-throughput 

?CR-based marker system, which offers a potentially inexpensive means for 

Preliminary evaluation of candidate genes during development of near-perfect 

selectable markers for species with limited sequence information such as  pearl 

millet. The development of a TRAP-marker based genetic liqkage map of pearl 



millet also allowed the partitioning of the quantitative variation of salt stress 

effects associated with defined chromosomal locations. In s u m m q ,  modern 

molecular techniques offer new approaches to improving salt tolerance of crops; 

identifying physiological traits that are components of salt tolerance and genetic 

regions associated associated with these. Thus they provide tools for tmproving 

our understanding of the mechanisms of salinity tolcrancc. By comparing 

different genes 'and genetic combinations, researchers --especially breeders - 

further be able to advance the field more quickly and cievclop salt-tolrrant 

germplasm much more cfficicntl>~ than has here- to-for been possible.. 



SUMMARY AND CONCLUSIONS 



CHAPTER 6 

SUMMARY AND CONCLUSIONS 

Salt stress adversely affects crop procl~~ctivity. Crop plcmts take up salts from 

irrigation water, and from soil m:-ld(, saline by evaporation of irrigation water. 

Because water Use efficiency is often higher in salt tolerant plants than in salt 

susceptible plants, improving salt tolcrnnce in food crops co~lld have a major 

impact on agriculture by allowing cult~vetion with lower :mounts and lesser 

c~udi ty  of water. By reducing the water uptake of roots, salts causc ionic, 

osmotic and nutrient stresses. Cellular responses to these stresses, and 

subsequent secondary stresses, such as oxiclk~tive stress, add to the complexity 

r:f the salt tolerance trait. At thc physiological level, salt tolerant plants exhibit a 

wide range of mechanisms that include exclusion, compartmcntdization and 

secretion of salts. Although accumulation of Na- and C1 aid osmotic and water 

adjustment of cells, they increasr the risk of long-tcrm ion toxicity, if 

not compartmentalized appropriately, exported, or secreted. Osmotic 

;ici~ustment h a s  also been identified as  a major trait of interest and is 

associated with the whole plant responsc to salt strcss. Hence, an 

understanding of how tolerant crop species gradually adapt to salt stress 

should enable the development of additional salt tolerance traits. 

Pew1 millet [Pennisetum ylaucum ( L . )  R. Br.j is one of the v e n  few crop species 

that show moderate levels of salt toier~nce and is a diploid cereal belonging to 

Pouceue family. It is one of the two most uidely cultivatcd drought-tolerant C4 

cercals grown under rainfed and dry-land conditions in drought-prone regions 

of the tropics and  subtropics. Pearl millet is especially important as  a staple 

food grain, and sourde of feed and fodder foi livestock, in the magilia1 

agricultural production environments of Africa and South Asia that are home to 

hundreds of millions of the world's poorest crop-livestock producers. Besides 

soil infertility and drought, salinity is the most important abiotic constraint to 

production of this crop, and is a major contributor to the illstability of its grain 

and fodder yields, This species can thus be a good model to understand salinity 



and related osmotic stress tolerance mechanisms. Initial phenotypic 

assessment of salinity t ~ k r a n c e  in pearl millet can provide useful data to 

identify tolerant lines that can then be used in identification of the mechanisms 

Conferring their salinity tolerance. 

Molecular markers are a promising tool to help us  understand the genetic 

cclntrol of salt tolerance as  well as  to follow the introduction of ~ m p o r t m t  

genomic regions for tolerance into susceptible genolyl~es by markrr ass~sted 

selection (MAS). The expression of salt stress indilcecl gc,ries is an essentiid part 

of tolerance mechanisms, but for many genes with salt stress-responsive 

expression, no ciirect function in tolerance was clearly demt~nstrated. 

consequently, mapping the location of such candidate genes near or within 

QTLs involved in tolerance and adaptation to saline c:onclitions could give some 

illformation on their role. QTL mapping and subsequent marker-assisted 

backcrossing to improve s d t  tolerance of pearl millet cultivars is a promising 

~ s p c c t  for the crop improvement in future for this 'orphan' crop with a dearth of 

m,arkers. 

Taking cognizance of this background information, the present work had been 

tal<en up with the following objectives: 

* To screen a set  of genetically diverse pearl millet inbred lines for their 

salinity tolerance levels. 

* To assess possible mechanisms of salinity tolerance in pearl millet. 

* To measure the antioxidant enzyme activity responses to salinity 

stress in salt-tolerant and -sensitive lines of pearl millet. 

' * To develop TRAP [t;rget Region Amplified ~ o l ~ m o r ~ h i s m )  markers for' 

salinity tolerance in pearl millet. 

* TO check the validity of molecular markers identified in the course of 

the study. 



* To identify QTLs for salinity tolerance in mapping populations of pearl 

millet. 

The aim of this study was to assess opportunities for   sing existing pearl millet 

mapping populations (Hash and Witcornbe. 1994; Hash et ul., 2001) and other 

millet genetic stocks available at lCRlSAT to map TRAP (Target Rrgion 

Amplified Polymorphism) markers for genomic regions contrlbuting to salinity 

stress tolerance. The TRAP markers thus developed and mapped may finti ust> 

in genome characterization, tagging drsirable genes, and high--throughput 

mapping of pearl millet populations. 

6.1 Screening for salinity stress and possible mechanisms of salt tolerance 

in pearl millet 

Screening for salt-tolerant pearl millet germplasm is important to determine 

whether there is a genetic basis for c~bserved variation in response to  salinity 

stress that can be exploited for selection and breeding purposes. Although field 

screening for salt tolerance has the advantage of testing germplasm under 

natural conditions, it is less efficient and more expensive t h m  screening under 

controlled conditions. In the prcscnt study, pearl millet inbred lines were 

screened for salt stress tolerance in soil-free in vitro environment to reduce the 

complexity of genotype x environmcnt interactions. Salinity stress tolerance 

during germination and early srttdling growth, which is critical to crop 

establishment in saline soil conditions was emphasized. 

For this purpose, a series of experiments were conducted in which seeds of 

28 pearl millet inbred lines obtained from the International Crops 

Research Institute for the Semi-And Tropics (ICRISAT), Hyderabad, India 

were tested for s,att stress tolerance across,salinity levels ranging from 50 

mM to 200 mM NaC1. The hignest threshold level of NaCl concentration for 

germination of pearl millet lines was found to be 150 mM. 

Preliminary screening for salinity tolerance in pearl millet was carried out 

by germinating the seeds of 28 different pearl millet inbred lines on filter- 

paper boats in a balanced nutrient solutions (Hoagland and Amon, 1938) 



of pH 6.7 at  20C, containing four different concentrations of NaCl (0 mM, 

75 mM, 100 mM, and 150 mM). They were grown for 10 days to monitor 

morphological and ~ h ~ s i o l o @ c a l  changes in reponse to salinity. We were 

successful in characterizing these lines with regard to their response to 

salt stress. 

Based on their differential ability to maintGn high gemination lcvels kit~d 

seedling growth at 75 mM, 100 mM, and 150 mM NaC1, seven of the pearl 

millet inbrecl lines were categorized as sensitive (ICMB 901 11. PKLT 1/89. 

33, P1449-2-PI, Tift 238D1-P152, 81B-Ph, WSIL-P8 and ICMP 85410-P7), 

fifteen a s  moderately tolerant, and five as highly tolerant (Tift 23DlB1 P1- 

P5, ICMB 84 1 -P3, P3 10- 17-Bk, ICML 22, and lCMB 95333) .  

At higher salinity levels (100 mM A 150 mM NaCl), the differences between 

germination, shoot length and shoot dry weight between tolerant and 

susceptible lines were highly significant. 

The relative reduction oi shoot lcngth 'and shoot dry matter (shoot dry 

weight, mglseedling) at various salinity levels compared to the non-saline 

control treatment was less in the most tolerant lines than in the more 

sensitive lines. 

To validate thc results obtained, a statistical analysis of the data set was 

done using the GenStat software package. High operational heritabilities 

(ratio of variance attributable to the 28 inbred line seed samples to the 

total variance observed for a particular character) were found in the 

analyses of the various observer characters, indicating that the observed 

differences between these 28 genotypes were statistically significant. 

A genotype x environment Interaction malysis was also carried out to 

assess whether there was significant interaction between the pearl millet 

genotypes and the salt stressed environments for all the parametcrs under 

study. Significant interactions would suggest that genetic differences in 

salinity tolerance exist among the 28 pearl millet inbred lines included in 

this study. ANOVA revealed that despite large effects :~f both genotype and 



environment, genotype environment interactions were highly significant 
for all observed traits, indicating that the inbred line seed lots differed in 

their salinity tolerance during germination and early seedling growth. 

Large differences were detected between members of several pex l  millet 

mapping population Parental pairs, indicating that their previously 

skeleton-mapped pearl millet mapping pop~~lation progeny sets can be 

used to map genomic regions contributing to salinity tolcrnnce during 

germinahon and early seedling growth. 

whole plant free proline levels werc: see1.i to increase with increasing 

salinity levels in all the pearl millet lines irrespective of their tolerance 

status; however, there was higher accumulation of prolinc in the tolerant 

lines. Accumulation of proline to a higher degree under salinity stress is 

indicative of the fact that proline acts a s  a cytoplasmic osmoticurn and 

perhaps protects the proteins against dcnaturalion. 

Because salt stress affects both water relations and ionic balance in 

plants, the pattern of Na, and I(. acc~imulation in whole plants were 

compared in each line. The Na* content incrcasecl in all the lines 

immediately after the onset of stress: however. pearl millet lines differed in 

their amount of Na+ and K- accumulation. 

Pearl millet lines showed a general increase of Na- content with salt stress. 

However, tolerant lines with K . / N a -  ratio .I, showed comparatively higher 

accumulation of K' than Na.. which indicates that K. accumulation is one 

of the possible reasons for their tolerance to salinity. 

Increasing magnitude of salt exposure led to an increasesin the content of 

Na*, K * ,  Gal* and C1 ions in pearl millet lines subjected to short-term salt 
stress. However, the increase in accumulation of {a, and C1 were 

comparatively higher in the salt-sensitive lines, while acrease in 

accumulation of K +  and CaL* were much higher in the ~noderately tolerant 

and highly tolerant lines than the salt-sensitive lines 



.r. ~ u a l i t a t i v e  and quantitative analysis was canied out for some of the 
antioxidative enzymes such a s  superoxide dismutase (SOD), glutathione S- 

transferase (GST), glutathione reductase (GR), catalase (CAT) and reduced 

glutathione content (GSH) for short term salt stress in three representative 

lines of pearl millet exhibiting differential responses to salt stress. Results 

indicated that  the salt-sensitive, moderately tolermint and highly tolerant 

inbreds showecl differcmces in their mechanisms of salt stress tolrrancc,. 

The mechanism of NaCl stress tolcrmce in seedlings of sensitive linr ICMB 

901 1 1  appeared to bc due to increased levels of SOD whereas in Xh3B-P2 

and  8418-P3,  elevated levels of CAT. SOD, GR. GST and glutathiow wrre 

observed in reponse to salt stress. Besides, an extra isoform of Mn-SOD 

was also detected that showed differential expression patterns in thc salt- 

sensitive and salt-tolerant lines. 

Exposure to increasing conccntrntions of NaCl for 7 days. also had 

differential effects on thr  antioxidant enzymes, GSH and lipid peroxidation 

across the three representative lines of pearl millet. Higher lipid 

peroxidation levels were obscrved with a n  increase in salinity In the 

sensitive line ICMB 90 11  1 than in the more tolerant lines 863B-P2 tlnd 

841B-P3. Thus  it is < , ~ i d c ~ i t  that the tolernnt lines possess defense 

mechanisms to combat thr  effects of lipid peroxidation at higher salinity 

levels. 

'3 In a similar experiment, in two pnrental lines of pearl millet with extreme 

responses to salt stress. Tift 23DrB1rP!-P5 (salt-tolerant) and WSIL-P8 

(salt-sensitive), it was observed that the activities of the antioxidative 

enzymes showed completely different behaviour for SOD, GR, GST and 

glutathione, but hardly any difference in CAT. Lipid peroxidation levels 

were higher showing an adverse effect of salt stress in the sensitive line 

WSIL-P8, but the tolerant line was not much affected. The isozyme 

patterns for SOD also showed diffeient responses m these two lines, 

especially for Mn-SOD 1.  



.:* comparative studies for antioxidant enzymes during short-term salt 
treatments suggest that salt-tolerant and salt-sensitive inbreds of pearl 

millet possess differential oxidative components of both enzymatic and 

non-enzymatic machinery for scavenging reactive oxygen species generated 

a s  a result of exposure to salt stress. 

Variations in lipid peroxidation under snlt strrssed conditions, a s  

measured by MDA content, inaicated that thr  salt-tolerant 1itlc.s were 

effective in detoxifying electrophilic and cytotoxic lipid peroxidation 

products. 

*:+ Protein profiles of salt-tolerant and salt-sensitive sretilings in SDS-PAGE 

gels following short-term salt-stress showed differences with increasing 

salinity. Up-regulation of few polypeptides (lROkDa, 120kDa. 54kDa, 

27kDa, 18kDa, 15kDa) was noticed in p ole rant llnes but not in salt- 

sensitive inbred lines. Additionally, the absence of a 25kDa protein band 

in the sensibve lines, while its presence in the moderately tolerant and 

highly tolerant lines, indicated its association to salinity rolerance. 

f. Exogenous application of CaCli and GA? alleviated the adverse effects of 

salt stress on the growth of two inbred lines, ICMB 901 1 l(sa1t-sensitive) 

and 8418-P3 (salt.tolerant). In presence of CaCll and G A  individually and 

together, the salt sensitive line (ICMB 9011 11 not only germinated and 

grew well, but also accumulated a significantly greater quantity of proline 

compared to the non-saline control. Proline content in the tolerant line 

also increased with exogenous application of CaCli and GA.3. 

6.2 Development of molecular markers associated with salt tolerance in 

Pearl millet 

Marker-assisted selection for quantitative traits, especiall~ with trait-specific 

make r s ,  is  receiving growing attention of plant breeders. The novel TRAP 

marker system h a s  the potential to provide PCR-based m u k r r s  for target 

sequence-related gene families, detecting a large number of loci from a single 

reaction, unlike the SSR (s~mple  sequence repeats) marker trchnique, for which 



,rimers we expensive and time-consuming to develop, and then detect only a 

few loci Per reaction In the present study, TRAP m&ers 
developed using 

pairs of fixed ~ f i m e r s  Ifor genes of ~1 -p~~ l ine -5 -ea rboxy , a t e  synthetase /pSCSI 

and two enqmes  (glutathione reductase and supcroridc 
d i smuta~e ) ]  and arbitrilri primers to detect PCR prodrlct Ifn@h po]ymoiphism 

anl0llg pairs of pearl mapping Population parents that express differential 
sensitivity to salinity during germinatio,~ and early seedling grou.th, 

t. Novel markers were dc~clopcd using pairs of arbitrary prlrrlcrs and 

fixed primers for genes of PSCS, C;H and SOD amollg pairs of pc:-lrl millct 

mapping population parents Tift 23D1Bi-p1-ps and WSIL-p8, &1,ich 

express differential sensitivity to salinity during gemination and earlv 

seedling growth. The designed TRAP primer pairs (fixed + xbitrarg; primer 

combinations) were scrceneti for their ability to detect polymorphism 

between the mapping population parents using silver-stained PAGE gels of 

their PCR products. Eleven TRAP PCR reactions that employed fixed EST- 

based primers in combination with a r b i t r q  primers generated 68 easily 

scorable polymorphic bands. 

O Of 68 TRAP marker polymorphisms detected using 11 combinations of 

fixed and arbitrary primers. 50 TRAP markers could be mapped onto an 

existing RFLP-based skclcton linkage map (with a total of 122 markers) of 

the [Tift 23DlB,-PI-P5 (tolerant to salinlty stress) r WSIL-P8 (sensitive to 

salinity stress)]-based F.!.; pearl millet mapping population. Linkage map 

construction was carried out employing MAPMAKERIEXP v3.0 with the 

LOD threshold value kept at 3.0 and linkage distances (in CM units) 

calculated using the Kosambi function. 

* Analyses df variance for ph-notypic data sets for the mapping population 

progeny F2,4 self bulks were performed using the residual manmum 

likelihood algorithm (ReML), which provides b ~ s t  linear unbiased 

predictions (BLUP3) of performance of the g e n o t ~ e s  The BLUPS of the 

(Tift 2 3 ~ , ~ , - p l  -p5 WSIL-pg/-based F> I mapping population, dong with 



their genotypic data from 122 marker loci, were used for Qumtitative Trait 

Loci (QTL) analyses. 

QTL nnalysis revealed TRAP markers generated werr associated with 

variation in salinity tolerance of germination a d  early scctdling growth. 

Significant associations between traits and DNA-based markers indicatcd 

the linkage map positions of putative QTLs for thc observcd traits, which 

are regions of the genome where genes contrc~lling componrnts of salt 

tolerance are located. 

Composite interval mapping JCIM) using PLABQTL version 1 .  I detected two 

~ r o m i s i n g  QTLs on pearl millet linkage group 6 thc+t arc. nssoclated with 

shoot icngth under sdinc conditions in pearl millet. Shoot 1t:nah at 150 

mM NaCl (SL-150) was associated with a major CJTL Ilenking the TRAP 

markor S2A7.630 on LG6.  This QTL explained 15.6'h3 of thc totd ndjusted 

phenotypic variance for shoot length in seedlings growing in 150 mM NaC1. 

Another significant QTL for Rel-SL flanking this same 'TRAP marker was 

d s o  detected and accounted for 24.7%" of the total adj~~stecl phenotypic 

variance for relative shoot length. 

Thus,  the TRAP marker technique not only successf~llly gcncrated trait- 

specific miirkers. but also pro~lded an efficient and robust method for 

augmcnting genetic linkage maps in pearl millet. It offers potentially an 

inexpensive means for preliminary evaluation of candidate genes during 

development of ncar-perfect selectable markers for species like pearl millet 

with limited sequence information. The maps gener-ated from these studies 

will be ~ ~ s e f u l  for identification of QTLs associated with other agronomically 

important traits (including downy mildew resistance and panicle length) 

'that are segregating in this' ;?opulation. 
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Appendix 11 
Composition of Solutions and Reagents 

Composition of Hoagland solution (Hoagland (k Amon, 1938) 

A. Macronutrients 

Ca(NOlji 4H10 

MgS04 7H20 

KNO ; 

NH, H.PO+ 

Iron rhrlatc scqucstrate(/FeSOji 

B. Micronutrients 

H ; BO, 

MnSt), H 2 0  

CuSO, 5HJO 

ZnSC I 7Hi0 

(NH.j),,LIO 41120 

Fi.t SO, (c.onc.) 

Adtl 0. I ml of micronutrients after mal i~ng u p  the  macronutrients solution to 1 

litrr- ~ 7 t h  ciistill~~d u.ater Adlilst pH of thc solution to 6.7 at  20°C. 

CTAB (Cetyl Trimethyl Ammonium Bromide) (2 %) buffer 

CTAB O g 

I M Tr15 200 ml 

5 hl h,rCI 280 ml 

0 5 M EDTA 40 ml 

NadSO3 2 .5 g 

Dlitilled u,ltrl 460 ml 

Acld m~r~, ip toc . th~lnol  (0 I "1,) freih \~h l l c  uslng CTAF (2 ' U) iolut~on 

Rnase (10 mg/ ml) 

Dlssolvc. Rnasr in wntC3r, place In a tube m R boiling water bath for 10 minutes. 

Allow t h ~ s  to cool on ,I bcnch and store at -20 "C. 



Chloroform: isoamyl alcohol (24: 1) 

Chloroform 240 ml 

lsoamyl alcohol 10 ml 

Store in dark at room temperature. Make u p  and dispenses the solution in a 

fumcci cupboard. 

Ethanol (70 %) 

Absolute alcohol 70 ml 

D~stilled water 30 mi 

NaCl(5 M) 

L)~ssolve 292.2 g NaCl in 750 ml water. Make up to I Ilter with water, filter and 

autoclave. 

Phenol/ Chloroform 

MLY cqual volume of thr buffered phrn~) l  nnd rhioroform: isoanyl alcohol ( 2 4 : l ) .  

Store a1 4°C. 

Sodium acetate (2.5 M, pH 5.2) 

D1ssol1;r 340.2 F, sodium aretate in 500 m! watcr. Atijust pH to 5.2 with glclcial 

at.etlc. acid and make volumc u p  to 1 llter and autoclave. 

Tris HC1 (IM, pH 8.0) 

Dissolve 121. I g Tris in 800 ml of watrr  Xd~llsl pH :o 8.0 with cone. HC1 make 

volume LIP to I liter and :iutoclave. 

EDTA (0.5 m, Ph 8.0) 

D1ssoli.e 186.1 g Nal EDTA.LM)O 111 80C) ml water. Adjust pH to 8.0 with 

Sodium hydroxidt pellr,ts. ' lakr u p  volume ro I liter and autoclave. 

TLOEI buffer 

1 M Tns HCI pH 8 .0  10 rnl 

1 M EDTA pH 8 . 0  1 nl 

And make u p  to 1 liter with sterile distilled water. 





10 % (WIV) Ammonium Per Sulphate 

Ammonium per Sulphate I g 

Water (deionised distilled) 10 ml 

Make fresh stock every week and store at 4°C 

TEMED (N, N, N', N'-tetramethylethylenediamine) 

Reacly mad?, store hetwecn 10 and 30°C (check label flask) 

Loading buffer for non-denaturing PAGE (5X) 

50 mM EDTA (1 mi of 0 .5  M EDTA, pH 8.0) 

50 mM KaCl (100 pl of 5 M NaCl] 

50";. (I,/\ .)  glyct,ro! (5 rnl) 

M;.ike u p  to 9 ml w-ith sterilized deloniszd water. Add I0 mg fast orcmge G dye 

and adjust the volume to 10 ml. I f  you are using hri~rnophcnol blue ant1 cyan01 

then lcss is rec~uireti 

Binding silane 

0 .15  ml Rind sll:ult. 

(1.5 ml Acrtlc' Acid 

'10.35 ml Ethmol 

Mix the ~ngredicnts and storc at 4°C 

100 base pairs ladder (50nglml) 

100 t ~ p  1;idtlrr (stock colic.. 1 !ig/jll] 50 111 

Rluc ( h S  tiyr) 165 111 

1' (,El hutTrr 785 ill 

Repel silane 

Rt,aciv mntic, storc at 4°C 

Reagents used for the Silver staining for PAGE : 

0 .1  % (w/v) CTAB 

2 gram CTAB In 2 lltrrs of d~sulled delonlsed water 



1 M NaOH (freshly prepared) 

0.3 % liquid Ammonia 

Wear fac.e mask when hnndling ammonia, should preferably be done in fume 

c ~ ~ p b o a r d  

Silver nitrate solution (freshly prcpxecl) 

2 gram silver nitratc 

8 ml 1 M  NaOH 

0-8 ml 25'";) ,ammonia. 

Dissolve the silver nitrate and Kc-iOH into 2 liters of ci~s~illcd cleionised water. 

l'itratr with ammonia (on a shaker) until the solutlon becomes clear; add a 

f~~r th t : r  1 ml of ammonia solut~on. 

Sodium Carbonate solution (freshly prepared) 

Note that the Sodium Carbonatt. should not be older that1 12 months) 

Dissolvr 30 g sodium carbonate 111 2 liters of dis:,llrd deionlsed water. Add 0 .4  

ml formaldeh~dt.. 

Glycerol solution 

30 ml (ilycerol into 2 htrrs clist~llc~ti cioionisccl water 

Concentrated NaOH solution 

40  gr,lm into I liter ol u'iter 























ERRATA 

The following are the corrections incorporated or the justifications 

given for the suggestions made by external examiners: 

1. The names  of au thors  arc I :-:-11-ranget1 on the ptiges 1 4 ,  15, 17, 21. 25, 

08. and  34 accord~ni:  to c:l?ronolrig~r,~I order. 

2 .  Tnhic: 4.') could not fit Into :i slnalr, p .~gc  ~f the p a t s  4. B. C nrr mc.i.gcri 

~ n t o  n single table. The part.: A .  H .  C rcprcsent the vgilucs of s c n s ~ t i ~ r , ,  

mocl[:rately rolerant and highly to1cr:mt lines on ;I aingle pagc III por t ra t  

fornlat for ;i i.omparaIi\c purposc 01' these 1inc.s ; ~ t  a glance. Therefore, 

thc T a t ~ l r  4.9 1s rtt;lined a s  l r  IS .  

:i. The significanre of 111c:rease 111 prolint, (.ontent 111 all t h c  11ncs [~ncludlng 

s;rlt-tirlcranl lines) was resteti s tat is~~cidly.  The standard c n o r s  ‘inti the 

\ , \ i i~cs  of s ign~f ican ic  are given In p a r e r ~ ~ h r s e s  and k~otnotch. 

4 Thc forrr~at of  Ta t~ l?  4 I0 c o ~ ~ l c l  not be moc1ifit.d or rctypr:d into a slngle 

p;igr "1 any way for comparlscln of ions tiue to space l lm~tat lr~ns.  Further, 

the i c j r 1  ilpt:*c in c.ac.11 ]in? for N i l . .  )i . C'*I ' .  ancl Cl reltlt~ve Lo each other 

t,ei.omcz rlt,:lr in each suh-p;lrt ol T;+l,lt. 4.10. represent~ng Ion contcnt in 

<,;,(.h l l r l i . .  Hr.nc.c~, ihls t:it11c is n i ~ i  mot1i:irci. 
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