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R es u m e n  

L as pl a nt as s o n l a pri n ci p al f u e nt e d e  mi cr o n utri e nt es  p ar a h u m a n os . L o s f ol at os 
( vit a mi n a B 9) y l os a mi n o á ci d os es e n ci al es, c o m o l a m eti o ni n a, est á n pr es e nt es e n ni v el es 
li mit a d os e n l as pl a nt as. A d e m ás, l os f ol at os y l a m eti o ni n a i nt er a ct ú a n e n el m et a b oli s m o d e 
u n c ar b o n o ( 1 C), p or l o t a nt o, est as m ol é c ul as ti e n e n u n r ol cl a v e e n el cr e ci mi e nt o y 
d es arr oll o d e l as pl a nt as. Ar a bi d o psis t h ali a n a  ti e n e tr es is o e n zi m as d e m eti o ni n a si nt as a 
( A T M S 1, A T M S 2 y A T M S 3), e n zi m as r es p o ns a bl es d e l a sí nt esis d e m eti o ni n a. A T M S 1 y 
A T M S 2 est á n l o c ali z a d a s e n cit os ol y A T M S 3 e n pl ásti d os. E l pr es e nt e tr a b aj o t u v o c o m o 
o bj eti v o  c o m pr e n d er el r ol d e c a d a is o e n zi m a e n el f e n oti p o vis u al d e cr e ci mi e nt o y el 
c o nt e ni d o d e m et a b olit os  e n o c h o m ut a nt es d e T -D N A d e A.t h ali a n a . S e r e ali z ó u n a s el e c ci ó n 
d e m ut a nt es d e T -D N A p ar a aisl ar pl a nt as h o m o ci g ot as  y h et er o ci g ot as  p ar a c a d a is of or m a . 
S u bs e c u e nt e m e nt e s e r e ali z ó u n est u di o f e n otí pi c o i n vit r o, s e c os e c h ar o n l as pl a nt as, y 
fi n al m e nt e, s e c u a ntifi c ó  el p erfil d e a mi n o á ci d os  p or H P L C -fl u or es c e n ci a y f ol at os  p or 
H P L C -el e ctr o q uí mi c o . I nt er es a nt e m e nt e s ól o s e i d e ntifi c ar o n pl a nt as h o m o ci g ot as p ar a 
A T M S 2 y A T M S 3 , i n di c a n d o q u e l as lí n e as m ut a nt es h o m o ci g ot as d e A T M S 1 s o n l et al es  
d e bi d o a q u e  s ól o s e e n c o ntr ar o n  pl a nt as h et e r o ci g ot as. Dif er e n ci as si g nifi c ati v as f u er o n 
e n c o ntr a d as e n g er mi n a ci ó n , p es o d e pl á nt ul as, d e s arr oll o d e l a pl a nt a, t a m a ñ o d e c otil e d ó n 
y d e  r aí z, y p es o d e s e mill as  d e l as lí n e as m u t a nt es c o n r es p e ct o a l as pl a nt as c o ntr ol. 
T a m bi é n, el p erfi l d e a mi n o á cid os s e vi o dif er e n ci al m e nt e af e ct a d o e n a mi n o á ci d os d e l as 
f a mili as d e sí nt esis d e as p art at o, gl ut a m at o, y a mi n o á ci d os ar o m áti c os. 5 -C H 3 -T H F f u e el 
pri n ci p al ti p o d e f ol at o c ar a ct eri z a d o e n t o d as l as pl a nt as d e  Ar a bi d o psis , el c u al m ostr ó 
dif e r e n ci as si g ni fi c ati v as c o n i n cr e m e nt os d e h ast a 4 6 %  e n l os c o nt e ni d os d e  l as lí n e as 
m ut a nt es d e A T M S 3  c o n r es p e ct o a l as pl a nt as c o ntr ol. A d e m ás , r es ult a d os pr eli mi n ar es 
i n di c a n c a m bi os e n el p erfil d e p oli gl ut a mil a ci ó n d e 5 -C H 3 -T H F e n l as pl a nt as m ut a nt es  e n 
l as c u al es s e e n c o ntr ó  q u e a c u m ul a n m a y orit ari a m e nt e d e 6 a 9 r esi d u os d e gl ut a m at o a 
dif er e n ci a d e l as pl a nt as c o ntr ol  q u e a c u m ul a pri n ci p al m e nt e 1 r esi d u o d e gl ut a m at o . Est os 
r es ult a d os sir v e n c o m o l o s pri m er os p as os p ar a u n est u di o d e g e n ó mi c a f u n ci o n al y c o n d u c e n 
a u n i nt er es a nt e tr a b aj o f ut ur o d e as p e ct os d e f u n ci o n ali d a d a ú n d es c o n o ci d os  d e l as 
is o e n zi m as d e m eti o ni n a si nt as a e n pl a nt as. 
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A bstr a ct  
Pl a nts ar e t h e m ai n  s o ur c e of mi cr o n utri e nts f or h u m a ns. F ol at es  ( Vit a mi n B 9) a n d 

ess e nti al a mi n o a ci ds, s u c h as m et hi o ni n e, ar e pr es e nt i n li mit e d l e v els i n pl a nts. F urt h er m or e, 
f ol at es a n d m et hi o ni n e i nt er a ct i n o n e c ar b o n m et a b olis m ( 1 C), t h er ef or e, t h es e m ol e c ul es 
h a v e a  k e y r ol e i n pl a nt gr o wt h a n d d e v el o p m e nt. Ar a bi d o psis t h ali a n a  h as t hr e e m et hi o ni n e 
s y nt h as e is o e n z y m es ( A T M S 1, A T M S 2 a n d A T M S 3), e n z y m es t h at ar e r es p o nsi bl e f or 
m et hi o ni n e bi os y nt h esis. A T M S 1 a n d A T M S 2 ar e l o c ali z e d i n c yt os ol a n d A T M S 3 i n 
pl asti ds. T h e r ef or e, t h e o bj e cti v e of t h e pr es e nt w or k w as  t o u n d erst a n d t h e r ol e of e a c h 
is o e n z y m e i n t h e vis u al gr o wt h p h e n ot y p e a n d m et a b olit e c o nt e nt i n ei g ht A. t h ali a n a  T -
D N A m ut a nts. A s el e cti o n of T -D N A m ut a nts w as p erf or m e d t o is ol at e h o m o z y g o us a n d 
h et er o z y g o us pl a nts  f or e a c h is o e n z y m e. S u bs e q u e ntl y, a n i n vit r o p h e n ot y pi c st u d y w as 
p erf or m e d, t h e pl a nts w er e h ar v est e d, a n d fi n all y, t h e a mi n o a ci d  c o nt e nt w as c h ar a ct eri z e d 
b y fl u or es c e n c e -H P L C  a n d f ol at e pr ofil e w as c h ar a ct eri z e d  b y el e ctr o c h e mi c al -H P L C . 
I nt er esti n gl y, o nl y h o m o z y g o us pl a nts f or A T M S 2 a n d A T M S 3 w er e i d e ntifi e d, i n di c ati n g 
t h at t h e h o mo z y g o us m ut a nt li n es of A T M S 1 c o ul d b e l et h al b e c a us e o nl y h et er o z y g o us 
pl a nts w er e f o u n d. Si g n ifi c a nt diff er e n c es w er e f o u n d i n g er mi n ati o n, s e e dli n g w ei g ht, pl a nt 
d e v el o p m e nt, c ot yl e d o n a n d r o ot si z e, a n d s e e d w ei g ht of t h e m ut a nt li n es i n c o m p aris o n t o 
c o ntr ol pl a nts. Als o, t h e a mi n o a ci d pr ofil e w as diff er e nti all y aff e ct e d i n a mi n o a ci ds fr o m 
t he as p art at e, gl ut a m at e, a n d ar o m ati c bi os y nt h eti c f a mili es. 5-C H 3 -T H F w as t h e m ai n t y p e 
of f ol at e c h ar a ct eri z e d i n all Ar a bi d o psis  pl a nts, w hi c h s h o w e d si g nifi c a nt diff er e n c es wit h 
i n cr e as es of u p t o 4 6 % i n A T M S 3 m ut a nt li n es wit h r es p e ct t o c o ntr ol pl a nts. F urt h er m or e, 
pr eli mi n ar y r es ult s i n di c at e c h a n g es i n t h e p ol y gl ut a m yl ati o n pr ofil e of 5 -C H 3 -T H F i n  
m ut a nt li n es i n w hi c h it w as f o u n d t h at t h e y a c c u m ul at e m ostl y fr o m 6 t o 9 gl ut a m at e r esi d u es 
u nli k e t h e c o ntr ol pl a nts  t h at a c c u m ul at es 1 gl ut a m at e r esi d u e . T h es e r es ult s s er v e as t h e first 
st e ps f or a f u n cti o n al g e n o mi c st u d y a n d l e a d t o i nt er esti n g f ut ur e w or k o n still u n k n o w n 
as p e cts of f u n cti o n alit y of m et hi o n i n e s y nt h as e is o e n z y m es i n pl a nts. 
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1. I ntr o d u cti o n 
M et hi o ni n e is a n ess e nti al a mi n o a ci d i n all or g a nis m s, it s pr o d u cti o n d e p e n ds o n t h e 

e n z y m e M et hi o ni n e s y nt h as e  ( M S), w hi c h t a k es h o m o c yst ei n e as a s u bstr at e a n d us es 5 -

m et h yl -t etr a h y dr of ol at e ( 5-C H 3 -T H F)  as a d o n or of a m et h yl gr o u p t o f or m m et hi o ni n e. 

T h er e ar e t hr e e is of or ms of m et hi o ni n e s y n t h as e i n Ar a bi d o psis t h ali a n a , t w o ar e l o c at e d i n 

t h e c yt os ol ( A T M S 1; At 5 g 1 7 9 2 0 a n d A T M S 2; At 3 g 0 3 7 8 0), a n d a n ot h er i n c hl or o pl asts 

(A T M S 3; At 5 g 2 0 9 8 0) ( R a v a n el et al ., 2 0 0 4). T h e A T M S 1 a n d A T M S 2 is of or ms ar e 

i n v ol v e d i n t h e r e g e n er ati o n of m et hi o ni n e fr o m h o m o c yst ei n e, w hil e t h e A T M S 3 is of or m is 

r es p o nsi bl e f or d e n o v o  s y nt h esis of m et hi o ni n e i n pl a nt c ell s ( St é p h a n e R a v a n el et al., 2 0 0 4). 

O n  t h e ot h er h a n d, t h e m et hi o ni n e s y nt h as e e n z y m e p arti ci p at es i n a st e p c o m pr o mis e d b y 

t h e m et a b oli c p at h w a y of et h yl e n e bi os y nt h esis a n d o n e c ar b o n m et a b oli s m  ( 1 C) (B a ur & 

Y a n g, 1 9 7 2; G ar cí a -S ali n as, R a m os -P arr a, & d e l a G ar z a, 2 0 1 6  ). 

O n e -c ar b o n m et a b oli s m i s a n i m p ort a nt m et a b oli c pr o c ess i n v ol v e d  i n c ell ul ar f u n cti o ns 

a n d d e v el o p m e nt as w ell as gl y ci n e -s eri n e i nt er c o n v ersi o n, p uri n es ;  t h y mi d yl at e m et hi o ni n e 

a n d  et h yl e n e bi os y nt h esis, et c;  w hi c h ar e ess e nti al m ol e c ul es f or lif e ( Gar cí a -S ali n as, 

R a m os -P arr a, & d e l a G ar z a, 2 0 1 6; R a m os -P arr a, Urr e a -L ó p e z, & Dí a z d e l a G ar z a, 2 0 1 3) . 

Et h yl e n e a n d m et hi o ni n e bi os y nt h esis m et a b oli c  p at h w a ys r e q uir e t h e p arti ci p ati o n of 

c o m p o u n ds k n o w n as f ol at es. F ol at es, als o k n o w n as t etr a h y dr of ol at es  ( T H F) a n d t h eir 

d eri v ati v es , ar e a f a mil y of e n z y m ati c c o-f a ct ors t h at p arti ci p at e i n i m p ort a nt m et a b oli c 

r e a cti o ns ( Cri d er, Y a n g, B err y, & B ail e y, 2 0 1 2) . 

F ol at e d efi ci e n c y is ass o ci at e d wit h a b n or m aliti es i n t h e m e t a b olis m of 1 C, w hi c h c a us es 

c hr o ni c dis e as es a n d t h e d e v el o p m e nt of dis or d ers, s u c h as a uti s m, Al z h ei m er's dis e as e, 

s e nil e d e m e nti a a n d n e ur al t u b e d ef e cts ( F o x & St o v er, 2 0 0 8; S ai ni, Nil e, & K e u m, 2 0 1 6). 

B e c a us e of t hi s, a di et ri c h i n f ol at es is hi g hl y r e c o m m e n d e d f or pr e g n a nt w o m e n, i n or d er 

t o pr e v e nt di s eas e a n d i m pr o v e t h e pr o p er d e v el o p m e nt of t h e f et us.  

T h e m ai n s o ur c e of f ol at es i n d e v el o p e d c o u ntri es is f oli c a ci d, t h e s y nt h eti c f or m of 

f ol at es, alt h o u g h t h er e ar e p ossi bl e a d v ers e eff e cts ass o ci at e d wit h t h eir  c o ns u m pti o n , f or 

e x a m pl e , f oli c a ci d c a n m as k ris k s y m pt o m s f or pr ost at e c a n c er a n d vit a mi n d efi ci e n ci es B 1 2 

( H a ns o n & Gr e g or y III, 2 0 1 1). F or t hi s r e as o n, t h e b est w a y t o c o m b at f ol at e d efi ci e n ci es b y 
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pr e v e nti n g si d e eff e cts t o h e alt h is b y i n cr e asi n g t h e c o ns u m pti o n of fr uit s a n d v e g et a bl es 

ri c h i n t hi s vit a mi n ( M a h ar aj, Pr as a d, D e vi, & G o p al a n, 2 0 1 5). 

T h e m ai n f o c us of t hi s r es e ar c h w or k w as  to i n v esti g at e t h e r el ati o ns hi p of t h e dis a bli n g 

( k n o c k o ut) of t h e t hr e e is of or ms of m et hi o ni n e s y nt h as e i n Ar a bi d o psis t h ali a n a , wit h 

o bs er v a bl e p h e n ot y pi c eff e c ts a n d m et a b oli c p h e n ot y p es ass o ci at e d wit h a mi n o a ci ds a n d 

f ol at es bi os y nt h esis p at h w a ys . F or t hi s p ur p os e, t h e st u d y of i ns erti o n al m ut a nts ( K n o c k o ut 

m e di at e d b y T -D N A i ns erti o n)  f or A T M S 1, A T M S 2 a n d A T M S 3  is of or ms w er e  c arri e d o ut 

t o ass ess t h e i m p a ct o n t h eir m et a b olis m a n d d e v el o p m e nt. 

1. 1  J ustifi c ati o n  

M et hi o ni n e s y nt h as e is a k e y e n z y m e f or t h e d e v el o p m e nt of pl a nts a n d pr o k ar y ot es, 

si n c e it is t h e o nl y w a y f or d e n o v o  m et hi o ni n e  s y nt h esis ( R a v a n el  et al ., 2 0 0 4) , u nli k e  pl a nts, 

a ni m al c ell s c a n n ot s y nt h esi z e m et hi o ni n e , t h er ef or e, it s h o ul d b e a c q uir e it t hr o u g h f o o d  

( H a ns o n & Gr e g or y III, 2 0 1 1). M et hi o ni n e is a n a mi n o a ci d pr es e nt a n d i n dis p e ns a bl e f or 

pr ot ei n s y nt h esis, i n a d diti o n t o b ei n g i n v ol v e d i n o n e c ar b o n m et a b olis m ( 1 C ) a n d i n 

i m p ort a nt bi ol o gi c al pr o c ess es s u c h as m et h yl ati o n, r es p o nsi bl e f or g e n eti c r e g ul ati o n i n t h e 

c ell  ( G o n z ál e z & V er a, 20 1 9; Li e b er m a n, K u nis hi, M a ps o n, & W ar d al e, 1 9 6 5; St é p h a n e 

R a v a n el, G a ki èr e, J o b, & D o u c e, 1 9 9 8; S a ut er, M off att, S a e c h a o, H ell, & Wirt z, 2 0 1 3; Y a n 

et al ., 2 0 1 9). T h e pr o c ess es of a d diti o n of 1 C u nit s ar e of vit al i m p ort a n c e i n t h e s y n t h esis of 

n u m er o us m et a b olit es s u c h as t h y mi d yl at e, s eri n e, gl y ci n e, p uri n e ri n gs, 5 -m et h yl -

t etr a h y dr of ol at e, a n d s -a d e n os yl m et hi o ni n e  ( S A M) ( F o x & St o v er, 2 0 0 8; J a bri n, R a v a n el , 

G a m b o n n et, D o u c e, & R é b eill é, 2 0 0 3) . T h er e ar e t hr e e k n o w n  is o e n z y m es of m et hi o ni n e 

s y nt h as e w hi c h ar e A T M S 1, A T M S 2, a n d A T M S 3 ( Ra v a n el et al., 2 0 0 4) . T h er ef or e, t o k n o w 

w h at i m p a ct e a c h is of or m i n t h e pl a nt a n d t h e i m p ort a n c e of t h eir l o c ali z ati o n i n t h e gr o wi n g 

p h e n ot y p e h as , i n t hi s w or k, A. t h ali a n a  i ns erti o n m ut a nt li n es w er e s el e ct e d, a n al y z e d , a n d 

c o m p ar e d wit h t h e wil d v ari et y. T his is p art of a n a p pr o a c h of  t h e cl a ssi c str at e g y of 

f u n cti o n al g e n o mi cs, i n w hi c h b y eli mi n ati n g a n is o e n z y m e, it will b e k n o w n w h at i m p a ct it 

h as gl o b all y o n t h e pl a nt. T his w or k is g oi n g t o pr o vi d e  b asi c k n o wl e d g e of vit al i m p ort a n c e 

t o f ut ur e r es e ar c h w or k t o u nr a v el t h e f u n cti o n al d esti n ati o ns of e a c h is o e n z y m e a n d t h eir 

r el ati o ns hi p i n pl a nt d e v el o p m e nt . 
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T his  k n o wl e d g e  will gi v e us i nf or m ati o n a b o ut  a gri c ult ur al i m p ort a n c e a n d will als o 

e v e nt u all y l a y t h e f o u n d ati o ns of k n o wl e d g e t o b e a bl e t o us e m et a b oli c e n gi n e eri n g t o ol s t o 

d esi g n m or e n utriti o us f o o ds t h at c a n i m p a ct h u m a n n utriti o n w orl d wi d e  

1. 2  H y p ot h esis  

T h e l a c k of o n e m et hi o ni n e s y nt h as e  is of orms c o ul d alt er Ar a bi d o psis t h ali a n a  at s e v er al 

l e v els, i n cl u di n g p h e n ot y pi c, m et a b oli c a n d pl a nt d e v el o p m e nt . 

1. 3 O bj e cti v es  

1. 3. 1 G e n er al O bj e cti v e  

•  T o e v al u at e t h e o v er all p h e n ot y pi c  a n d m et a b oli c  i m p a ct of t h e i n di vi d u al a bs e n c e of 

e a c h of t h e m et hi o ni n e s y nt h as e is of or ms o n t h e d e v el o p m e nt of Ar a bi d o psis t h ali a n a . 

1. 3. 2 S p e cifi c o bj e cti v e s  

•  T o i d e nt ify  h o m o z y g o us pl a nts f or A T M S 1, A T M S 2 a n d A T M S 3 T -D N A i ns erti o n 

k n o c k o uts . 

•  T o c h ar a ct eri z e t h e d e v el o p m e nt p h e n o t y p e i n vit r o of A T M S 1, A T M S 2 a n d A T M S 3 T -

D N A i ns erti o n k n o c k o ut s  

•  T o c h ar a ct eri z e t h e a mi n o a ci d pr ofil e of t h e A T M S 1, A T M S 2 a n d A T M S 3 T -D N A 

ins erti o n k n o c k o ut s   

•  T o c h ar a ct eri z e t h e f ol at es pr ofil e of t h e A T M S 1, A T M S 2 a n d A T M S 3 T -D N A i ns erti o n 

k n o c k o ut s  
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2. B a c k gr o u n d  

2. 1 F ol at es a n d  o n e c ar b o n m et a b oli s m  

T etr a h y dr of ol at e  a n d it s d eri v ati v es, k n o w n as f ol at es, b el o n g t o a f a mil y of e n z y m e 

c o -fa ct ors t h at p arti ci p at e i n a n u m b er of i m p ort a nt m et a b oli c r e a cti o ns as m e di at ors  of t h e 

tr a nsf er of o n e-c ar b o n ( C 1)  (M e hrs h a hi et al ., 2 0 1 0). T etr a h y dr of ol at e is t h e n at ur al f or m of  

vit a mi n B 9 a n d t h e y ar e pr es e nt i n   pl a nt f o o ds, m ai nl y gr e e n  l e a v es, l e g u m e s e e ds, fr uit s; 

w hil e f oli c a ci d is t h e s y nt h eti c f or m of t hi s vit a mi n , w hi c h is us e d i n f ortifi e d f o o ds a n d 

di et ar y s u p pl e m e nts ( F o x & St o v er , 2 0 0 8).  

B e c a u s e f ol at es ar e pr es e nt i n l o w a m o u nt s i n f o o d s o ur c es, t h e pri m ar y s o ur c e of 

di et ar y f ol at e i n d e v el o p e d c o u ntri es is t h e s y nt h eti c f oli c a ci d. Alt h o u g h t h e c o ns u m pti o n of 

t hi s s y nt h eti c f or m aris e s o m e p ossi bl e a d v ers e eff e cts, f or e x a m pl e t h e s y nt h e ti c fol at e f or m  

c a n m as k s y m pt o ms of pr ost at e c a n c er ris k a n d Vit a mi n B 1 2  d efi ci e n c y (Ar a g hi et al ., 2 0 1 9; 

H a ns o n & Gr e g or y III, 2 0 1 1 ; Hirs c h et al ., 2 0 1 9). T h er ef or e, t h e b est w a y t o c o m b at t h e 

f ol at e d efi ci e n c y c o m pli c ati o ns, a v oi di n g h e alt h c o n c er ns is t o i n cr e as e t h e c o ns u m pti o n of 

fr uit s a n d v e g et a bl es wit h f ol at e-ri c h c o nt e nt a n d e n h a n c e d bi o a v ail a bilit y ( Cri d er et al ., 

2 0 1 2) . D u e t o  t h e l o w a m o u nts of f ol at es i n f o o ds a n d si g nifi c a nt l oss es r e p ort ed d uri n g f o o d 

pr o c essi n g , s u c h as b oili n g ( 1 0 -6 4 %) a n d fr yi n g ( 1 -3 6 %) ( M a h ar aj et al ., 2 0 1 5), diff er e nt 

a p pr o a c h es h a v e b e e n p erf or m e d t o i n cr e as e t h e f ol at e c o nt e nt of fr uit s a n d v e g et a bl es t o 

a c c o m plis h t h e di et ar y i nt a k e r e q uir e m e nts ( S ai ni et al ., 2 0 1 6).  

A d diti o n all y , p h ot or es pir ati o n a n d c hl or o p h yll s y nt h esis i n pl a nts r e q uir e f ol at es; als o 

t h e 1 C pr o d u ct , S A M , is r e q uir e d f or t h e pr o d u cti o n of m ol e c ul es s u c h as et h yl e n e, 

ni c oti n a mi d e a n d p ol y a mi n es , a n d als o, f or D N A m et h yl ati o n  ( St e p h a n e R a v a n el, D o u c e, & 

R e b eill e, 2 0 1 1) . N o w it i s cl e ar t h at f ol at es h a v e a n  ess e nti al r ol e i n pl a nt c ell d e v el o p m e nt,  

b ut f ol at es bi os y nt h esis is a c o m pl e x pr o c ess i n w hi c h ar e i n v ol v e d s e v er al e n z y m es , 

pr o d u cts  a n d pr e c urs ors  ( J a bri n et al ., 2 0 0 3); th e i m p ort a n c e of t h es e pr o c e ss es ar e g oi n g t o 

b e d es cri b e d  i n t h e n e xt  s e cti o ns . 
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2. 1. 2 F ol at es b i os y nt h esi s i n pl a nts 

N at ur all y , th e  pl a nt f ol at es ar e f or m e d b y t hr e e m ol e c ul es , i n cl u di n g a pt eri n ri n g, p -

a mi n o b e n z oi c a ci d ( p A B A) a n d gl ut a m at e t ail ( Fi g u r e 2. 1 ). T his p ol y gl ut a m at e t ail (-Gl u n ) 

is cr e at e d b y t h e a cti o n of f ol y p ol y gl ut a m at e s y nt h as e ( F P G S), w hi c h p erf or ms t h e s e q u e nti al 

a d diti o n of  -li nk e d gl ut a m at e r esi d u es t o T H F. M a n y f or ms of f ol at es di ff er i n t h e o n e 

c ar b o n u nit w hi c h is li n k e d at N 5 -a n d/ or N 1 0  p ositi o n of t h e pt eri n g m oi et y ( Fi g u r e  2. 1 ), s u c h 

as m et h yl ( 5 -C H 3 -), m et h yl e n e ( 5, 1 0-C H 2 -), f or mi mi n o ( 5-C H N H -), f or m yl ( 5-or 1 0 -C H O -

), a n d m et h e n yl ( 5, 1 0-C H = ) ( H a ns o n & Gr e g or y III, 2 0 1 1). F ol at es ar e c o n v ert e d i nt o t h e 

a ni m al c ell s i n m a n y f or ms s u c h as di h y dr of ol at e, t etr a h y dr of ol at e, L-m et h yl f ol at e , a n d ot h er 

d eri v ati v es. E a c h f ol at e f or m p arti ci p at e s i n i m p ort a nt a n d s p e cifi e d bi ol o gi c al a cti viti es, 

s u c h as m et hi o ni n e r e g e n e r ati o n fr o m h o m o c yst ei n e, n u cl e oti d e s y nt h esi s, o xi d ati o n a n d 

r e d u cti o n of 1 C u nit s t h at ar e r e q uir e d f or n or m al c ell di vi si o n a n d gr o wt h, a n d D N A 

m et h yl ati o ns  ( Cri d er et al ., 2 0 1 2). 

T h e f ol at e bi os y nt h eti c p at h w a y i n pl a nts h as b e e n  e xt e nsi v el y d es cri b e d ( H a ns o n & 

Gr e g or y III, 2 0 1 1 ; S ai ni et al ., 2 0 1 6 ). Bi os y nt h esis of pt eri di n e m oi eti e s st arts wit h t h e 

br e a k d o w n of g u a n osi n e tri p h os p h at e ( G T P) i n t h e c yt os ol as s h o w n i n Fi g u r e  2. 2  ( St e ps 1-

4). A pr o d u ct, 7, 8 -di h y dr o n e o pt eri n 3’ – tri p h os p h at e ( D H N-P 3 ) is f or m e d a n d m e di at e d b y 

G T P c y cl o h y dr ol as e I ( G T P C HI). D H N -P 3  is us e d t o cr e at e 7, 8-di h y dr o n e o pt eri n m e di at e d 

b y D H N -P 3  p yr o p h os p h at as e a n d n o n -s p e cifi c p h os p h at as e i n t w o st e ps d e p h os p h or yl ati o n. 

6 -h y dr o x y m et h yl -7, 8 -di h y dr o pt eri n ( H M D H P) a n d gl y c ol al d e h y d e ar e f or m e d cl e a vi n g t h e 

si d e c h ai n of D H N b y di h y dr o n e pt eri n g al d ol as e; als o, t hi s e n z y m e f a cilit at es t h e 

e pi m eri z ati o n of t h e s e c o n d c ar b o n of t h e D H N si d e c h ai n, a pr o d u ct fr o m t hi s r e a cti o n is 

7, 8 -di h y dr o m o n a pt eri n ( D H M), t hi s c o m p o u n d fi n all y is cl e a v e d t o f or m H M D H P ( H a ns o n 

& Gr e g or y III, 2 0 1 1; S ai n i et al ., 2 0 1 6). 



2 1  
 

 
Fi g u r e 2. 1 .  C h e mi c al str u ct ur e  of T etr a h y dr of ol at e ( T H F) a n d t h eir d eri v ati v es . I n t hi s fi g ur e 
is s h o w n t h e b asi c str u ct ur e of f ol at es m ol e c ul es. T h e t a bl e s h o w e x a m pl es of pr o d u cts  of 
m et a b oli c  pr o c ess es t h at us es f ol at es as pr e c urs or s.  T his fi g ur e is m o difi e d fr o m ( S ai ni et al ., 
2 0 1 6) . 

T h e p -a mi n o b e n z oi c a ci d  is s y nt h esi z e d fr o m c h oris m at e i n pl asti ds b y t w o st e ps 

r e a cti o n c at al y z e d b y a mi n o d e o x y c h oris m at e s y nt h as e a n d a mi n o d e o x y c h oris m at e l y as e as 

s h o w n i n Fi g u r e 2 .2  ( St e ps 5 a n d 6). T h e first st e p is t h e tr a nsf er of a mi d e nitr o g e n of 

gl ut a mi n e t o c h oris m at e , t hi s r e a cti o n f or m 4-a mi n o -4 d e o x y c h oris m at e ( A D C). 

S u bs e q u e ntl y, t h e s e c o n d st e p c o nsist s of t h e eli mi n ati o n a n d ar o m ati z ati o n of p yr u v at e 

gi vi n g ris e t o p -A B A.  

Fi n all y, t h e l ast st e p is t h e ass e m bl i n g of H M D H P a n d p -A B A m oi eti es i nt o T H F, 

t hi s r e a cti o n o c c urs i n t h e mit o c h o n dri o n as s h o w n i n Fi g u r e 2 .2  (st e ps 7 t o 1 0). T h e first 

st e p i n t h e f or m ati o n of 6 -h y dr o x y m et h yl di h y dr o pt eri n p yr o p h os p h at e ( H M D H P -P 2 ) 

c o nsist s o n t h e a ct i v ati o n of H M D H P b y H M D H P p yr o p h os p h o ki n as e, s u bs e q u e ntl y, 

H M D H P -P 2  is att a c h e d t o p-A B A m e di at e d b y C -N b o n di n g t o pr o d u c e di h y dr o pt er o at e 

( D H P); t hi s c o n d e ns ati o n pr o c ess is c at al y z e d b y di h y dr o pt er o at e s y nt h as e. T h e n, D H P a n d 

gl ut a m at e ar e li n k e d b y di h y dr of ol at e s y nt h as e t o pr o d u c e di h y dr of ol at e ( D H F).  
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T h e l ast st e p c o nsists o n t h e r e d u cti o n of D H F t o T H F m e di at e d b y t h e bif u n cti o n al 

e n z y m e D H F r e d u ct as e -t h y mi d yl at e s y nt h as e.  T h e f or m ati o n of t h e p ol y gl ut a m at e t ail of 

T H F -Gl u n  o c c urs b y s e q u e nti al a d d iti o n of  -li n e d gl ut a m at e r esi d u es t o T H F m e di at e d b y 

t h e a cti o n of f ol y p ol y gl ut a m at e s y nt h as e ( F P G S). T h es e m e c h a nis m s of f ol at e bi os y nt h esis 

ar e r e g ul at e d at diff er e nt l e v els, a n d it is a m att er of gr e at i m p ort a n c e i n or d er t o b e effi ci e ntl y 

utili z e d f o r e n h a n c e m e nt of f ol at es i n pl a nts ( S ai ni et al ., 2 0 1 6). 

 

Fi g u r e 2 .2  C o m p art m e nt ali z ati o n of f ol at e bi os y nt h esis p at h w a y i n pl a nt c ell s. A s c h e m ati c 
r e pr es e nt ati o n of t h e f olat e m oi eti es s y nt h esi z e d i n diff er e nt c ell ul ar c o m p art m e nts. It s h o w n 
t h e e n z y m es i n v ol v e d i n e a c h m et a b oli c st e p. A D C, 4 -a mi n o -4 d e o x y c h ori s m at e; A D C S , 4-
a mi n o -4 d e o x y c h oris m at e s y nt h et as e ; p -A B A, p -a mi n o b e n z oi c a ci d; H M D H P , 6 -
h y dr o x y m et h yl -7, 8 -di h y dr o pt eri n ; H M D H P -P 2 , h y dr o x y m et h yl di h y dr o pt eri n p yr o -
p h os p h at e ; D H P, di h y dr o pt eri n; D H F, di h y dr of ol at e; T H F, t etr a h y dr of ol at e; F P G S, 
f ol y p ol y gl ut a m at e s y nt h as e; D H N, di h y dr o p n e o pt eri n; G T P, g u a n osi n e tri -p h os p h at e. T his 
fi g ur e is m o difi e d fr o m ( H a ns o n & Gr e g ory III, 2 0 1 1; S ai ni et al ., 2 0 1 6).  
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Fr o m f ol at es s p e ci es, 5 -C H 3 -T H F  is a n i m p ort a nt f ol at e d eri v ati v e, w hi c h pl a ys a n 

ess e nti al r ol e as a m et h yl d o n or f or t h e r e g e n er ati o n of m et hi o ni n e fr o m h o m o c yst ei n e. T his 

f ol at e d eri v ati v e is pr o d u c e d i n t h e m et h yl ati o n c y cl e o c c urri n g i n o n e c ar b o n m et a b oli s m 

( F o x & St o v er, 2 0 0 8). D u e t o m et h yl ati o n r e a cti o ns ar e i m p ort a nt me c h a nis m s of g e n e 

r e g ul ati o n i n e u k ar y oti c c ell s, 5-C H 3 -T H F is t h e m a i n bi ol o gi c all y a cti v e f or m of f ol at e t h at 

pl a ys a n i m p ort a nt r ol e at c ell ul ar l e v el i n t h e tr a nsf er of m et h yl gr o u p t o  h o m o c yst ei n e 

m e di at e d b y t h e a cti o n of m et hi o ni n e s y nt h as e  ( M S) a n d  t h e g e n er at i o n of m et hi o ni n e.  Als o 

5 -C H 3 -T H F  is r es p o nsi bl e f or t h e s y nt h esis o n e c ar b o n m et a b oli s m e n d pr o d u cts s u c h as 

i nt er c o n v ersi o n  s eri n e/ gl y ci n e,  t h y mi d yl at e,  p a nt ot h e n at e,  p uri n es,  f or m at e, 

f or m yl m et hi o n yl t R N A, et h yl e n e, p ol y a mi n es, pr ot ei ns, et c . 

2. 1 . 2 O n e c ar b o n m et a b oli s m  
As pr e vi o usl y st at e d, t h e a d diti o n or r e m o v al of o n e -c ar b o n m oi eti es, w hi c h is k n o w n 

as o n e -c ar b o n ( 1 C) m et a b oli s m, c o or di n at es t h e pr o d u cti o n of n u m er o us bi ol o gi c al 

c o m p o u n ds a n d r e g ul at e m a n y m et a b oli c pr o c ess e s. T h e 1 C u nit s f or tr a nsf er r e a cti o ns c o m e 

fr o m t etr a h y dr of ol at e ( T H F) c of a ctor s whi c h ar e r e q uir e d i n m aj or c ell ul ar pr o c ess es t h at 

will b e d et ail e d n e xt. M et hi o ni n e is t h e s o ur c e of S -a d e n os yl -m et hi o ni n e ( S A M), t hi s 

m ol e c ul e r e pr es e nt s t h e pri n ci p al s u bstr at e t o o bt ai n m et h yl u nit s w hi c h ar e r e q uir e d f or t h e 

s y nt h esis of m ol e c ul es s u c h as c hl or o p h yll, c h oli n e , a n d li g ni n r e q uir e d f or pl a nt gr o wt h a n d 

d e v el o p m e nt  (J a bri n et al ., 2 0 0 3). 

2. 1. 2. 1. Gl y ci n e a n d s eri n e i nt er c o n v ersi o n  
Gl y ci n e is o n e of t h e pr ot ei n o g e ni c a mi n o a ci ds, t his c o m p o u n d is bi os y nt h esi z e d i n 

diff er e nt p at h w a ys. T h e m aj or p at h w a y i n m ost or g a nis m s us e s L -s eri n e t o yi el d gl y ci n e 

c at al y z e d b y gl y ci n e h y dr o x y m et h yltr a nsf er as e. A d diti o n all y, t hi s pr o c es s r e pr es e nts t h e 

m ai n s o ur c e f or o n e -c ar b o n u nit s, w hi c h ar e st or e d i n usi n g 5, 1 0 -m et h yl e n e -T H F( 5, 1 0 -C H 2 -

T H F ) m o n o -L -gl ut a m at e. I n e u k ar y oti c c ell s, t h er e is a n o p p osit e pr o c ess m e di at e d b y s eri n e 

h y dr o x y m et h yltr a nsf er as e 2 ( S H M T 2) a n d s eri n e h y dr o x y m et h yltr a nsf er as e 1 ( S H M T 1), 

b ot h is o e n z y m es ar e l o c ali z e d i n c yt os ol a n d mit o c h o n dri a, r es p e cti v el y; i n t hi s pr o c es s, 

s eri n e is c o n v ert e d t o gl y ci n e  a n d o n e c ar b o n gr o u ps ar e us e d f or p uri n e s y nt h esis. Als o, 

gl y ci n e c a n b e f or m e d usi n g gl y o x yl at e as s u bstr at e t o pr o d u c e gl y o x yl at e c y cl e m e di at e d b y 

al a ni n e -gl y o x yl at e tr a ns a mi n as e. Ot h er m e c h a nis m i n v ol v e d  i n gl y ci n e bios y nt h esis c o nsists 

o n usi n g L -t hr e o ni n e m e di at e d b y l o w-s p e cifi cit y L -t hr e o ni n e al d ol as e ( K ast a n os, W ol d m a n, 
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& A p pli n g, 1 9 9 7) . M or e o v er, s eri n e a n d gl y ci n e ar e s o ur c es of o n e -c ar b o n u nit s r e q uir e d f or 

n e c ess ar y c ell ul ar c o m p o n e nts s u c h as p uri n es, p yri mi di n es, a mi n o a ci ds , a n d li pi ds.  

2. 1. 2. 2. P uri n e s a n d t h y mi d yl at e  bi o s y nt h esis  
D e o x yri b o n u cl ei c a ci d ( D N A) is t h e m ol e c ul e r es p o nsi bl e f or st or i n g a n d 

tr a ns mi ssi o n of g e n eti c i nf or m ati o n. T h e n u cl e oti d es ar e t h e b uil di n g bl o c ks t h at c o nstit ut e 

D N A , a n d t h es e ar e m ol e c ul es cr e at e d b y a n u c l e osi d e li n k e d t o a p h os p h at e gr o u p. T h es e 

m ol e c ul es ar e di vi d e d i n t o p uri n es ( a d e ni n e a n d g u a ni n e) a n d p yri mi di n es (t h y mi n e, 

c yt osi n e , a n d ur a cil ). P uri n e n u cl e oti d es pl a y  a k e y r ol e i n m a n y as p e cts  of c ell ul ar 

m et a b oli s m s u c h as e n z y m e c of a ct ors, c ell ul ar si g n ali n g, p h os p h at e gr o u p d o n ors,  a n d 

g e n er ati n g c ell ul ar e n er g y ( R olf es, 2 0 0 6). A r e vi e w of n u cl e oti d es  m et a b oli s m h as b e e n 

e xt e nsi v el y d es cri b e d b y Witt e & H er d e ( 2 0 2 0), bri efl y n u cl e oti d es  m o n o p h os p h at es  ar e 

s y nt h esi z e d d e n o v o  fr o m p h os p h ori b os yl p yr o p h os p h at e ( P R P P), gl ut a mi n e, as p arti c a ci d, 

bi c ar b o n at e, gl y ci n e, a n d 5 -f or m yl-t etr a h y dr of ol at e, i n w hi c h 5-f or m yl-t etr a h y dr of ol at e 

s er v e as st or a g e f or m of f ol at e d u e t o it s st a bilit y a n d r e g ul at e f ol at e -d e p e n d e nt o n e c ar b o n 

m et a b oli s m b y e n z y m es i n hi biti o n t ar g eti n g f ol at e -d e p e n d e nt d e n o v o  p uri n e bi os y nt h esis 

e n z y m es ( Fi el d et al ., 2 0 0 6).  

T h e n, n u cl e oti d es m o n o p h os p h at es ar e p h o s p h or yl at e d t o yi el d n u cl e oti d e 

di p h os p h at es ( N D Ps)  a n d  tri p h os p h at es ( N T Ps). N T Ps ar e b uil di n g bl o c ks t o s y nt h esi z e R N A 

a n d s er v e as pr e c urs ors f or t h e bi os y nt h esis of m et a b olit es s u c h as S A M , U D P -gl u c os e, a n d 

N A D H. M or e o v er, n u cl e oti d es ar e ess e nti al st o r es of c h e mi c al e n er g y, w hi c h is c o nt ai n e d i n 

t h e p h os ph o a n h y dri d e b o n ds us e d i n s e v er al e n er g eti c c o u pli n g r e a cti o ns, als o s er v e as 

i m p ort a nt d o n ors of p h os p h at e i n ki n as e r e a cti o ns. N D P s yi el d d N D P s w h e n u n d er g o i n g 

r e d u cti o n pr o c ess, t h e n d N D P s f oll o w a p h os p h or yl ati o n r e a cti o n t o pr o d u c e  d N T P s w hi c h 

s er v e as  pr e c urs ors f or D N A bi os y nt h esis  ( Witt e & H er d e, 2 0 2 0).  

In a n ot h er h a n d, 5, 1 0 -m et h yl e n e -T H F is a  b y -pr o d u ct fr o m s eri n e m et a b oli s m, w hi c h 

is r e q uir e d i n t h y mi d yl at e s y nt h esis. T his r e a cti o n b el o n gs t o p yri mi di n e n u cl e oti d e 

bi os y nt h esis. I n t hi s m et a b oli c pr o c ess, t h er e ar e t w o c o n v er g e nt p at h w a ys; t h e first st arts 

w it h c yti di n e-tri p h os p h at e ( C T P) a n d f or m at e,  b ot h s u bstr at es  ar e  r e d u c e d t o pr o d u c e 

2’ d e o x y c yti di n e -5’ -tri p h os p h at e ( d C T P), f oll o w e d b y a r e a cti o n c at al y z e d b y d C T P 

d e a mi n as e ( E C 3. 5. 4. 1 3) t o yi el d 2’ -d e o x y u ri di n e-5’ -tri p h os p h at e ( d U T P); t h e s e c o n d 
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p at h w a y  c o m es fr o m  t h e r e a cti o n of f or m at e a n d uri di n e-tri p h os p h at e ( U T P) t o pr o d u c e 

d U T P. Fr o m t hi s c o n v er g e nt st e p, d U T P is us e d t o pr o d u c e 2’ -d e o x y uri di n e 5’ -p h os p h at e, 

2’ -d e o x y uri di n e 5 - m o n o p h os p h at e ( d U M P), th e s u bs e q u e nt r e a cti o n us es 5, 1 0 -m et h yl e n e -

T H F a n d d U M P c at al y z e d b y t h y mi d yl at e s y nt h as e ( E C 2. 1. 1. 4 5) t o yi el d t h y mi d yl at e 

( d T M P). Fi n all y, t w o p h os p h or yl ati o n r e a cti o ns o c c ur t o yi el d t h y mi di n e tri p h os p h at e 

( d T T P). 

2. 1. 2. 3. P a n t ot h e n at e bi os y nt h esis 
P a n t ot h e n at e, als o k n ow n as B 5, is t h e u ni v ers al p r e c urs or m ol e c ul e re q uir e d t o 

s y nt h esi z e 4 ’-p h os p h o p a nt et h ei n e, t his c o m p o u n d is a n ess e nti al m oi et y of c o e n z y m e A a n d 

a c yl c arri er pr ot ei n. I n pl a nts a n d mi cr o or g a nis m s, p a nt ot h e n at e c a n b e s y nt h esi z e d d e n o v o . 

T h e bi os y nt h esis of p a nt ot h e n at e st arts wit h 3 -m et h yl -2 -o x o b ut a n o at e a n d 5, 1 0 -

m et h yl e n et etr a h y dr of ol at e i n a r e a cti o n c at al y z e d b y k et o p a nt o at e h y dr o x y m et h yl -

tr a nsf er as e ( E C 2. 1. 2. 1 1) t o yi el d 2-d e h y dr o p a nt o at e a n d t etr a h y dr of ol at e. T h e n , 2 -

d e h y dr o p a nt o at e u n d er g o r e d u cti o n pr o c ess b y 2 -d e h y dr o p a nt o at e ( E C 1. 1. 1. 1 6 9) r e d u ct as e 

t o pr o d u c e ( R)-p a nt o at e ;  -al a ni n e  a n d ( R) -p a nt o at e ar e li g at e d b y p at o at e:  -al a ni n e li g as e 

t o f or m ( R)-p a nt ot h e n at e . Fi n all y, ( R) p a nt ot h e n at e is us e d t o pr o d u c e ( R)-4’ -

p h os p h o p a nt ot h e n at e  (J o n es, D a n c er, S mit h, & A b ell, 1 9 9 4; R a m a n & R at hi n as a b a p at hi, 

2 0 0 4)  

2. 2 M et hi o ni n e s y n t h as e- A c e ntr al m et a b oli s m e n z y m e b et w e e n 5 -C H 3 -T H F, m et hi o ni n e, 
S A M a n d et h yl e n e . 

As  pr e vi o usl y d es cri b e d, o n e -c ar b o n m et a b oli s m is r es p o nsi bl e f or pr o vi d i n g ess e nti al 

m ol e c ul es f or pl a nt gr o wt h a n d d e v el o p m e nt. Als o, t h er e is a c o m m o n m et a b oli c st e p i n t h e 

bi os y nt h esis of  m et hi o ni n e, S A M, et h yl e n e , a n d o n e -c ar b o n m et a b oli s m , w hi c h is m e di at e d 

b y t h e a cti o n of m et h i o ni n e s y nt h as e. T his pr o c ess is o n e of t h e m ost i m p ort a nt m et a b oli c 

p at h w a ys o n pl a nt c ell s b e c a us e it is t h e o nl y w a y t h at pl a nt c ell s c a n s y nt h esi z e m et hi o ni n e 

d e n o v o  (G ar cí a -S ali n as, R a m os -P arr a, & Dí a z  d e l a G ar z a, 2 0 1 6 ; R a v a n e l et al ., 2 0 0 4). T his 

e n z y m e utili z es p ol y gl ut a m yl at e d 5 -m et h yl -T H F as a m et h yl d o n or i n t h e s y nt h esis of 

m et hi o ni n e fr o m h o m o c yst ei n e i n pl asti ds a n d als o i n t h e r e g e n er ati o n of t h e m et h yl gr o u p 

of S A M aft er t h e m et h yl ati o n r e a cti o ns t h at o c c ur i n t h e c yt os ol  s u c h a s m et h yl ati o n of 

m R N a, pr ot ei ns a n d h or m o n es , u nli k e m et h yl ati o ns i n t h e n u cl e us w hi c h o c c ur i n D N A a n d 

hist o n es ( R a hi k ai n e n et al., 2 0 1 8). Als o, S A M is us e d as s u bstr at e b y t h e a cti o n of 
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A mi n o c y cl o pr o p a n e -1 -c ar b o x yli c a ci d  (A C C ) s y nt h as e ( A C S) t o pr o d u c e A C C, l at er t hi s 

m ol e c ul e is o xi di z e d b y A C C o xi d as e ( A C O) t o pr o d u c e et h yl e n e  ( R a v a n el e t al., 2 0 0 4). 

Et h yl e n e a ct s as a g as e o us h or m o n e t h at c o or di n at es s e v er al i m p ort a nt pr o c ess es s u c h as 

ri p e ni n g i n cli m a ct eri c fr uit s w h e n it is pr o d u c e d e n d o g e n o usl y or w h e n it is a p pli e d 

e x o g e n o usl y  ( S a ut er et al ., 2 0 1 3). T his pr o c ess is s h o w n i n Fi g u r e 2. 3  T h e bi os y nt h eti c 

p at h w a ys of m et h i o ni n e, S A M a n d et h yl e n e will b e dis c uss e d n e xt.  

 

Fi g u r e 2. 3 . O n e c ar b o n m et a b oli s m a n d et h yl e n e cr ossr o a ds. M et hi o ni n e s y nt h as e  ( M S) is 
r e pr es e nt e d i n t hi s s c h e m e as a c e ntr al e n z y m e i n t h e bi os y nt h esis of et h yl e n e, f ol at es, a n d 
m et hi o ni n e.  T his fi g ur e is m o difi e d fr o m ( G ar cí a-S ali n as, R a m os -P arr a, & Dí a z  d e l a G ar z a, 
2 0 1 6)  

T h er e ar e t hr e e is of or ms of m et hi o ni n e s y nt h as e i n Ar a bi d o psis t h ali a n a , t w o ar e 

l o c at e d i n t h e c yt os ol ( A T M S 1, At 5 g 1 7 9 2 0 , a n d A T M S 2, At 3 g 0 3 7 8 0), a n d a n ot h er i n 

c hl or o pl asts ( A T M S 3, At 5 g 2 0 9 8 0)) ( T AI R, 2 0 1 8). T h e A T M S 1 a n d A T M S 2 is of or ms  ar e 

i n v ol v e d i n t h e r e g e n er ati o n of m et hi o ni n e fr o m h o m o c yst ei n e, w hil e t h e A T M S 3 is of or m is 

r es p o nsi bl e f or t h e s y nt h esis of m et hi o ni n e i n pl a nt c ell s ( R a v a n el et al ., 2 0 0 4). 

T h e r ol e of m et hi o ni n e s y nt h as e i n t h e m et hi o ni n e bi os y nt h esis is wi d el y k n o w n, b ut 

it s d et ail e d m e c h a nis m o n t he r e g ul ati o n of t h e pr o d u cti o n of et h yl e n e , T H F, 5-C H 3 -T H F, 

a n d S A M r e m ai ns u n k n o w n. I n  pr e vi o us r es e ar c h t h e diff er e nti al g e n es e x pr essi o n w h e n 

pl a nt ti ss u es w er e tr e at e d wit h e x o g e n o us et h yl e n e  w as e v al u at e d , t h e pri n ci p al fi n di n gs 

r e v e al e d a p ositi v e corr el ati o n b et w e e n t h e i n cr e m e nt i n e x o g e n o us et h yl e n e c o n c e ntr ati o n 

a n d t h e e x pr essi o n l e v el of m et hi o ni n e s y nt h as e ( G ar cí a-S ali n as, 2 0 1 6) . M or e o v er, 



2 7  
 

m et hi o ni n e s y nt h as e is i n v ol v e d i n r e g ul ati n g i m p ort a nt bi ol o gi c al c o m p o u n d s  t h at will b e 

dis c uss e d.  

2. 2. 1 C yst ei n e bi os y nt h esis - a pr e c urs or of m et hi o ni n e bi o s y nt h esis  
C yst ei n e bi os y nt h esis i n pl a nts is a n ess e nti al pr o c ess i n fi xi n g i n or g a ni c s ulf ur as 

s ulf at e fr o m t h e s oil or as s ulf ur di o xi d e a n d h y dr o g e n s ulfi d e fr o m t h e at m os p h er e ( L e ust e k, 

M arti n, Bi c k, & D a vi es, 2 0 0 0) . S ulfi d e is i n c or p or at e d i nt o c yst ei n e i n t h e c hl or o pl ast, 

mit o c h o n dri a, a n d t h e c yt o pl as m.  T h e n  -gl ut a m yl c yst ei n e is s y nt h esi z e d fr o m gl ut a m at e a n d 

c yst ei n e b y gl ut a m at e -c y st ei n e li g as e  w hi c h will s er v e as t h e pr e c urs or f or gl ut at hi o n e w hi c h 

is a m ol e c ul e r e q uir e d f or h o m o c yst ei n e s y nt h esis  T h er ef or e, c yst ei n e bi os y nt h esis p at h w a y 

pr o vi d es t h e o nl y m et a b oli c s ulfi d e d o n or r e q uir e d f or t h e pr o d u cti o n of m et hi o ni n e, 

gl ut at hi o n e, p h yt o c h el ati ns, ir o n -s ulf ur cl ust ers, vit a mi n c of a ct ors a n d a n u m b er of 

s e c o n d ar y m et a b olit es, m or e o v er , it h as a n i m p ort a nt r ol e i n pr ot ei n str u ct ur e ( B o n n er, 

C a h o o n, K n a p k e,  & J e z, 2 0 0 5) .  

T his pr o c ess is c at al y z e d b y a cti o n of t w o e n z y m es. S eri n e a c et yltr a nsf er as e ( S A T;) 

tr a nsf ers a c et at e fr o m a c et yl-C o A t o s eri n e, g e n er ati n g O -a c et yl s eri n e. O -A c et yl s eri n e 

s ulf h y dr yl as e ( O A S S or O -a c et yl s eri n e  (t hi ol) l y a s e) us es p yri d o x al 5’ p h o s p h at e ( P L P) as a 

c of a ct or t o c at al y z e t h e pr o d u cti o n of c yst ei n e fr o m O -a c et yl s eri n e a n d s ulfi d e. T h es e  t w o 

e n z y m es ass o ci at e e a c h ot h er t o m a k e t h e ass e m bl y c yst ei n e s y nt h as e c o m pl e x, w hi c h is 

r es p o nsi bl e f or  s ulf at e assi mil ati o n a n d m o d ul at es c yst ei n e s y nt h esis at t h e c ell ul ar l e v el 

( Dr o u x, R uff et, D o u c e, & J o b, 1 9 9 8; Kr e di c h, B e c k er, & T o m ki ns, 1 9 6 9) . E xt e nsi v e r es e ar c h 

o n m ol e c ul ar b asis of c y st ei n e bi os y nt h esis, str u ct ur al a n al ysi s of S A T a n d O A S S i n pl a nts 

is pr o vi d e d b y B o n n er a n d c oll e a g u es ( B o n n er et al ., 2 0 0 5). 

2. 2. 2  M et hi o ni n e  b i os y nt h esis 

M et hi o ni n e b el o n gs t o s ulf ur a mi n o a ci ds, i n 1 9 6 6, it w as e st a blis h e d t h at m ost of t h e 

i n or g a ni c s ulf at e assi mil at e d a n d r e d u c e d b y pl a nts c o m es fr o m c yst ei n e a n d m et hi o ni n e, 

c o nt ai ni n g a b o ut 9 0 % of t h e t ot al s ulf ur c o nt e nt i n m ost pl a nts ( All a w a y, 1 9 7 0; Gi o v a n elli, 

M u d d , & Dat k o , 1 9 8 0). M a m m als c a n n ot pr o d u c e d e n o v o  s y nt h esis of c yst ei n e a n d 

m et h i o ni n e, b ut pl a nts c a n p erf or m t hi s pr o c ess, a n d b e c a us e t hi s r e as o n , All a w a y a n d 

f ell o ws ( 1 9 7 0) m e nti o n e d t h at is c o nsi d er e d “ o n e of t h e k e y r e a cti o ns i n bi ol o g y, c o m p ar a bl e 
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i n i m p ort a n c e wit h t h e r e d u cti o n of c ar b o n i n p h ot os y nt h esis ”. T h er e ar e t w o  m et hi o ni n e  

bi os y nt h esis p at h w a ys , d e n o v o  s y nt h esis , a n d m et hi o ni n e r e c y cli n g .  

2. 2. 2. 1 D e n o v o m et hi o ni n e s y nt h esis  

T hr e e c o n v er g e nt p at h w a ys ar e r e q uir e d f or d e n o v o  s y nt h esis of m et hi o ni n e. Firstl y, 

t h e c ar b o n b a c k b o n e is o bt ai n e d fr o m as p art at e; s e c o n dl y, c yst ei n e pr o vi d e s t h e s ulf ur at o m; 

fi n all y, t h e m et h yl gr o u p is o bt ai n e d fr o m t h e  -c ar b o n of s eri n e  ( R a v a n el et al ., 1 9 9 8). 

S p e cifi c all y, i n pl a nts, t his pr o c ess st arts wit h s u bstr at e O -p h os p h o h o m os eri n e ( O P H), 

s u bs e q u e ntl y, t hr e e c o ns e c uti v e r e a cti o ns o c c ur t h a t ar e c at al y z e d i n or d er b y c yst at hi o ni n e 

 -s y nt h as e, c yst at hi o ni n e  -l y as e, a n d fi n all y m et hi o ni n e s y nt h as e; t h e l ast o n e, r e pr es e nts 

t h e u ni q u e w a y t o s y nt h e si z e m et hi o ni n e in pl a nt m et a b oli s m ( Gi o v a n elli et  al ., 1 9 8 0). I n t h e 

t w o first r e a cti o ns, p yri d o x al 5’-p h os p h at e ( P L P) -d e p e n d e nt e n z y m es ar e r e q uir e d as 

c at al y z ers, t hi s c o nstit ut e s t h e tr a ns-s ulf ur ati o n p at h w a y, w hi c h is t h e tr a nsf er of t h e s ulf ur 

at o m of c yst ei n e t o h o m o c yst ei n e usi n g t h e t hi o et h er c y st at hi o ni n e as i nt er m e di at e. I n  d et ail, 

t h e first st e p i n v ol v es c yst at hi o ni n e  -s y nt h as e f or t h e s y nt h esis of c yst at hi o ni n e fr o m 

c yst ei n e a n d O P H s u bstr at es b y a  -r e pl a c e m e nt r e a cti o n. 

A c c or di n gl y t o a v ail a bl e i nf or m ati o n, t hi s is t h e o nl y e n z y m e t h at is c a p a bl e of 

c at al y z i n g a r e pl a c e m e nt r e a cti o n at t h e  -c ar b o n of a mi n o a ci ds ( R a v a n el et al ., 1 9 9 8). Th e 

se c o n d r e a cti o n st e p i n v ol v es C yst at hi o ni n e   -l y as e w hi c h c at al y z es a n    -eli mi n ati o n of 

c yst at hi o ni n e t o yi el d h o m o c yst ei n e, p yr u v at e, a n d a m m o ni a. T h e t hir d st e p i n v ol v es t h e 

tr a nsf er of t h e m et h yl gr o u p fr o m p ol y gl ut a m yl at e d 5-m et h yl -t etr a h y dr of ol at e t o 

h o m o c yst ei n e. It h as b e e n pr e vi o usl y r e p ort e d t h at t hi s st e p is p erf or m e d b y a c o b al a mi n 

i n d e p e n d e nt m et hi o ni n e s y nt h as e ( E C 2. 1. 1. 1 4) ( Ei c h el, G o n z ál e z, H ot z e, M att h e ws, & 

S c hr ö d er, 1 9 9 5) . M et hi o ni n e is a c e ntr al m ol e c ul e us e d i n c ell ul ar m et a b oli s m s s u c h as 

pr o t ei n s y nt h esis, m et h yl-gr o u p tr a nsf er tr o u g h s -a d e n os yl -m et hi o ni n e, p ol y a mi n es, a n d 

et h yl e n e s y nt h esis; t h es e m et a b oli c pr o c ess es ar e i nt er -r e g ul at e d. 

2. 2. 2. 2 R e c y cli n g m et hi o ni n e  

T h e m e c h a nis m of m et hi o ni n e r e c y cli n g w as e xt e nsi v el y d es cri b e d ( R a v a n el et al ., 

2 0 0 4) . T h e u ni q u e pr o c e ss w hi c h is c a p a bl e of utili zi n g t h e c o m pl et e m et hi o ni n e m ol e c ul e 

is pr ot ei n s y nt h esis, ot h er pr o c ess es c o nsist i n r e c y cli n g m et hi o ni n e m oi eti es, f or e x a m pl e, 

8 0 % of m et hi o ni n e m ol e c ul es ar e us e d f or s -a d e n os yl -m et hi o ni n e ( S A M) s y nt h esis  
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(Gi o v a n elli, M u d d, & D at k o,  1 9 8 5) . I n pla nts, t h er e ar e t w o p at h w a ys usi n g t h e m et h yl gr o u p 

or t h e 4 -c ar b o n m oi et y of m et hi o ni n e, b ot h i n v ol v e S A M as a first i nt er m e di at e. I n t h e first 

r e a cti o n, a p pr o xi m at el y 9 0 % of S A M is us e d f or tr a ns m et h yl ati o n r e a cti o ns, t hi s pr o c ess 

c o nsist s i n t h e tr a nsf er e n c e of t h e m et h yl gr o u p of m et hi o ni n e t o m et h yl a c c e pt ors; m aj or 

e n d pr o d u cts fr o m t hi s r e a cti o n ar e c h oli n e a n d its d eri v ati v es s u c h as p h os p h ati d yl c h o li n e 

( Gi o v a n elli et al ., 1 9 8 5; R a v a n el et al ., 2 0 0 4). T h e n, t h e r e a cti o n is f oll o w e d b y r e c y cli n g of 

t h e h o m o c yst ei n e  m oi et y t o r e g e n er at e m et hi o ni n e.  

I n a n ot h er h a n d, s -a d e n os yl -L -h o m o c yst ei n e, t h at is pr o d u c e d d uri n g m et h yl ati o n 

r e a cti o ns, is c o n v ert e d i nt o h o m o c yst ei n e i n a r e a cti o n w hi c h is c at al y z e d b y S -a d e n o s yl -

h o m o c yst ei n e h y dr ol as e. T h er ef or e, m et hi o ni n e i s r e g e n er at e d t hr o u g h  t h e m et h yl ati o n of 

h o m o c yst ei n e. T o d e n ot e, m et hi o ni n e s y nt h as e n ot o nl y is r es p o nsi bl e f or c at al y z i n g t h e l ast 

r e a cti o n i n d e n o v o  m et hi o ni n e s y nt h as es b ut als o s er v es t o r e g e n er at e t h e m et h yl gr o u p of 

S A M. T h e s e c o n d p at h w a y c o nsist s i n t h e us e of t h e 4-c ar b o n m oi et y of S A M t o  yi el d 

p ol y a mi n es a n d, i n s o m e pl a nt ti ss u es, et h yl e n e; t hi s is a c c o m p a ni e d b y r e c y cli n g of t h e 

m et h ylt hi o m oi et y a n d m et hi o ni n e r e g e n er ati o n. A d diti o n all y, 5 -m et h ylt hi o a d e n osi n e is a 

b y -pr o d u ct t h at is us e d t o yi el d m et hi o ni n e m e di at e d b y t h e us e of i nt er m e di at es s u c h as 5-

m et h ylt hi ori b os e, 5 -m et h ylt hi ori b os e -1 -p h os p h at e, a n d 2 -k et o 4 -m et h ylt hi o b ut yr at e; i n 

c o ns e c uti v e r e a cti o ns t h at pr o d u c e t h e m et h ylt hi o a n d 4 -c ar b o n m oi eti e s of m et hi o ni n e 

( M c K e o n, F er n á n d e z -M a c ul et, & Y a n g, 1 9 9 5) . M et hi o ni n e r e c y cli n g is als o i m p ort a nt d u e 

t o it r e pr es e nts a p pr o xi m at el y o n e-t hir d of t h e a m o u nt of m et hi o ni n e a c c u m ul ati n g i n 

pr ot ei ns  ( Gi o v a n elli et al ., 1 9 8 0). 

2. 2. 3.  S -a d e n os yl m et hi o ni n e s y nt h esis  
T h e S A M  sy nt h esis w a s pr e vi o usl y d es cri b e d a n d e x pl ai n e d i n d et ail ( St é p h a n e 

R a v a n el et al., 2 0 0 4) . T o pr o d u c e S A M, m et hi o ni n e is us e d as s u bs tr at e i n a r e a cti o n 

c at al y z e d b y S -a d e n os yl m et hi o ni n e s y nt h et as e ( E C 2. 5. 1. 6). I n t hi s pr o c ess is r e q uir e d 

i n or g a ni c tri p ol y p h os p h at e, a n e n z y m e-b o u n d i nt er m e di at e, w hi c h i s cl e a v e d b y a 

tri p ol y p h os p h at as e a cti vity of t h e e n z y m e, i n t his r e a cti o n t h e  - a n d  -p h os p h at e gr o u ps of 

A T P r el e as e P Pi, w h er e as t h e t er mi n al  -p h os p h at e is r el e as e d as i n or g a ni c p h os p h at e 

( A ar n es, 1 9 7 7). E x p eri m e nt al e vi d e n c e d e m o n str at e d t h at t h e a cti vit y of t h e y e ast a n d 

b a ct eri al S A M s y nt h et a s es ar e m o d ul at e d b y S A M i n a c o m pl e x m a n n er b e c a us e hi g h 

c o n c e ntr ati o ns of S A M i n hi bit t h e e n z y m e, i n a n ot h er h a n d, l o w c o n c e ntr ati o ns of S A M 
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all ost eri c all y a cti v at e t h e e n z y m e b y p erf or mi n g tri p ol y p h os p h at e cl e a v a g e r e a cti o n 

( Gi o v a n elli et al ., 1 9 8 0; S ai nt-Gir o ns et al ., 1 9 8 8). Ot h er fi n di n gs d e m o nstr at e d t h at p arti all y 

p urifi e d e n z y m e fr o m p e a s e e dli n gs is str o n gl y i n hi bit e d b y tri p ol y p h os p h at e, t hi s s u g g est s 

t h at t h e r e a cti o n is c at al y z e d b y t h e pl a nt e n z y m e f oll o wi n g t h e s a m e m e c h a nis m as t h e y e ast 

a n d b a ct eri al S A M s y nt h et as es ( A ar n es, 1 9 7 7). T h e g e n es t h at e n c o d e pl a nt S A M s y nt h et as e 

h a v e b e e n cl o n e d fr o m v ari o us s p e ci es, t h e c h ar a ct eri z ati o n of t h es e g e n es pr o vi d e d 

i nf or m ati o n t h at pl a nt S A M s y nt h et as e is hi g hl y c o ns er v e d i n all or g a nis ms a n d t h e y ar e 

e n c o d e d b y a g e n e f a mil y. S o m e st u di es d e m o nstr at e d t h at t h e a bs e n c e of si g n al s e q u e n c e at 

t h e N-t er mi n al p art of S A M s y nt h et as e is of or ms pr e di ct e d fr o m ri c e a n d C.  r os e us  c D N A 

s e q u e n c es, t hi s d e m o nstr at e d t h at t h es e is o e n z y m es ar e l o c at e d i n c yt os ol ( S c hr ö d er, Ei c h el, 

Br ei ni g, & S c hr ö d er, 1 9 9 7) . T h us, if S A M s y nt h et as es ar e l o c ali z e d i n c yt os oli c 

c o m p art m e nts, t hi s aris e s t h e pr o bl e m of S A M tr a ns p ort a cr oss t h e li miti n g b or d er of 

mit o c h o n dri a a n d c hl or o pl asts t o m ai nt ai n i nt er n al tr a ns m et h yl ati o n r e a cti o ns ( R a v a n el et 

al. , 2 0 0 4). I n a n e x p eri m e nt, t h e pr o p erti es of t hr e e C. r os e us  is o e n z y m es w er e c o m p ar e d 

aft er h et er ol o g o us e x pr es si o n of t h e i n di vi d u al e n z y m es i n r e c o m bi n a nt b a ct eri a, s p e cifi c all y, 

t h e i n hi biti o n b y t h e a cti o n of tri p ol y p h os p h at e i nt er m e di at e a n d t h e S A M r e a cti o n pr o d u ct 

w as o bs er v e d; a lt h o u g h fr o m t hi s st u d y it is u n cl e ar if pl a nt S A M s y nt h et a s e is a cti v at e d b y 

l o w c o n c e ntr ati o ns of S A M, as it h as b e e n d e m o nstr at e d f or t h e b a ct eri al a n d y e ast e n z y m es. 

Als o, si mil ariti es i n p h ysi c o c h e mi c al pr o p erti es  s u c h as o pti m a t e m p er at ur e, p H, d e p e n d e n c e 

of c ati o ns, a n d i n hi bit i o n b y r e a cti o n pr o d u cts of t h e C. r os e us  is o e n z y m es s u g g est e d t h at t h e 

pr es e n c e of s e v er al is of or ms of pl a nt S A M s y nt h et as e is b e c a us e of s p e cifi citi es i n t h e 

i nt er a cti o n wit h e n z y m es t h at us e S A M ( S c hr ö d er et al ., 1 9 9 7).  

2. 2. 4.  Et h yl e n e pr o d u cti o n  
T h e first mil est o n e t o dis c o v er t h e r el ati o n b et w e e n m et hi o ni n e a n d et h yl e n e w as 

e st a blis h e d i n 1 9 6 5  ( Li e b er m a n et al ., 1 9 6 5), b ut  t h e s p e cifi c m e c h a nis m w as u n k n o w n. T w o 

y e ar s l at er, st u di es d e m o nstr at e d t h at m et hi o ni n e c o n v ersi o n t o f or m et h yl e n e w as t h e m aj or 

fl u x f or m et hi o ni n e m et a b oli s m ( B ur g & Cl a g ett, 1 9 6 7). It w as u ntil ei g ht y e ars l at er w h e n 

t h e m et a b olic p at h w a y of m et hi o ni n e c o n v ersi o n t o f or m et h yl e n e w as fi rst d es cri b e d b y 

( B a ur & Y a n g, 1 9 7 2), bri efl y, m et hi o ni n e is d e gr a d e d t o pr o d u c e et h yl e n e, t hi s st e p r el e as e 

a m et h yl m er c a pt o gr o u p w hi c h is tr a nsf err e d t o a s eri n e d er i v ati v e t o f or m S-m et h yl c yst ei n e. 

I n t hi s st e p, t h e m et h yl gr o u p a n d t h e s ulf ur at o m of m et hi o ni n e ar e tr a nsf err e d as a u nit.  
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A d diti o n all y, i n t h e c o n v ersi o n of S -m et h yl c y st ei n e t o m et hi o ni n e, s ulf ur is 

i n c or p or at e d o v er t h e m et h yl gr o u p. I n or d er t o o c c ur t hi s, S -M et h yl c yst ei n e is firsts 

d e m et h yl at e d t o yi el d c yst ei n e w hi c h t h e n d o n at es it s s ulf ur t o f or m m et hi o ni n e tr o u g h 

c yst h at hi o ni n e a n d h o m o c yst ei n e. C yst ei n e, h o m os eri n e , a n d h o m o c yst ei n e ar e c o n v ert e d t o 

m et hi o ni n e, alt h o u g h t h e m ost effi ci e nt m et hi o ni n e pr e c urs or is h o m o c yst ei n e, a n d fi n all y , 

m et hi o ni n e i s t h e m ost effi ci e nt pr e c urs or of et h yl e n e.  

It w as u ntil 1 9 7 2 w h e n w as w ell e st a blis h e d t h at m et hi o ni n e  is a pr e c urs or of et h yl e n e 

a n d t h at t h e s ulf ur at o m of t hi s a mi n o a ci d is n ot v ol atili z e d d uri n g t h e c o n v ersi o n b ut is 

r et ai n e d i n t h e ti ss u e a n d m et a b oli z e d. Als o, it w as d e m o nstr at e d t h at a p pl es m ai nt ai n a 

s u bst a nti al r at e of et h yl e n e pr o d u cti o n f or e xt e n d e d p eri o ds, b ut it h as l o w m et hi o ni n e l e v els  

( Li e b er m a n et al ., 1 9 6 5). T h er ef or e, t hi s aris es  t h e i d e a t h at t h e a p pl e, i n or d er t o c o nti n u e t o 

pr o d u c e  et h yl e n e, t h e s ulf ur of m et hi o ni n e m ust b e r e c y cl e d t o pr o vi d e a n a d e q u at e s u p pl y 

of m et hi o ni n e f or c o nti n u e d et h yl e n e pr o d u cti o n.  

T h es e  st u di es l e d t o di s c o v er t h e firsts a p pr o a c h es of w h at i s k n o w n t o d a y as 

m et hi o ni n e s al v a g e or m et hi o ni n e r e c y cli n g  ( B a ur & Y a n g, 1 9 7 2). T his i d e a w as c o nfir m e d 

a n d d e m o nstr at e d t h at w h e n m et hi o ni n e is d e gr a d e d t o yi el d et h yl e n e, t h e m et h yl m er c a pt o 

gr o u p is tr a nsf err e d pr e s u m a bl y t o a s eri n e d eri v ati v e t o f or m S -m et h yl c yst ei n e. I n t hi s 

pr o c es s, t h e m et h yl gr o u p a n d t h e s ulf ur at o m of m et hi o ni n e ar e tr a nsf err e d as a u nit. I n t h e 

c o n v ersi o n of S -m et h yl c yst ei n e t o m et hi o ni n e, s ulf ur is i n c or p or at e d pr ef er e nti all y o v er t h e 

m et h yl gr o u p.   I n t hi s st e p, S-M et h yl c yst ei n e is first d e m et h yl at e d t o yi el d c yst ei n e w hi c h 

t h e n d o n at es it s s ulf ur t o f or m m et hi o ni n e pr es u m a bl y t hr o u g h c y st at hi o ni n e a n d 

h o m o c yst ei n e.  

S u c h a vi e w is s u p p ort e d b y t h e o bs er v ati o ns t h at c yst ei n e, h o m os eri n e , a n d 

h o m o c y st ei n e ar e c o n v ert e d t o m et hi o ni n e wit h h o m o c yst ei n e b ei n g t h e  m ost effi ci e nt 

pr e c urs or of et h yl e n e. T h o u g h h o m os eri n e, h o m o c yst ei n e a n d m et hi o ni n e ar e all c o n v ert e d 

i nt o et h yl e n e, m et hi o ni n e is t h e m ost effi ci e nt pr e c urs or a n d is t h er ef or e, cl os est t o t h e  

i m m e di at e pr e c urs or of et h yl e n e ( B a ur & Y a n g, 1 9 7 2). 

2. 3 F u n cti o n al g e n o mi cs of m et hi o ni n e s y nt h as e  
Ar a bi d o psis g er m pl as ms  f or m et hi o ni n e s y nt h as e g e n es ar e a v ail a bl e i n Ar a bi d o psis 

Bi ol o gi c al R es o ur c e C e nt er  ( A B R C). T h er e ar e 2 3, 1 4, a n d 6 m ut a nt li n es f or A T M S 1, 
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A T M S 2, a n d A T M S 3, r e s p e cti v el y. B et w e e n t h e m, f e w m ut a nt li n es h a v e b e e n c h ar a ct eri z e d 

f or A T M S 1, A T M S 2 a n d A T M S 3,  t h es e m ut a nt li n es ar e g oi n g t o b e d es cri b e d n e xt. I n t h e 

c as e of A T M S 1, t h e t hr e e a v ail a bl e g er m pl as m s  t h at h a v e b e e n st u di e d ar e A T M S 1 -1 , 

S AI L _ 6 5 5 _ B 0 4 , a n d S AI L _ 1 3 6 _ C 1 2 . ( Y a n et al ., 2 0 1 9) r e p ort ed t h e p ol y m or p his m s 

i d e ntifi e d as at ms 1 -1 (g er m pl as m at m s 1 -1) , at ms 2  ( g er m pl as m G A BI _ 3 5 9 D 1 0), a n d  at m s 3 

( g er m pl as m S A L K _ 0 8 8 4 2 9) ; m ai n r es ult s of t hi s r es e ar c h d e m o nstr at e d t h at  t h e 

h o m o z y g o us m ut ati o n of G > A s u bstit uti o n l e a di n g t o m ut ati o n of  Gl y ( 7) a mi n o a ci d t o 

G l u( 7) i n at ms 1 -1  m ut a nt li n e , a n d  a si g nifi c a nt d e cr e as e i n t h e r ati o of s -a d e n os yl m et hi o ni n e 

t o s-a d e n os yl h o m o c yst ei n e , a k e y i n d e x of m et h yl ati o n st at us, l e a di n g t o d e cr e as e d l e v els of 

D N A m et h yl ati o n a n d aff e cti n g t h e c hr o m ati n sil e n ci n g . T h e y r e p ort e d t h at t h e m ut ati o n of 

A T M S 1 l e a d t o aff e ct t h e e x pr essi o n  l e v els of 1, 5 5 6 pr ot ei n-c o di n g g e n es a n d 5 7 1 T E  

(tr a ns p os a bl e el e m e nts). F urt h er a n al ys es d e m o nstr at e d  t h at t hi s p h e n ot y p e c o ul d b e 

all e vi at e d b y t h e s u p pl e m e nt ati o n wit h m et hi o ni n e, m or e o v er, t h e y f o u n d si g nifi c a nt c h a n g es 

(P < 0. 0 5 ) i n m et hi o ni n e c o nt e nt of at ms 1 -1  m ut a nts w hi c h w as l o w er  w h e n c o m p ar e d t o wil d 

t y p e; als o t h e y f o u n d t h at  S A M, H c y, a n d S A H l e v els w er e hi g h er w h e n c o m p ar e d t o wil d 

t y p e w hil e i n t h e c o m pl e m e nt ati o n li n e A T M S 1 ( m ut a nt li n e w hi c h pr o d u c e m et hi o ni n e 

s y nt h as e 1) t h eir l e v els w h er e r e c o v er e d t o t h e wil d t y p e c o nt e nt. T h er ef or e, t h e y 

d e m o nstr at e d t h e r el ati o n s hi p of A T M S 1 i n D N A a n d hist o n e m et h yl ati o n d u e t o it s f u n cti o ns 

i n o n e-c ar b o n m et a b oli s m p at h w a y. Als o,  i n t hi s st u d y, m et hi o ni n e c o nt e nt w as e v al u at e d i n 

at ms 1 -1 , at ms 2 , a n d at ms 3 , s h o w e d si g nifi c a nt d e cr e as es  i n all m ut a nt li n es w h e n c o m p ar e d 

t o c o ntr ol, m or e o v er, si mil ar tr e n ds i n r e d u cti o n of S A M c o nt e nts w er e o bs er v e d f or  at ms 2 -

1  a n d at ms 3 -1 . T h e r ol e of A T M S 1 i n D N A m et h yl ati o n w as als o st u di e d usi n g t h e 

S AI L _ 6 5 5 _ B 0 4 a n d S AI L _ 1 3 6 _ C 1 2  m ut a nt li n es f or A T M S 1 ( G o n z ál e z & V er a, 2 0 1 9). T h e 

a ut h ors  f o u n d t h e r el ati o ns hi p b et w e e n D N A m et h yl ati o n a n d pl a nt i m m u nit y r es p o ns e 

a g ai nst b a ct eri al i nf e cti o n.  T h e y w er e a bl e t o d e m o nstr at e t h at A T M S 1  o v er e x pr essi o n  l e a ds 

t o i n cr e as e D N A m et h yl ati o n w hi c h h as a n i m p a ct o n r e pr essi n g pl a nt i m m u n e r es p o ns e.  

Si mil arl y, a n i n v esti g ati o n  c o n d u ct e d b y (J u et al ., 2 0 2 0) us e d  t h e T-D N A i ns erti o n 

li n es S A L K _ 2 0 5 1 7 4, C S 4 8 0 8 2 2,  a n d C S 8 2 8 4 3 6,   w hi c h ar e A T M S 1 m ut a nt li n e s. Th e y 

o bs er v e d  t h at L-m et hi o ni n e  is r e q uir e d b y At G L R 3. 5  ( Ar a bi d o psis gl ut a m at e r e c e pt or 

h o m ol o g 3. 5)  a n d C a 2 +  si g n ali n g t o r e g ul at e s e e d g er mi n ati o n . I n t hi s stu d y, t h e y r e p ort e d 

t h at At G L R 3. 5 pl a y a r e g ul ati o n r ol e i n c yt os oli c C a 2 +  d u e t o a p ositi v e r el ati o ns hi p b et w e e n 
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At G L R 3. 5 -d e p e n d e nt i n cr e as e i n c yt os oli c C a 2 + , als o t h e y o bs er v e d t h at t h e e x pr essi o n of 

At G L R 3. 5 is m ostl y u p -r e g ul at e d d uri n g 2 4-3 6 h aft er i m bi biti o n, i n t h e ot h er h a n d, a k n o c k -

d o w n of At G L R 3. 5 r es ult s i n r e d u c e d  g er mi n ati o n ( K o n g et al ., 2 0 1 5). I n t h e first 

e x p eri m e nts t o g et t hi s c o n cl usi o n, t h e y p erf or m e d s e e d g er mi n ati o n t est usi n g p h ysi ol o gi c al 

c o n c e ntr ati o ns of a mi n o a ci ds ( 1 0  m a n d 3 0   m) w h os e l e v els i n cr e as e d uri n g g er mi n ati o n  

s u c h as L -m et hi o ni n e, D -S er i n e, L-As p, a n d L -t hr e o ni n e; a n d t h at h a v e b e e n pr e vi o usl y 

d es cri b e d t h at a cti v at e pl a n G L R C a 2 +  (K o n g et al ., 2 0 1 6; Li et al ., 2 0 1 3;  Mi c h ar d et al ., 

2 0 1 1 ). Fr o m t hi s t est, th e y w er e a bl e t o  d e m o nstr at e d t h e effi c a c y of L -m et hi o ni n e i n 

e n h a n ci n g s e e d g er mi n ati o n i n a d os e -d e p e n d e nt m a n n er w h e n it is a d d e d at 3 0  M, t hi s 

r es ult is i n a gr e e m e nt wit h t h e pr e vi o usl y r e p ort e d s e e d g er mi n ati o n pr o m oti o n al eff e ct of 

m et hi o ni n e b y G al l ar d o et al . ( 2 00 2).  

A d diti o n all y, J u et al . ( 2 0 2 0) o bs er v e d t h at L -m et hi o ni n e h a s t h e s a m e eff e ct t h at 

C a + 2  tr e at m e nt r e p ort e d b y K o n g et al . ( 2 0 1 5). T h er ef or e, t h e y d esi g n e d a n e x p eri m e nt i n 

w hi c h us e d a c o m bi n ati o n of L -m et hi o ni n e wit h L a C L 3  tr e at m e nt, a C a 2 +  c h a n n el bl o c k er, i n 

or d er t o d et er mi n e if t h e eff e ct w as r el at e d t o t h e a mi n o a ci d or t h e C a 2 + c h a n n els. T h e r es ult 

of t hi s e x p eri m e nt d e m o nstr at e d t h at L a C L 3  eli mi n at e d t h e s e e d g er mi n ati o n e n h a n ci n g of 

L -m et hi o ni n e.  

A d diti o n al  e x p eri m e nts w er e f o c us e d o n i n v e sti g at e d t h e r el ati o ns hi p b et w e e n 

At G L R 3. 5 wit h L -m et hi o ni n e -m o d ul at e d c o ntr ol of g er mi n ati o n b e c a us e of At G L R 3. 5 a cts 

as a C a 2 +  c h a n n el ( K o n g et al ., 2 0 1 5). T h us, t h e y h a v e gr o w n At G L R 3. 5 T -D N A i ns erti o n 

li n es At glr 3. 5 -1  a n d At glr 3. 5 -2  usi n g  a s u p pl e m e nt ati o n str at e g y wit h L -m et hi o ni n e. Wit h 

t hi s e x p eri m e nt, t h e y w er e a bl e t o d e m o nstr at e  t h at At G L R 3. 5 a n d C a 2 +  si g n al ar e i n v ol v e d 

i n t h e r e g ul ati o n of s e e d g er mi n ati o n b y L-m et hi o ni n e.  Si n c e m et hi o ni n e c a n b e s y nt h esi z e d 

i n pl a nts b y t hr e e f u n cti o n al is of or ms, t hi s aris es t h e q u esti o n whi c h is o e n z y m e is m ost 

i m p ort a nt f or t h e m et hi o ni n e s u p pl y i nt o s e e d g er mi n ati o n . T h er ef or e, J u et al . ( 2 0 2 0) 

f oll o w e d a str at e g y of q R T-P C R a n d f o u n d t h at tr a ns cri pt l e v els of A T M S 1 w er e 

a p pr o xi m at el y 1 2 -f ol d hi g h er t h a n A T M S 2 a n d A T M S 3 i n wil d t y p e s e e ds. T h e n, t h e y 

a n al y z e d m et hi o ni n e c o nt e nt i n i m bi b e d s e e ds of at ms 1  m ut a nt li n e i n c u b at e d at 2 2 ° C f or  0  

h  2 4 h , t h e y f o u n d si g nifi c a nt l o w er c o nt e nts of m et hi o ni n e i n b ot h  tr e at m e nts t h a n c o ntr ol 

s e e ds .  
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I n Fi g u r e 2. 4  is r e pr es e nt e d t h e i ns erti o n l o c ati o n of Ar a bi d o psis  m ut a nt li n es 

pr e vi o usl y r e p ort e d i n lit er at ur e.  I n T a bl e 2. 1 a bri ef s u m m ar y wit h t h e pri n ci p al fi n di n gs of 

t h e f u n cti o n al g e n o mi c st u di es of m et hi o ni n e s y nt h as e is of or ms is s h o w n. A c c or di n gl y,  t o 

t h e b est of o ur  k n o wl e d g e, t h er e ar e u n k n o w n  o v er all eff e ct s of  m et hi o ni n e s y nt h as e is of or ms 

i n pl a nts a n d w o ul d b e i nt er esti n g st u d y t h e r el ati o ns hi p b et w e e n  t h e o n e-c ar b o n m et a b oli s m 

a n d m et hi o ni n e s y nt h as e is of or ms r e g ar di n g c ell ul ar pr o c ess es s u c h as  pl a n t gr o wt h, 

d e v el o p m e nt , a n d m et a b ol is m.  

 

Fi g u r e 2. 4  L o c ati o n of pr e vi o usl y st u di e d  m ut a nt li n es i n Ar a bi d o psis t h ali a n a . Y ell o w 
b o x es r e pr es e nt e x o ns, bl u e r e ct a n gl es r e pr es e nt u ntr a nsl at e d r e gi o ns, bl a c k li n e r e pr es e nt 
i ntr o ns, a n d tri a n gl es r e pr es e nt i ns erti o n p ositi o n f or e a c h T -D N A i ns erti o n m ut a nts.  

 

 

 

 

 



3 5  
 

T a bl e 2 .1 S u m m ar y of m et hi o ni n e s y nt h as e f u n cti o n al g e n o mi cs i n Ar a bi d o psis  

G e r m pl as m  Is o e n z y m e  P h e n ot y p e  
I n s e rti o n 
p ositi o n  

R ef e r e n c e  

at m s 1 -1  A T M S 1  

L et h al h o m o z y g o u s. M ut ati o n 
s u b stit uti o n of Gl y -7 t o G l u-7, 
l o w er  m et hi o ni n e  c o nt e nt, 
d e cr e a s e d  D N A  m et h yl ati o n 
l e v els, S A M, S A H a n d H c y 
c o nt e nts i n cr e a s e d.  

E x o n 2, Pr ot ei n 
p o siti o n: G 7  

Y a n et al ., 
2 0 1 9  

S AI L _ 6 5 5 _ B 0 4 or 
C S 4 8 0 8 2 2  A T M S 1  

L et h al h o m o z y g o u s, r e d u cti o n of 
A T M S 1 4 0 -5 0 % g e n e tr a n s cri pts, 
e n h a n c e d i m m u n e r es p o n s e  

E x o n 4, Pr ot ei n 
p o siti o n: V 1 5 9  

G o n z ál e z & 
V er a, 2 0 1 9  

S AI L _ 1 3 6 _ C 1 2  A T M S 1  

L et h al h o m o z y g o u s, r e d u cti o n of 
4 0 -5 0 % g e n e tr a n s cri pts.  

E x o n 7, Pr ot ei n 
p o siti o n: L 3 8 4  

G o n z ál e z & 
V er a, 2 0 1 9  

S A L K _ 2 0 5 1 7 4  A T M S 1  

L et h al  h o m o z y g o u s,  n o 
m e a s ur e m e nts w er e  p erf or m e d.  

3' -U T R  
J u et 

al ., 2 0 2 0 

C S 4 8 0 8 2 2  A T M S 1  

N o n -l et h al h o m o z y g o u s, d el a y e d 
g er mi n ati o n, l o w er m et hi o ni n e 
c o nt e nt, d e cr e a s e i n m et hi o ni n e 
c o nt e nt d uri n g g er mi n ati o n, l ess 
At G L R 3. 5 a n d m or e A BI 4  r el ati v e 
e x pr essi o n.  

E x o n 1 2, Pr ot ei n 
p o siti o n: E 7 4 2  

J u e t 
al ., 2 0 2 0 

S AI L _ 6 5 5 _ B 0 4 or 
C S 4 8 0 8 2 2  A T M S 1  

H o m o z y g o u s  l et h alit y,  n o 
m e a s ur e m e nts w er e p erf or m e d.  

E x o n 4, Pr ot ei n 
p o siti o n: V 1 5 9  

J u et 
al ., 2 0 2 0 

G A BI _ 3 5 9 D 1 0  A T M S 2  

N o n -l et h al  h o m o z y g o u s, 
d e cr e a s e d e x pr essi o n l e v els of 
A T M S 2 g e n e tr a n s cri pts, l o w er 
m et hi o ni n e  c o nt e nt, si g nifi c a nt 
c h a n g es i n m et h yl ati o n l e v els.  

E x o n 4, Pr ot ei n 
p o siti o n: T 2 4 2  

Y a n et al ., 
2 0 1 9  

S A L K _ 0 8 8 4 2 9  A T M S 3  

N o n -l et h al  h o m o z y g o u s, 
e x pr essi o n l e v els of t ar g et g e n e 
d e cr e a s e d,  l o w er  m et hi o ni n e 
c o nt e nt, n o si g nifi c a nt c h a n g es i n 
m et h yl ati o n l e v el s, h o m o z y g o u s.  

E x o n 1 0, Pr ot ei n 
p o siti o n: F 6 7 9  

Y a n et al ., 
2 0 1 9  
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3. M at eri als a n d m et h o ds  

3. 1. Bi ol o gi c al m at eri al  

All m ut a nt li n es of Ar a bi d o psis t h ali a n a  w er e o bt ai n e d fr o m t h e Ar a bi d o psi s 

Bi ol o gi c al R es o ur c e C e nt er ( C ol u m b us, O H) wit h e x c e pti o n of c o l-0, ms 2 -1 , a n d ms 2 -2 . C ol-

0 s e e ds w er e ki n dl y gift e d b y Dr. J os e p h D u br o vs k y  fr o m U ni v ersi d a d N a ci o n al A ut ó n o m a 

d e M é xi c o , w hil e ms 2 -1 , a n d ms 2 -2  h o m o z y g o us pl a nts w er e pr e vi o usl y is ol at e d i n o ur L a b 

b y Dr. C ar oli n a G ar cí a  ( T e c n oló gi c o d e M o nt err e y) .  

I n or d er t o c h o os e ms 1  a n d ms 3  Ar a bi d o psis m ut a nt li n es, bi oi nf or m ati c s e ar c h b as e d 

o n i ns erti o n sit e w as p erf or m e d at T h e Ar a bi d o psis I nf or m ati o n R es o ur c e ( T AI R) 

(htt ps:// w w w. ar a bi d o psis. or g/ ). T -D N A i ns erti o n al l i n es S A L K _ 0 3 5 5 8 1 ( ms 1 -1 ), 

S A L K _ 0 3 0 0 4 7( ms 1 -2 ), S A L K _ 1 3 8 7 0 6 (ms 1 -3 ), S A L K _ 0 1 8 9 5 6 (ms 3 -1 ), S A L K _ 0 8 8 4 2 9 

(ms 3 -2 ), C S 8 5 2 5 7 5(ms 3 -3 ) w er e s el e ct e d a n d o bt ai n e d fr o m t h e Ar a bi d o psis Bi ol o gi c al 

R es o ur c e C e nt er ( Al o ns o et al ., 2 0 0 3). All m ut a nt li n es us e d i n t hi s w or k ar e s h o w n i n T a bl e  

3. 1 . Usi n g g e n e f e at ur e i nf or m ati o n o bt ai n e d fr o m T AI R  , g e n e m a ps of t h e i ns erti o n sit e f or 

e a c h Ar a bi d o psis m ut a nt li n es w er e m a d e usi n g G e n e Str u ct ur e Dis pl a y S er v er 

(htt p:// gs ds. c bi. p k u. e d u. c n/ ) , a n d I n k S c a p e s oft w ar e (htt ps://i n ks c a p e. or g/ ) f or mi n or 

a dj ust m e nts.  

 

T a bl e 3 .1  S el e ct e d A r a bi d o p sis m ut a nt li n es  

G e r m pl as m  N a m e  P ol y m o r p his m  I n s e rti o n p ositi o n  C h r o m os o m e  

S A L K _ 0 3 5 5 8 1  ms 1 -1  S A L Ks e q _ 0 3 5 5 8 1. 1  5 9 3 6 5 0 5  5  

S A L K _ 0 3 0 0 4 7  ms 1 -2  S A L Ks e q _ 0 3 0 0 4 7. 2  5 9 3 7 2 4 2  5  

S A L K _ 1 3 8 7 0 6  ms 1 -3  S A L Ks e q _ 1 3 8 7 0 6. 8  5 9 3 8 0 2 3  5  

C S 8 8 1 1 7 7  ms 2 -1  S A L Ks e q _ 6 6 2 3 2. 2  9 5 8 4 2 6  3  

S A L K _ 1 4 3 6 2 8  ms 2 -2  S A L K _ 1 4 3 6 2 8. 4 9. 4 0. x  9 6 0 4 4 3  3  

S A L K _ 0 1 8 9 5 6  ms 3 -1  S A L K _ 0 1 8 9 5 6. 2 7. 1 0. x  7 1 2 5 2 3 8  5  

S A L K _ 0 8 8 4 2 9  ms 3 -2  S A L Ks e q _ 0 8 8 4 2 9. 2  7 1 2 5 1 5 3  5  

C S 8 5 2 5 7 5  ms 3 -3  Wis c Ds L o x 3 5 6 D 0 4. 0  7 1 2 8 4 0 3  5  

 

https://www.arabidopsis.org/
http://gsds.cbi.pku.edu.cn/
https://inkscape.org/
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3. 2. D N A e xtr a cti o n  

D N A e xtr a cti o ns w er e p erf or m e d f oll o wi n g c et yltri m et h yl a m m o ni u m br o mi d e 

( C T A B) m et h o d ( Cl ar k e, 2 0 0 9) wit h f e w m o difi c ati o ns. Bri efl y,  D N A e xtr a cti o n b uff er w as 

pr e p ar e d as f oll o w: 2 % ( w/ v) C T A B, 0. 1 M T RI S -H Cl, 2 0 m M E D T A, 1. 4 M N a Cl,  a n d  1 % 

( w/ v) P V P. Aft er, D N A e xtr a cti o n w as  c o n d u ct e d wit h  1 -2 l e a v es ( a p pr o xi m at el y 1 0 m g) 

fr o m 4 w e e ks ol d pl a nts i n 1. 5 m L E p p e n d orf t u b es wit h 4 0 0 u L D N A e xtr a cti o n b uff er. 

L e a v es w er e gri n d e d wit h a p ell et p estl e , a n d l at er, t h e  tu b es w er e v ort e x e d a n d pl a c e d i n a 

w at er b at h at 6 5 ° C f or 2 0 m i n. T u b es w er e pl a c e d at r o o m t e m p er at ur e f or 5 min  a n d 4 0 0 µ L 

of c hl or of or m w as a d d e d t o e a c h t u b e , a n d t h e n t h e s a m pl es w er e v ort e x e d a n d c e ntrif u g e d 

f or 5 mi n  at 1 4, 0 0 0 R P M a n d 2 1 ° C . Aft er t h at, t h e s u p er n at a nt w as c oll e ct e d i n n e w t u b es 

f oll o we d  b y t h e  a d diti o n of 3 0 0 µ L is o pr o p a n ol, t u b es w er e v ort e x e d a n d i n c u b at e d at -2 0 ° C 

f or 4 h i n or d er t o pr e ci pit at e D N A . T h e n, t u b es w er e c e ntrif u g e d f or 1 5 mi n  at 1 4, 0 0 0 R P M 

a n d 4 ° C, s u p er n at a nt w as dis c ar d e d, p ell ets w er e w as h e d wit h 3 0 0 u L et h a n ol, v ort e x e d a n d  

c e ntrif u g e d f or 5 mi n  at 1 4, 0 0 0 R P M a n d 4 ° C. T h e s u p er n at a nt w as dis c ar d e d a n d t h e D N A 

e xtr a cts  w er e dri e d at 3 7 ° C f or 2 0 mi n . Fi n all y, D N A p ell ets w er e r es us p e n d e d i n 4 0 µ L 

D E P C tr e at e d w at er.  

3. 3. G e n ot y pi n g a n al ysi s  

I n or d er t o is ol at e h o m o z y g o us pl a nts g e n ot y pi n g a n al ysi s w as p erf or m e d b y P C R. 

First , pri m ers w er e s el e ct e d fr o m SI G n A L ( S al k I nstit ut e G e n o mi c A n al ysis L a b or at or y) 

htt p://si g n al.s al k. e d u/t d n a pri m ers. 2. ht ml . T his bi oi nf or m ati c t o ol pr o vi d es s p e cifi c pri m ers 

f or e a c h m ut a nt li n e fr o m S al k c oll e cti o n. S el e ct e d pri m ers ar e s h o w n i n T a bl e 3. 2 . T w o s ets 

of P C Rs w er e us e d, o n e usi n g t h e g e n e -s p e cifi c pri m er p air ( L P + R P) a n d t h e ot h er usi n g a 

g e n e -s p e cifi c pri m er a n d t h e T -D N A b or d er pri m er . T his str at e g y c o ul d d et er mi n e w h et h er 

t h e i n di vi du al w as  h o m o z y g o us f or n o T -D N A i ns erti o n ( wil d t y p e), h et er o z y g o us f or t h e T -

D N A i ns erti o n, or h o m o z y g o us f or t h e T -D N A i ns erti o n.  

F or P C R pr e p ar ati o n, D N A e xtr a cti o ns w er e q u a ntifi e d b y N a n o Dr o p 1 0 0 0 

( Th er m o S ci e ntifi c, M ass a c h us ett s, U S A) a n d a dj u st e d t o fi n al c o n c e ntr ati o n b et w e e n 4 0 -1 0 0 

µ g/ u L. P C R r e a cti o ns w er e pr e p ar e d as i n di c at e d i n T a bl e 3. 3 . 

 

http://signal.salk.edu/tdnaprimers.2.html
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T a bl e 3. 2  P ri m e r li st f o r G e n ot y pi n g a n al ysi s  

I D  S e q u e n c e  T m ( ° C)  W T B a n d ( b p)  T -D N A b a n d ( b p)  

L P ms 1 -1  5' -A C C T C C T G C T C T C T T C T C C A C -3'  6 0. 0 1  
1 0 9 3  4 8 9 -7 8 9  

R P m s 1 -1  5' -T G A C G G G A C C A G T A A G C A T A C -3'  6 0. 0 1  

L P ms 1 -2  5' -C C A G A T G T T C C T T C C A T C A A C -3'  5 9. 4 0  
1 0 3 7  5 2 1 -8 2 1  

R P m s 1 -2  5' -A A T G A C C A A G T G G T T C G A C A C -3'  5 9. 8 8  

L P ms 1 -3  5' -A C A C C G T C C C T G T A C T T G T T G -3'  5 9. 9 4  
1 0 2 4  4 6 7 -7 6 7  

R P m s 1 -3  5' -A G A T C T C C T T G A A G C C A A A G C -3'  5 9. 9 8  

L P ms 2 -1  5' -T C A A A C A A A G G G T T C A C T T G G -3'  5 9. 9 9  
1 1 3 8  5 0 3 -8 0 3  

R P m s 2 -1  5' -A T G T T T C T G T T T G A T G C A G C C -3'  6 0. 1 3  

L P ms 2 -2  5' -T T G T T G A C A T C C A A G A G G A C C -3'  5 9. 9 6  
1 1 5 2  5 2 3 -8 2 3  

R P m s 2 -2  5 -' C C C T C A A A A C C T A A C T T T G G C-3'  5 9. 9 9  

L P ms 3 -1  5' -G A C T T T G C T G T C C A G A A C A G C -3'  6 0. 0 5  
1 1 0 1  4 8 6 -7 8 6  

R P m s 3 -1  5' -A A G C T T C A G G A A G A A C T T G G G -3'  5 9. 8 7  

L P ms 3 -2  5' -A T C A C C A C C G T T C A A C A G A A G -3'  6 0. 0 2  
1 1 6 1  5 2 6 -8 2 6  

R P m s 3 -2  5' -T T T G A G T A G C A C A T G T G G G T G -3'  5 9. 6 2  

L P ms 3 -3  5' -T A T T T G A T T C C A G C A T G A G C C -3'  6 0. 0 5  
1 1 4 9  5 7 5 -8 7 5  

R P m s 3 -3  5 -' G AG G C T C T G T T A C C T G C A T T G -3'  5 9. 8 9  

L B b 1  5' -G C G T G G A C C G C T T G C T G C A A C T -3'  6 0 . 0 0 N A  N A  

Wis c D s L o x L B  5' -T C C T C G A G T T T C T C C A T A A T A A T G T -3'  6 0 . 0 0 N A  N A  

Pri m ers  L P + R P  ar e  u s e d  t o  a m plif y  W T  b a n d  w hil e pri m ers  L B + R P  ar e  u s e d  t o  a m plif y  T -D N A  b a n d.  

L P: L eft g e n o m e pri m er; R P: Ri g ht g e n o m e pri m er; L B: L eft b or d er pri m er.  

T a bl e 3 .3  P C R r e a cti o n p r e p a r ati o n  

R e a cti o n f o r W T b a n d  (µ L)  R e a cti o n f o r T -D N A b a n d  (µ L)  

Gr e e n m ast er mi x 2 X b uff er  5 . 0 Gr e e n m ast er mi x 2 X b uff er  5 . 0 

L P pri m er 1 0 m M  0. 5  L B pri m er 1 0 m M  0. 5  

R P pr i m er 1 0 m M  0. 5  R P pri m er 1 0 m M  0. 5  

H 2 0 n u cl e as e fr e e  3 . 0 H 2 0 n u cl e as e fr e e  3 . 0 

D N A ( 5 0 -1 0 0 n g/ u L)  1 . 0 D N A ( 5 0 -1 0 0 n g/ u L)  1 . 0 

T w o r e a cti o ns ar e p erf or m e d i n or d er t o i d e ntifi e d g e n ot y p e, r e a cti o n f or W T b a n d u s e L P a n d R P pri m ers w hi c h r e s ult i n wil d ty p e b a n d; 

w hil e r e a cti o n f or T -D N A b a n d u s e L B a n d R P pri m ers w hi c h r e s ult i n T -D N A i n s erti o n b a n d. T h e pr e s e n c e of W T b a n d a n d T -D N A b a n d 

i n di c at e s h et er o z y g o u s g e n ot y p e, i n t h e ot h er h a n d, t h e pr e s e n c e of W T b a n d or T-D N A i n di c at e wil d t y p e a n d h o m o z y g o u s g e n ot y p e, 

r e s p e cti v el y.  
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O n c e t h e P C R r e a cti o ns w er e pr e p ar e d, t u b es w er e pl a c e d i n M a xi g e n II t h er m o c y cl er 

( A x y g e n, U S A) wit h th e f oll o wi n g c o n diti o ns: I niti al d e n at uri n g st e p at 9 4 ° C f or 3 mi n, 

f oll o wi n g b y 3 0 c y cl es of d e n at uri n g at 9 4 ° C f or 3 0 s e cs , a n n e ali n g at 6 0 ° C f or 3 0 s e cs a n d 

e xt e nsi o n at 7 2 ° C f or 2 mi n; a n d fi n al e xt e nsi o n at 7 2 ° C f or 1 0 mi n. T h es e c o n diti o ns w er e 

us e d  f or i d e ntif yi n g all m ut a nt li n es wit h e x c e pti o n of ms 1 -3  m ut a nt li n e. ms 1 -3  r e q uir ed  

o nl y t o m o dif y t h e a n n e ali n g t e m p er at ur e  t o 4 5 ° C. 

3. 5 Pl a nt gr o wt h c o n diti o ns  

F or i niti al s cr e e ni n g of T -D N A i ns erti o n m ut a nts, s e e ds w er e c ol d tr e at e d f or 3 d a ys 

at 4 ° C b ef or e b ei n g s o w n i n s oil wit h v er mi c ulit e a n d p e at m oss  ( 1: 1) c o m p ositi o n. S e e ds 

w er e pl a c e d i n p ots b y pi p etti n g i n di vi d u al s e e ds i n e a c h p ot. P ots w er e pr e vi o usl y l a b el e d 

f or e a c h m ut a nt li n e. Aft er s e e ds w er e s o w n i n s oil, t h e p ots w er e pl a c e d i n tr a ys c o nt ai ni n g  

w at er a n d tr a nsf err e d t o t h e gr o wt h c h a m b er . Gr o wt h c h a m b er c o n diti o ns w er e p h ot o p eri o d 

of 1 6  h li g ht a n d 8  h d ar k n ess, r el ati v e h u mi dit y of 3 0 -4 0  %.  

3. 5. 1 Pl at e -b as e d p h e n ot y pi c a n al ysi s  

F or pl at e -b as e d p h e n ot y pi c a n al ysi s a p pr o xi m at el y 4 5 0 s e e ds  of ms 1 -1  ( H z), ms 1 -3  

( H z), ms 2 -1  ( H m), ms 2 -2  ( H m), ms 3 -1  ( H m), ms 3 -2  ( H m), ms 3 -3  ( H m) w er e s urf a c e 

st erili z e d wit h 7 0 % et h a n ol f or 5 mi n  f oll o w e d b y 3 0 % c o m m er ci al bl e a c h f or 2 0 mi n  a n d 

ri ns e d s e v e n ti m es wit h st eril e d ei o ni z e d w at er. S urf a c e-st eri li z e d s e e ds w er e s o w n o nt o p etri 

dis h es ( 1 0 0 x 2 0 m m) c o nt ai ni n g 4 0 m L of st eril e m e di u m c o nsisti n g of 0. 5 X M ur as hi g e a n d 

S k o o g ( 1 9 6 2 ) s alt s ( Si g m a Al dri c h), 1 % ( w/ v) s u cr os e ( Si g m a Al dri c h ) a n d 1 % ( w/ v) A g ar  

(Si g m a Al dri c h ). Pl at es w er e pl a c e d i n a c ol d r o o m f or 3 d a ys at 4 ° C t o s y n c hr o ni z e 

g er mi n ati o n. C ol d -str atifi e d s e e ds i n pl at es w er e tr a nsf err e d i nt o gr o wt h c h a m b er wit h d a y 

a n d n i g ht t e m p er at ur e at  2 2 ° C  u n d er l o n g -d a y c o n diti o n ( 1 6/ 8 , li g ht/ d ar k n ess). E a c h t w o 

d a ys , p h ot o gr a p hs w er e t a k e n t o ass ess s e e dli n g d e v el o p m e nt b e gi n ni n g at r e m o v al fr o m t h e 

c ol d r o o m ( d a y 3 aft er s o wi n g) u ntil t h e s e e dli n gs w er e h ar v est e d o n d a y 1 4. S h o ots  a n d r o ots 

w er e c oll e ct e d s e p ar at el y i n cr y o vi als , f ast fr e e zi n g a n d st or e d at -8 0 ° C u ntil  t h e a mi n o a ci ds 

a n d f ol at es a n al ysi s.  

F or e a c h g e n ot y p e , 5 0 s e e ds w er e s o w n i n e a c h pl at e . T h e n u m b er of pl at e s f or e a c h 

g e n ot y p e w as c ol -0  n = 9, ms 1 -1  n = 9, ms 1 -3  n = 8 , m s 2 -1  n = 8, ms 2 -2  n = 7, ms 3 -1  6, ms 3 -2  n = 9, 

a n d ms 3 -3  n = 9 . T o e v al u at e  s h o ots a n d r o ot w ei g ht p er pl a nt, t h e w ei g ht of s h o ots a n d r o ots 
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of 1 4 -d a ys -ol d pl a nts  p er pl at e w as r e c or d e d a n d di vi d e d b y t h e n u m b er of pl a nts pr o d u c e d  

i n t h e pl at e. F or r o ot, h y p o c ot yl a n d c ot yl e d o n l e n gt h d et er mi n ati o n, p h ot o gr a p hs of 

v erti c al l y i n c u b at e d pl at es of 7-d a ys -ol d pl a nts w er e a n al y z e d b y I m a g e J s oft w ar e 

(htt ps://i m a g ej. ni h. g o v/ij/ ), i n t hi s c as e, t h e r o ot of e a c h pl a nt i n t h e pl at e w as m e as ur e 

( n u m b er of m e as ur es f or e a c h g e n ot y p e: c ol -0  n = 5 7 , ms 1 -1  n = 2 5 , ms 1 -3  n = 3 1 , ms 2 -1  n = 1 8 , 

ms 2 -2  n = 4 3 , ms 3 -1  n = 4 7 , ms 3 -2  n = 2 3 , a n d ms 3 -3  n = 1 6) .  

T o c o m p ar e  pl a nts d e v el o p m e nt al st a g e, p h ot o gr a p hs of 4 -d a ys -ol d pl a nts w er e us e d; 

F or t hi s a n al ys is, e a c h pl a nt w as assi g n e d wit h a n u m b er w hi c h c orr es p o n d t o t h e 

d e v el o p m e nt al st a g e  ( 0. 1, 0. 5, 0. 7 a n d 1. 0 t o d e n ot e d or m a nt s e e d, s e e d pr otr usi o n, h y p o c ot yl 

a n d c ot y l e d o n e m er g e n c e a n d f ull y o p e n e d c ot yl e d o ns, r es p e cti v el y) a c c or di n g t o m et h o ds 

d es cri b e d b y  ( B o y es et al ., 2 0 0 1). T h e n u m b er of pl a nts p er d e v el o p m e nt al st a g e w as 

o bt ai n e d  a n d t h e p er c e nt a g e of pl a nts i n e a c h d e v el o p m e nt al st a g e w as c al c ul at e d  ( e a c h pl at e 

c o nt ai n s 5 0 s e e ds a n d n = 3 pl at es w er e us e d f or e a c h g e n ot y p e) . 

3. 6 A mi n o a ci d a n al ysi s  

T o p erf or m a mi n o a ci d e xt r a cti o n, 5 0 m g of 1 4-d a ys -ol d Ar a bi d o psis  s h o ots  ( n = 3, 

p er g e n ot y p e)  w er e pl a c e d i n 2 m L mi cr ot u b es wit h l ysi s b e a d (6. 3 5 m m zir c o ni u m sili c at e 

b e a d ) a n d 1 m L a mi n o a ci d e xtr a cti o n b uff er ( 0. 1 M N a H 2 P O 4 , 1 0 m M B or at e, 1 m M D T P A, 

p H 8. 2). Pl a nt ti ss u e l ysis w as p erf or m e d b y a c y cl e of 2 0 s e cs  at 6 m *s -1  i n F ast Pr e p-2 4 

s yst e m ( M P Bi o m e di c als, S h a n d o n g, C hi n a). T h e n, t h e s a m pl es w er e c e ntrif u g e d at 1 4, 0 0 0 

R P M  at 4 ° C f or 1 0 mi n , t h e s u p er n at a nt w as c oll e ct e d a n d filt er e d wit h 0. 4 5  m P V D F 

m e m br a n e s yri n g e filt ers a n d pl a c e d i n n e w mi cr ot u b es.  

F or a mi n o a ci d d eri v ati z ati o n  w as f oll o w e d t h e  m et h o d ol o g y d es cri b e d i n pr e vi o us 

lit er at ur e ( C o h e n & Mi c h a u d, 1 9 9 3) wit h  mi n or m o difi c ati o ns . T h e d eri v ati z ati o n r e a cti o n 

w as pr e p ar e d dir e ctl y i n i ns ert h pl c vi al s wit h 1 0 µ L  of  st a n d ar d s ol uti o n s, e xtr a ct i o n b uff er 

( bl a n k) or a mi n o  a ci d e xtr a ct s;  3 0 µ L of A c c Q -Fl u or b or at e b uff er, f oll o wi n g b y 

h o m o g e ni z ati o n wit h v ort e x f or 5  s e cs a n d q ui c k s pi n . Fi n all y,  t h e d eri v ati z ati o n b e g a n wit h 

t h e a d diti o n of 1 0 µ L A c c Q -Fl u or r e a g e nt  at 5 5 ° C f or 1 0  mi n o n a  h e ati n g  pl at e .  

A mi n o a ci d a n al ysi s w as p erf or m e d o n a n  U P L C A c q uit y S yst e m ( W at ers, M ass a c h us ett s, 

U S A) a n d o p er at e d b y t h e  E m p o w er s oft w ar e  v ersi o n 3  ( W at ers, M ass a c h us ett s, U S A). 

https://imagej.nih.gov/ij/
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S e p ar ati o n w as p erf or m e d o n 3. 9 x 1 5 0 m m A c c Q -T a g c ol u m n ( W at er s , M ass a c h us ett s, 

U S A ) at 3 7 ° C. T h e a mi n o a ci ds  pr ofil e  w as  d et e ct e d usi n g W at ers 2 4 7 5 fl u or es c e n c e d et e ct or 

wit h e x cit ati o n p ar a m et er at 2 5 0 n m a n d e mi ssi o n at 3 9 5 n m. M o bil e p h as e A ( 1 4 0 m M 

S o di u m a c et at e, 7  m M Tri et h yl a mi n e, a n d p H a dj ust e d t o 5. 8 wit h H 3 P O 4 ), a n d m o bil e  p h as e 

B ( 6 0 % a c et o nitril e ( v/ v) a n d 4 0 % w at er ( v/ v)) w er e us e d at 1 m L/ mi n fl o w r at e wit h t h e 

f oll o wi n g gr a di e nt: 0-1 mi n, 1 0 0 % A; 1 -1 6 mi n, 9 8. 4 % A, 1. 6 % B; 1 6 -2 5 mi n, 9 5. 7 % A, 

4. 3 % B; 2 5 -3 5 mi n, 9 0 % A, 1 0 % B; 3 5 -4 0 mi n, 7 5. 5 % A, 2 4. 5 % B; 4 0 -5 1 mi n, 6 7 % A , 3 3 % 

B; 5 1 -5 4 mi n, 1 0 0 % B; 5 4 -6 0 mi n, 1 0 0 % A. A mi n o a ci d c o n c e ntr ati o ns w er e c al c ul at e d b y 

dir e ct c o m p ari n g wit h  st a n d ar d c ur v es pr e p ar e d wit h c o m m er ci al a mi n o a ci d st a n d ar ds  

( T h er m o S ci e ntifi c). 

3. 7 F ol at e a n al ysi s  

F ol at es e xtr a cti o n w as p erf or m e d a c c or d i n g wit h m et h o d ol o g y d es cri b e d i n pr e vi o u s 

w or ks  ( R a m os-P arr a et al ., 2 0 1 3), wit h mi n or m o difi c ati o ns f or A.  t h ali a n a ti ss u e. E xtr a cti o n 

b uff er w as pr e p ar e d as f oll o w: 5 0  m M H E P E S, 5 0 m M C H E S, 2 % ( w/ v) s o di u m as c or b at e, 

1 0  m M β -m er c a pt o et h a n ol, a n d p H a dj ust e d t o 7. 8 5  wit h K O H. F ol at e e xtr a cti o n w as c arr y -

o ut usi n g 2 0 0 m g of 1 4 -d a ys -ol d Ar a bi d o psis  s h o ots  ( n = 3, f or e a c h g e n ot y p e) i n 5 m L 

e xtr a cti o n b uff er i n 1 5 m L F al c o n t u b es c o nt ai ni n g t w o 6. 3 5 m m zir c o ni u m sili c at e b e a ds. 

O x y g e n w as r e m o v e d fr o m t h e t u b e b y fl us hi n g wit h g as nitr o g e n i n or d er t o pr e v e nt f ol at es 

d e gr a d ati o n  b y o xi d ati o n  e a c h ti m e t u b es w er e o p e n e d.  

Pl a nt ti ss u e l ysi s w as p erf or m e d b y a c y cl e of 4 0  s e cs , at 6 m *s-1  i n F ast Pr e p-2 4 

s yst e m ( M P Bi o m e di c als, S h a n d o n g, C hi n a). T u b es w er e pl a c e d i n b oili n g w at er f or 1 0 mi n  

t o c o m pl et el y c ell d e n at ur ali z ati o n a n d e n z y m e i n a cti v ati o n. I m m e di at el y, t u b es w er e pl a c e d 

o n i c e f or 1 0 mi n . T h e n , t u b es w er e c e ntrif u g e d at 1 0, 3 0 0 R PM, f or 1 0 mi n  at 4 ° C , a n d 

s u p er n at a nt w as c oll e ct e d i n n e w t u b es. T h e p ell ets w er e r e -e xtr a ct e d wit h 3 m L of e xtr a cti o n 

b uff er a n d f oll o wi n g s a m e pr e vi o us st e ps. B ot h s u p er n at a nts w er e c o m bi n e d a n d filt er e d 

usi n g W h at m a n q u alit ati v e filt er p a p er ( N o. 1) of  4 2. 5 m m di a m et er.  

S a m pl es w er e a dj ust e d t o p H 6 . 0 wit h ort h o p h os p h ori c a ci d ( 1: 1 0 v/ v) a n d 0. 1 m g of 

G G H ( g a m m a -gl ut a m yl h y dr ol as e) p er g of s a m pl e f or f ol at e d e gl ut a m yl ati o n. S a m pl es w er e 

i n c u b at e d at 3 7 ° C f or 1 h, f ol at e d e gl ut a m yl ati o n w as st o p p e d b y a dj usti n g p H t o 7. 8 wit h 

5 M K O H a n d pl a ci n g t h e s a m pl es i n b oili n g w at er f or 1 0 mi n . I m m e di at el y, s a m pl es w er e 
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tr a nsf err e d t o i c e f or 1 0 mi n . T u b es w er e c e ntrif u g e d at 1 0, 3 0 0 R P M, 4 ° C f or 1 0 mi n , a n d 

s u p er n at a nt w as filt er e d a g ai n i n filt er p a p er.  

F ol at e p urifi c ati o n w as p erf or m e d b y affi nit y c hr o m at o gr a p h y i n c ol u m ns c o nt ai ni n g 

F ol at e Bi n di n g Pr ot ei n is ol at e d of w h e y pr ot ei n c o n c e ntr at e ( Gr e g or y III & T ot h, 1 9 8 8). 

C hr o m at o gr a p hi c st e ps c o nsist e d o n: 5 m L of s alt e d p h os p h at e b uff er ( 2 5 m M K H P O 4 , 1 M 

N a Cl, 1 % as c or bi c a ci d a n d p H a dj ust e d t o 7. 4 wit h 5 M K O H), 5 m L of d e s alt e d p h os p h at e 

b uff er  ( 2 5 m M K H P O4 , p H 7. 4), dis pl a c e m e nt of p h os p hat e b uff er wit h 7 0 0 µ L of el uti o n 

b uff er ( 2 8 m M K 2 H P O 4  a n d 0. 5 9 m M H 3 P O 4 ), a n d fi n al el uti o n wit h 3 m L of el uti o n b uff er. 

El ut e d s a m pl es w er e filt er e d usi n g 0. 4 5  m P V D F m e m br a n e s yri n g e filt ers a n d tr a nsf err e d 

t o 2 m L H P L C vi als.   

F ol at es a n al ysi s w as p er f or m e d b y H P L C A gil e nt 1 2 9 0 ( A gil e nt, C alif or ni a, U S A) 

c o u pl e d wit h a f o ur -c h a n n el el e ctr o c h e mi c al d et e ct or C o ul Arr a y m o d el 5 6 0 0 A ( E S A, 

M ass a c h us ett s, U S A). F ol at es w er e s e p ar at e d wit h Pr o di g y C -1 8, 1 5 0 x 4. 6 m m, 1 5 0 Å 

c ol u m n ( P h e n o m e n e x, C alif or ni a, U S A) f oll o wi n g a n o n-li n e ar gr a di e nt of 3 3 mi n  fr o m 9 0 % 

m o bil e p h as e A t o 1 0 0 % m o bil e p h as e B at 1 m L/ mi n. M o bil e p h as e A c o n sist e d i n p h os p h at e 

b uff er ( 2 8 m M K 2 H P O 4  a n d 5 9 m M H 3 P O 4 , p H 2. 5), a n d m o bil e p h as e B ( 7 5 % p h as e A 

( v/ v), a n d 2 5 % a c et o nitril e ( v/ v)). Cell p ot e nti al f or f ol at e c h ar a ct eri z ati o n a n d q u a ntifi c ati o n 

w as s et at f o ur l e v els: 1 0 0, 2 0 0, 3 0 0 a n d 4 0 0 m V. C ell p ot e nti al r es p o ns e w as c ali br at e d wit h 

st a n d ar d c ur v es of c o m m er ci al st a n d ar ds of 5 -C H 3 -T H F, 5 -C H O -T H F ( S hir c ks, J o n a, 

S wit z erl a n d), a n d F ol i c A ci d ( Si g m a, Mis s o uri, U S A). T H F w as pr e p ar e d fr o m F A; w hil e 

5, 1 0 -C H = T H F   fr o m 5-C H O -T H F a c c or di n g t o r e p ort e d pr ot o c ol ( B a g g ott et al ., 1 9 9 5) . 

3. 8 St atisti c al a n al ysi s  

All d at a w er e a n al y z e d usi n g Mi nit a b s oft w ar e ( htt ps:// w w w. mi nit a b. c o m). F or 

A N O V A t ests, si g nifi c a nt diff er e n c es w er e c al c ul at e d b y T u k e y H S D t est at p -v al u e < 0. 0 5.  
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4. R es ult s  

4. 1. Is ol ati o n of T -D N A i ns erti o n li n es  
Usi n g g e n e f e at ur e i nf or m ati o n o bt ai n e d fr o m T AI R, g e n e m a ps of i ns erti o n sit es w er e m a d e  

(Fi g u r e 4. 1 ). 

 

Fi g u r e 4. 1.  L o c ati o n of T -D N A i ns erti o n m ut a nt li n es of t h e t hr ee m et hi o ni n e sy nt h as e  ( M S) 
g e n es  i n Ar a bi d o psis t h ali a n a . Y ell o w b o x es r e pr es e nt e x o ns, b l u e r e ct a n gl es r e pr es e nt 
u ntr a nsl at e d r e gi o ns, bl a c k li n e r e pr es e nt i ntr o ns, a n d tri a n gl es r e pr es e nt i ns erti o n p ositi o n 
f or e a c h T-D N A i ns erti o n m ut a nts.  
 

A c q uir e d s e e ds  (T a bl e 3. 1 ) w er e s e gr e g ati n g f or t h e i ns erti o n of T -D N A. T h er ef or e , 

s e e ds h a d t o b e s o w n i n di vi d u all y i n s oil a n d p erf or m g e n ot y p e  s cr e e ni n g i n or d er t o is ol at e 

h o m o z y g o us pl a nts f or T -D N A i ns erti o n. I n t h e c as e of C S 8 8 1 1 7 7 ( ms 2 -1 ) a n d 

S A L K _ 1 4 3 6 2 8 ( ms 2 -2 ), h o m o z y g o us pl a nts w er e pr e vi o usl y is ol at e d b y Dr. C ar oli n a G ar cí a  

a n d ki n dl y gift e d t o o ur r es e ar c h gr o u p , b e c a us e of t hi s, g e n ot y p e s cr e e ni n g w as p erf or m e d 

o nl y t o  c o nfir m h o m o z y g o us g e n ot y p e f or ms 2 -1  a n d ms 2 -2 . 

T -D N A m ut a nt li n es m s 1 -1, ms 1 -3, ms 2 -1, ms 2 -2, ms 3 -1, ms 3 -2 , a n d ms 3 -3  i n 

C ol u m bi a b a c k gr o u n d w er e i d e ntifi e d b y P C R s cr e e ni n g of i n di vi d u al D N A e xtr a cti o ns fr o m 

pl a nts gr o w n i n s oil. T h e pri m ers t h at w er e us e d f or a m plifi c ati o n of W T a n d T -D N A b a n d 
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al o n g wit h e x p e ct e d P C R pr o d u cts w er e  s h o w n i n T a bl e 3. 2 . T h e P C R pr o d u cts wer e 

a n al y z e d b y D N A bl otti n g a n d t h e r es ult s w er e  s h o w n a s f oll o ws. G e n ot y pi n g a n al ysi s 

i d e ntifi e d h et er o z y g o us T-D N A m ut a nt li n es f or ms 1 -1 , ms 1 -2  a n d ms 1 -3  (Fi g u r es 4. 2 , 4. 3 

a n d 4. 4 , r es p e cti v el y). H o m o z y g o us T-D N A m ut a nt li n es f or ms 2 -1 , a n d ms 2 -2  w er e 

c o nfir m e d  (Fi g u r es 4. 5  a n d 4. 6,  r es p e cti v el y); a n d h o m o z yg o us T -D N A m ut a nt li n es w er e 

i d e ntifi e d f or ms 3 -1 , ms 3 -2 , a n d ms 3 -3  (Fi g u r es 4. 7 , 4. 8  a n d 4. 9 , r es p e cti v el y).   

F or A T M S 1 m ut a nt li n e s t h e g e n ot y pi n g a n al ysi s f or ms 1 -1  S A L Ks e q _ 0 3 0 0 4 7. 2 

(Fi g u r e 4. 2 ) s h o w e d  t h at F 2 7 w as  h et er o z y g o us f or T -D N A i ns erti o n. Pl a nts F 2 3, F 2 8, F 2 9. 1, 

a n d F 3 0 w er e i d e ntifi e d as wil d t y p e d u e  t h e y w er e  h o m o z y g o us f or n o T -D N A i ns erti o n . 

F or g e n ot y pi n g a n al ysi s of ms 1 -2  S A L Ks e q _ 1 3 8 7 0 6. 8  (Fi g u r e 4. 3 ), it w as n e c ess ar y t o 

c h a n g e t h e a n n e ali n g t e m p er at ur e fr o m 6 0  t o 4 5 ° C aft er n u m er o us f ail ur e att e m pt s t o a m plif y 

T -D N A i ns erti o n b a n d  (Fi g u r e 4. 3 ). T h e g e n ot y pi n g a n al ysi s i d e ntifi e d t h at D 3 0 w as 

h et er o z y g o us f or T -D N A i ns erti o n. T h e g e n ot y pi n g  a n al ysi s of ms 1 -3  S A L Ks e q _ 0 3 5 5 8 1. 1  

(Fi g u r e 4. 4 ) s h o w e d  t h at A 1 9, a n d A 2 2  w er e  h et er o z y g o us f or T -D N A i ns erti o n. Pl a nts A 4 , 

A 9 , A 1 1 , A 1 3, A 1 8, A 2 8, A 3 5, A 3 8, A 4 2, a n d A 4 3  w er e i d e ntifi e d as wil d t y p e b e c a us e t h e y 

w er e  h o m o z y g o us f or n o T -D N A i ns erti o n.  D N A e xtr a cti o n of pl a nt A 5 f ail e d t o a m plif y 

pr o b a bl y d u e t o D N A i nt e grit y or q u alit y.  

F or A T M S 2 m ut a nt li n es, it w as o nl y n e c ess ar y t o c o nfir m t h e h o m o z y g o us g e n ot y p e 

b e c a us e t h es e s e e ds w er e pr e vi o usl y is ol at e d a s m e n ti o n e d a b o v e i n C h a pt er 3. T h e 

g e n ot y pi n g a n al ysi s of S A L Ks e q _ 6 6 2 3 2. 2 ( Fi g u r e 4. 5 ) c o nfir m e d t h at s a m pl es M 1, M 2, a n d 

M 3 w er e h o m o z y g o u s f or T-D N A i ns erti o n, w h er e as g e n ot y pi n g a n al ysi s of 

S A L K _ 1 4 3 6 2 8. 4 9. 4 0. x ( Fi g u r e 4. 6 ) c o nfir m e d t h at s a m pl es M 1 a n d M 2 wer e h o m o z y g o us 

f or T-D N A i ns erti o n.  

F or A T M S 3 m ut a nt li n es s cr e e ni n g, th e g e n ot y pi n g a n al y sis f or 

S A L K _ 0 1 8 9 5 6. 2 7. 1 0. x ( Fi g u r e 4. 7 ) s h o w e d  t h at B 5. 1 a n d B 1 6 as h o m o z y g o us f or n o T-

D N A i ns erti o n. Pl a nts B 1 3 a n d B 1 4 w er e i d e ntifi e d as h o m o z y g o us f or T -D N A i ns erti o n. 

D N A e xtr a cti o n of pl a nts B 1 9. 2 a n d B 1 9. 3 f ail e d t o a m plif y pr o b a bl y d u e t o D N A i nt e grit y 

or q u alit y.  G e n ot y pi n g a n al ysi s r es ult s  f or S A L Ks e q _ 0 8 8 4 2 9. 2 (Fi g u r e 4. 8 ) s h o w e d t h at C 1 1 

is h et er o z y g o us f or T-D N A i ns erti o n. Pl a nts C 8. 2 a n d C 1 9. 2 w er e i d e ntifi e d as h o m o z y g o us 

f or T-D N A i ns erti o n. Pl a nt C 2 0 w as i d e ntifi e d as h o m o z y g o us f or n o T -D N A i ns erti o n ( wil d 

t y p e). D N A e xtr a cti o n fr o m C 1 9. 1 f ail e d t o a m plif y pr o b a bl y d u e t o D N A i nt e grit y or q u alit y.  
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T h e g e n ot y pi n g a n al ysi s of Wis c Ds L o x 3 5 6 D 0 4. 0 ( Fi g u r e 4. 9 ) s h o w e d  t h at E 1 3 a n d E 1 9 ar e 

h et er o z y g o us f or T -D N A i ns erti o n. Pl a nt E 9 w as i d e ntifi e d as h o m o z y g o us f or T -D N A 

i ns erti o n. Pl a nts E 6 an d E 7 w er e i d e ntifi e d as h o m o z y g o us f or n o T -D N A i ns erti o n ( wil d 

t y p e). 

 

Fi g u r e 4. 2 . I d e ntifi c ati o n of h et er o z y g o us ms 1 -1  ( S A L Ks e q _ 0 3 0 0 4 7. 2). I D “ F # ” st a n ds f or 
i nt er n al i d e ntifi c ati o n of pl a nts f or S A L Ks e q _ 0 3 0 0 4 7. 2. A b br e vi ati o ns c orr es p o n d t o L R, 
l eft ge n o m e pri m er; R P, ri g ht g e n o m e pri m er; L B, L eft b or d er pri m er; C -, n e g ati v e c o ntr ol; 
L, l a d d er, W T, wil d t y p e; H z, h et er o z y g o us; H m, h o m o z y g o us.  

 

Fi g u r e 4. 3 . I d e ntifi c ati o n of h et er o z y g o us ms 1 -2  (S A L Ks e q _ 1 3 8 7 0 6. 8 ). T e m p er at ur e 
gr a di e nt t o o pti mi z e t h e a m plifi c ati o n of T -D N A i ns erti o n f or S A L Ks e q _ 1 3 8 7 0 6. 8. 
A b br e vi ati o ns c orr es p o n d t o L R, l eft g e n o m e pri m er; R P, ri g ht g e n o m e pri m er; L B, L eft 
b or d er pri m er; C +, p ositi v e c o ntr ol; L, l a d d er.  
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Fi g u r e 4. 4 . I d e ntifi c ati o n of h et er o z y g o us ms 1 -3  ( S A L Ks e q _ 0 3 5 5 8 1. 1). I D “ A # ”  st a n ds f or 
i nt er n al i d e ntifi c ati o n of pl a nts f or S A L Ks e q _ 0 3 5 5 8 1. 1  A b br e vi ati o ns c orr es p o n d t o L R, l eft 
g e n o m e pri m er; R P, ri g ht g e n o m e pri m er; L B, L eft b or d er pri m er; C -, n e g ati v e c o ntr ol; L, 
l a d d er, W T, wil d t y p e; H z, h et er o z y g o us; H m, H o m o z y g o us. 
 

 

Fi g u r e 4. 5  I d e ntifi c ati o n of h o m o z y g o us ms 2 -1  ( S A L Ks e q _ 6 6 2 3 2. 2). I D “ M # ” st a n ds f or 
i nt er n al i d e ntifi c ati o n of pl a nts f or S A L K s e q _ 6 6 2 3 2. 2 . A b br e vi ati o ns c orr e s p o n d t o L R, l eft 
g e n o m e pri m er; R P, ri g ht g e n o m e pri m er; L B, L eft b or d er pri m er; C -, n e g ativ e c o ntr ol; C +, 
p ositi v e c o ntr ol L, l a d d er.  

 

Fi g u r e 4. 6  I d e ntifi c atio n of h o m o z y g o us ms 2 -2  ( S A L K _ 1 4 3 6 2 8. 4 9. 4 0. x). I D “ M # ” st a n ds 
f or i nt er n al i d e ntifi c ati o n of pl a nts f or S A L K _ 1 4 3 6 2 8. 4 9. 4 0. x. A b br e vi ati o ns c orr es p o n d t o 
L R, l eft g e n o m e pri m er; R P, ri g ht g e n o m e pri m er; L B, L eft b or d er pri m er; C -, n e g ati v e 
c o ntr ol; C +, p ositi v e c o ntr ol L, l a d d er.  
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Fi g u r e 4. 7 . I d e ntifi c ati o n of h o m o z y g o us ms 3 -1  ( S A L K _ 0 1 8 9 5 6. 2 7. 1 0. x). I D “ B # ” st a n ds 
f or i nt er n al i d e ntifi c ati o n of pl a nts f or S A L K _ 0 1 8 9 5 6. 2 7. 1 0. x. A b br e vi ati o ns  c orr es p o n d t o 
L R, l eft g e n o m e pri m er; R P, ri g ht g e n o m e pri m er; L B, L eft b or d er pri m er; C -, n e g ati v e 
c o ntr ol; L, l a d d er, W T, wil d t y p e; H m, h o m o z y g o us; H z, h et er o z y g o us.  

 

 

Fi g u r e 4. 8 . I d e ntifi c ati o n of h o m o z y g o us ms 3 -2  ( S A L Ks e q _ 0 8 8 4 2 9. 2). I D “ C # ” st a n ds for 
i nt er n al i d e ntifi c ati o n of pl a nts f or S A L Ks e q _ 0 8 8 4 2 9. 2. A b br e vi ati o ns c orr es p o n d t o L R, 
l eft g e n o m e pri m er; R P, ri g ht g e n o m e pri m er; L B, Left b or d er pri m er; C -, n e g ati v e c o ntr ol; 
L, l a d d er, W T, wil d t y p e; H m, h o m o z y g o us; H z, h et er o z y g o us.  

 

 

Fi g u r e 4. 9 . I d e ntifi c ati o n of h o m o z y g o us ms 3 -3  ( Wis c Ds L o x 3 5 6 D 0 4. 0). I D “ E # ” st a n ds f or 
i nt er n al i d e ntifi c ati o n of pl a nts f or Wis c Ds L o x 3 5 6 D 0 4. 0. A b br e vi ati o ns c orr es p o n d t o L R, 
l eft g e n o m e pri m er; R P, ri g ht g e n o m e pri m er; L B, L eft b or d er pri m er; C-, n e g ati v e c o ntr ol; 
L, l a d d er, W T, wil d t y p e; H m, h o m o z y g o us; H z, h et er o z y g o us.  
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O n c e g e n ot y pi n g a n al ysi s w as c o m pl et e d, h o m o z y g o us a n d h et er o z y g o us pl a nts w er e 

is ol at e d, a n d s e e ds w er e c oll e ct e d i n s e p ar at e t u b es  a n d st or e d at r o o m t e m p er at ur e.  S e e ds 

fr o m t hi s h ar v est w er e us e d f or f urt h er pl at e -b as e d p h e n o t y pi c a n d m et a b oli c a n al ysi s. Fr o m 

t hi s p oi nt t o t h e r est of t h e pr es e nt e d w or k, h o m o z y g o us a n d h et er o z y g o us g e n ot y p e will b e 

d e n ot e d as ( H m ), a n d (H z ), r es p e cti v el y. 

4. 2 Pl at e -b as e d p h e n ot y pi c a n al ysi s  
T o i n v esti g at e p h e n ot y pi c diff er e n c es, d at a fr o m i n vit r o pl a nts w er e c oll e ct e d a n d 

a n al y z e d. T h e s h o ots a n d r o ots w er e s e p ar at e d fr o m 1 4 -d a ys ol d Ar a bi d o psis  t o ass ess t h eir 

w ei g ht diff er e n c es  (Fi g u r e 4. 1 0 ).  S h o ots w ei g ht f or C ol -0  r es ult e d i n a m e a n v alu e of 

2. 7 2 + 1. 0 2  m g  p er pl a nt  (Fi g u r e 4. 1 0 A ). S t atisti c all y si g nifi c a nt diff er e n c es i n sh o ots  w ei g ht 

w er e  f o u n d i n ms 1 -1  a n d ms 3 -2  m ut a nt li n es r es ulti n g i n 0. 5 5 a n d 0. 6 1 -f ol d c h a n g e d e cr e as e, 

r es p e cti v el y (P < 0. 0 5 ), w h e n c o m p ar e d t o C ol -0  pl a nt c o ntr ol. I n ot h er h a n d, s h o ots  w ei g ht 

of ms 1 -3, ms 2 -1, ms 2 -2, ms 3 -1 , a n d ms 3 -3 m ut a nt li n es w er e n ot si g nifi c a ntl y diff er e nt 

(P < 0. 0 5 ) (Fi g u r e 4. 1 0 A ). T h e r o ot w ei g ht f or c o ntr ol pl a nts s c or e d a m e a n v al u e of 

2 4 3. 1 + 9 5. 8   g p er pl a nt. St atisti c all y si g nifi c a nt diff er e n c es w er e n ot f o u n d f or all m ut a nt 

li n es c o m p ar e d t o C ol -0  (Fi g u r e 4. 1 0 B ).  
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Fi g u r e 4. 1 0 . S h o ots  ( A) a n d r o ots  ( B) fr es h w ei g ht of 1 4 -d a ys ol d A. t h ali a n a m ut a nt li n es . 
D a ta ar e pr es e nt e d as m e a ns + S D . T h e n u m b er of r e pli c at es f or e a c h g e n ot y p e w er e: c ol -0  
n = 9, ms 1 -1  n = 9, ms 1 -3  n = 8, ms 2 -1  n = 8, ms 2 -2  n = 7, ms 3 -1  6, ms 3 -2  n = 9, a n d ms 3 -3  n = 9. 
* L ett ers i n di c at e si g nifi c a nt l y diff er e n c es  d et er mi n e d b y T u k e y t est  (P < 0. 0 5 ). H z, 
h et er o z y g o us; a n d H m h o m o z y g o us g e n ot y p es.  
 

F or r o ot, h y p o c ot yl a n d c ot yl e d o ns l e n gt h d et er mi n ati o n, s e e ds w er e s urf a c e st erili z e d 

as pr e vi o usl y d es cri b e d i n C h a pt er 3 , b ut s urf a c e st erili z e d s e e ds w er e s o w n i n t h e mi d dl e of 

t h e pl at e as it c a n b e o bs er v e d i n A p p e n di x S e cti o n  Fi g ur es A 1 , A 2 , a n d A 3 . R o ot, h y p o c ot yl 

a n d c ot yl e d o ns l e n gt h m e as ur es w er e r e ali z e d at 7 -d a ys ol d pl a nts.  R e pr es e nt ati v e i m a g es 

fr o m t h es e pl at es ar e s h o w n n e xt i n Fi g u r e 4. 1 1  wit h z o o m ( 2 0 0 %) i n or d er t o g et a b ett er 

q u alit ati v e vi e w of pl a nts p h e n ot y p e.  
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Fi g u r e 4. 1 1 . R o ots  p h e n ot y p e of 7 -d a ys ol d A.t h ali a n a  m ut a nt li n es. Cl os e u p r e pr es e nt ati v e 
i m a g es fr o m r o ot l e n gt h d et er mi n ati o n ar e s h o w e d. S c al e b ars f or e a c h g e n ot y p e is e q u al t o 
1 c m. H z a n d H m i n di c at es h et er o z y g o us a n d h o m o z y g o us g e n ot y p es, r es p e cti v el y.  

C o nt r ol pl a nts s h o w e d m e a n v al u es f or r o ot, h y p o c ot yl a n d c ot yl e d o ns of 1. 6 5+ 0. 4 3 , 

0. 5 1 + 0. 1 5 , a n d 0. 2 7+ 0. 0 5 c m, r es p e cti v el y. Vis u al i ns p e cti o n of T -D N A i n s erti o n al m ut a nt  

s e e dli n gs f or A T M S 1 is s h o w n i n Fi g u r e A 1 .  T h e r o ot l e n gt h d et er mi n ati o n ( Fi g u r e 4. 1 2  

A ) f o u n d st atisti c all y si g nifi c a nt diff er e n c es (P < 0. 0 5 ) i n ms 1 -1  wit h a d e cr e as e of 0. 6 9 -f ol d 

c h a n g e, w h er e as ms 1 -3  r es ult e d i n 1. 2 1-f ol d c h a n g e i n cr e as e w h e n c o m p ar e d t o C ol -0  pl a nts. 

H y p o c ot yl l e n gt h d et er mi n ati o n ( Fi g u r e 4. 1 2  B ) s h o w e d t h at ms 1 -1  a n d ms 1 -3  m ut a nt li n es 

pr es e nt a  si g nifi c a nt d e cli n e ( P < 0. 0 5 ) of 0. 5 0 a n d 0. 3 4-f ol d, r es p e cti v el y. C ot yl e d o ns l e n gt h 
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d et e r mi n ati o n (Fi g u r e 4. 1 2  C ) o nl y f o u n d st atisti c all y si g nifi c a nt diff er e n c es (P < 0. 0 5 ) i n 

ms 1 -1  wit h 0. 6 1 -f ol d c h a n g e w h e n c o m p ar e d t o t h e c o ntr ol pl a nts.  

A T M S 2 m ut a nt li n es ar e  s h o w n i n Fi g u r e A 2 . F or r o ot l e n gt h d et er mi n ati o n ( Fi g u r e 

4. 1 2  A ), st ati sti c all y si g nifi c a nt diff er e n c es (P < 0. 0 5 ) w er e f o u n d o nl y f or m s 2 -2  wit h a 0. 7 3 -

f ol d c h a n g e d e cr e as e w hil e ms 2 -1  w as n ot diff er e nt w h e n c o m p ar e d t o C o l-0  pl a nts. I n 

h y p o c ot yl l e n gt h d et er mi n ati o n ( Fi g u r e 4. 1 2  B ), m e as ur e m e nts s h o w e d st atisti c all y 

si g nifi c a nt diff er e n c es ( P < 0. 0 5 ) wit h 0. 3 5 a n d 0. 3 2-f ol d c h a n g e d e cr e as e w h e n c o m p ar e d t o 

c o ntr ol pl a nts. C ot yl e d o ns l e n gt h d et er mi n ati o n ( Fi g u r e 4. 1 2  C ) o nl y s h o w e d st atisti c all y 

si g nifi c a nt diff er e n c es f or ms 2 -2  m ut a nt li n e wit h 0. 7 8 -f ol d c h a n g e d e cr e as e w hil e ms 2 -1  

w as n ot diff er e nt t o c o ntr ol pl a nts.  

Vis u al e v al u ati o n f or A T M S 3 m ut a nt li n es is s h o w n i n Fi g u r e A 3 . R o ot l e n gt h 

d et er mi n ati o n ( Fi g u r e 4. 1 2  A ) f o un d n ot st atisti c all y si g nifi c a nt diff er e n c es f or ms 3 -1 , ms 3 -

2  a n d ms 3 -3  m ut a nt li n es w h e n c o m p ar e d t o C ol -0  pl a nts.  H y p o c ot yl l e n gt h d et er mi n ati o n 

(Fi g u r e 4. 1 2  B ) d e m o nstr at e d si g nifi c a nt diff er e n c es (P < 0. 0 5 ) f or ms 3 -1 , ms 3 -2 , a n d ms 3 -3  

m ut a nt li n es wit h 0. 3 5, 0. 4 4, a n d 0. 3 0 -f ol d d e cr e as e w h e n c o m p ar e d t o c o ntr ol pl a nts. I n 

ot h er h a n d, c ot yl e d o ns l e n gt h d et er mi n ati o n ( Fi g u r e 4. 1 2  C ) s h o w e d st atisti c all y si g nifi c a nt 

diff er e n c es ( P < 0. 0 5 ) f or ms 3 -1  a n d ms 3 -2  m ut a nt li n es wit h 0. 7 0 a n d 0. 6 0 -f ol d c h a n g e 

d e cr e as e w hil e ms 3 -3  m ut a nt li n e w as n ot diff er e nt w h e n c o m p ar e d t o C ol -0  pl a nts . 
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Fi g u r e 4. 1 2 . R o ot , h y p o c ot yl a n d c ot yl e d o n l e n gt h of 7 -d a ys ol d A. t h ali a n a  m ut a nt li n es . 
D ar a ar e pr es e nt e d as m e a ns + S D of r o ot w ei g ht ( m g) p er pl a nt. * L ett ers i n di c at e si g ni fi c a nt 
diff er e n c es d et er mi n e d b y T u k e y t est ( P < 0. 0 5 ). R o ot l e n gt h d et er mi n ati o n: c ol -0  n = 5 7 , ms 1 -
1  n = 2 5 , ms 1 -3  n = 3 1 , ms 2 -1  n = 1 8 , ms 2 -2  n = 4 3 , ms 3 -1  n = 4 7 , ms 3 -2  n = 2 3 , a n d ms 3 -3  n = 1 6 . 
H y p o c ot yl l e n gt h d et er mi n ati o n: c ol -0  n = 2 2 , ms 1 -1  n = 1 9, ms 1 -3  n = 1 7 , ms 2 -1  n = 1 6 , ms 2 -2  
n = 2 6 , ms 3 -1  n = 1 4 , ms 3 -2  n = 2 1 , a n d ms 3 -3  n = 9 . C ot yl e d o n l e n gt h d et er mi n ati o n: c ol -0  n = 2 2 , 
ms 1 -1  n = 1 9, ms 1 -3  n = 1 7 , ms 2 -1  n = 1 6 , ms 2 -2  n = 2 6 , ms 3 -1  n = 1 4 , ms 3 -2  n = 2 1 , a n d ms 3 -3  
n = 9 . H z, h et er o z y g o us; H m, h o m o z y g o us g e n ot y p es . 
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T o ass es d e v el o p m e nt diff er e n c es i n T -D N A i ns erti o n m ut a nt li n es c o m p ar e d t o C ol -

0 , p h ot o gr a p hs of 4-d a ys ol d pl a nts w er e vis u al a n al y z e d a n d d e v el o p m e nt st a g e w as 

assi g n e d f or e a c h pl a nt a c c or di n g t o m et h o d ol o g y pr e vi o usl y d es cri b e d ( B o y es et al ., 2 0 0 1).  

D at a f or d e v el o p m e nt al st a g e diff er e n c es is pr es e nt e d i n Fi g u r e 4. 1 3 .  

M ut a nt li n es d e v el o p m e nt al st a g e at 4 -d a ys ol d s h o w e d si g nifi c a nt diff er e n c es wit h 

r es p e ct t o t h e C ol -0  c o ntr ol ( P < 0. 0 5 ). T h e pl a nt p er c e nt a g es i n d e v el o p m e nt al st a g e 0. 1 

( d or m a nt s e e d) w er e 2 8, 4 2, 3, 2 2, 2 3, 1 6, 7 %, a n d 7 1 %; i n d e v el o p m e nt al st a g e 0. 5 (s e e d 

pr otr usi o n) w er e 2, 5, 1 7, 5, 5, 3 3, 8, 7 %; i n d e v el o p m e nt al st a g e 0. 7 ( h y p o c ot yl a n d 

c ot yl e d o n e m e r g e n c e) w er e 5, 2 2, 4 5, 1 6, 2 9, 3 9, 1 7, 9 %, w h er e as i n d e v el o p m e nt al st a g e 1. 0 

(f ull y o p en e d c ot yl e d o ns)  w er e 6 5, 3 1, 3 6, 5 7, 4 3, 1 2, 6 7, 1 4 %: f or c ol -0, ms 1 -1, ms 1 -3, ms 2 -

1, ms 2 -2, ms 3 -1, ms 3 -2, a n d ms 3 -3 ; r es p e cti v el y (Fi g u r e 4. 1 3  A ).  

I nt er esti n gl y, T-D N A i ns erti o n m ut a nts s h o w e d a d e v el o p m e nt al d el a y at 4 -d a ys ol d, 

m ai nl y ms 3 -3  li n e. I n oth er h a n d, ms 1 -3  m ut a nt li n e s h o w e d a r a pi d g er mi n ati o n pr o c ess (l ess 

pl a nt p er c e nt a g e i n d e v el o p m e nt al st a g e 0. 1), n e v ert h el ess, t h e p er c e nt a g es i n d e v el o p m e nt al 

st a g es 0. 7 a n d 1. 0 w er e 4 5 a n d 3 6, r es p e cti v el y; c o m p ar e d wit h 5 % a n d 6 5 % of t h e c o ntr ol 

pl a nt s (Fi g 4. 1 3  B ). 

S e e ds of Ar a bi d o psis li n es ( n > 1 5 0) w er e c o u nt e d a n d w ei g ht e d t o d et er mi n e 

diff er e n c es i n s e e d fr es h w ei g ht. T h e a v er a g e fr es h w ei g ht p er s e e d w as d et er mi n e d a n d d at a 

ar e pr es e nt e d i n Fi g u r e 4. 1 4 . All m ut a nt li n es di d n ot s h o w si g nifi c a nt di ff er e n c es e x c e pt f or 

ms 3 -3  m ut a nt li n e; it s h o w e d a 0. 7 1 -f ol d c h a n g e d e cr e as e in fr es h w ei g ht c o m p ar e d t o c o ntr ol 

pl a nts . 
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Fi g u r e 4. 1 3 . D e v el o p m e nt st a g e of 4 -d a ys ol d A. t h ali a n a  li n es. T hr e e r e pr es e nt ati v e 
p h ot o gr a p hs fr o m  pl at es of 4 -d a ys ol d pl a nts w er e s el e ct e d fr o m e a c h T -D N A i ns erti o n 
m ut a nt li n e a n d c ol -0 pl a nts.  E a c h pl at e c o nt ai ns n = 5 0 s e e ds.  S e e ds  w h er e s c or e d wit h 0. 1, 
0. 5, 0. 7 a n d 1. 0 f or d or m a nt s e e d, s e e d pr otr usi o n, h y p o c ot yl a n d c ot yl e d o n e m er g e n c e a n d 
f ull y o p e n e d c ot yl e d o ns, r es p e cti v e l y. ( A) T h e pl a nt p er c e nt a g e i n e a c h d e v el o p m e nt al st a g e 
p er g e n ot y p e w as c al c ul at e d. D at a r e pr es e nts m e a ns +  S D. * Diff er e nt l ett er s i n di c at e t h at ar e 
si g nifi c a nt l y diff er e n t ( T u k e y t est, P < 0. 0 5 ). ( B) T h e c o m p ositi o n of d e v el o pm e nt al st a g e p er 
g e n ot y p e t o vis u ali z e t h e t ot al di stri b uti o n. H z, h et er o z y g o us; H m, h o m o z y g o us g e n ot y p es.  
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Fi g u r e 4. 1 4 . S e e d fr es h w ei g ht of A.t h ali a n a  m ut a nt li n es. S e e ds w er e distri b ut e d i n a p a p er 
s h e et ; a p h ot o gr a p h w as t a k e n, a n d s e e ds w er e c o u nt e d i n I m a g e J i n or d er t o o btai n t h e e x a ct 
n u m b er of s e e ds. S e e ds w er e tr a nsf err e d i nt o mi cr ot u b es a n d w er e w ei g ht e d. * D at a r e pr es e nt 
t h e m e a ns +  S D f or t hr e e r e pli c at es  ( e a c h r e pli c at e c o nsists  i n o n e mi cr ot u be c o nt ai ni n g 
n > 1 5 0 , t h e t u b e w as w ei g ht e d, s e e ds w er e c o u nt e d a n d t h e m e a n v al u e f or e a c h r e pli c at e w as 
o bt ai n e d) . * Diff er e nt l ett ers i n di c at e t h at ar e si g nifi c a nt l y diff er e nt ( T u k e y t est, P < 0. 0 5 ). 
 

4. 3 A mi n o a ci d a n al ysi s  
A mi n o a ci d pr ofil e  w as  e v al u at e d i n A T M S 1, A T M S 2, a n d A T M S 3 m ut a nt li n es 

a c c or di n g t o t h e m et h o d ol o g y d es cri b e d i n C h a pt er 3 . I n g e n er al, 1 6 a mi n o a ci ds w er e 

i d e ntifi e d a n d q u a ntifi e d i n all t h e Ar a bi d o psis li n es, n e v ert h el ess, diff er e n c es i n t h e 

distri b uti o n pr ofil es w er e o bs e r v e d b et w e e n m ut a nt li n es w h e n c o m p ar e d t o t h e pl a nt c o ntr ol 

(Fi g u r e 4. 1 5 ). T h e m aj or a mi n o a ci d i n C ol -0  pl a nt w as gl ut a mi n e ( 4 1 %) ( Gl n), f oll o w e d f or 

1 3. 8 5 % of t hr e o ni n e + ar gi ni n e ( T hr + Ar g), 9. 6 6 % as p ar a gi n e ( As n), 8 . 4 3% s eri n e ( S er), 

5. 9 4 % as p arti c a ci d  ( As p), 5. 5 7 % gl ut a mi c a ci d ( Gl u), 3. 7 7 % al a ni n e ( Al a) , 3. 5 1 % gl y ci n e 

( Gl y), 2. 6 6 % l e u c i n e +l y si n e ( L e u + L ys), 1 . 1 5% c yst ei n e ( C ys),  1. 1 4 %  v ali n e ( V al), 1. 0 2 % 

pr oli n e ( Pr o), 0. 7 4 % p h e n yl al a ni n e ( P h e), 0. 6 2 % is ol e u ci n e (Il e),0. 4 2 % histi di n e ( His) , 

0. 2 9 % t yr osi n e ( T yr) , a n d 0. 2 2 % m et hi o ni n e ( M et).  
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Fi g u r e 4. 1 5 . T ot al  a mi n o a ci d pr ofil e  of 1 4 -d a y ol d A. t h ali a n a  li n es s h o ots . D at a r e pr es e nt 
e a c h a mi n o a ci d c o nt e nt di vi d e d b y t ot al a mi n o a ci ds c o nt e nt . H z, h et er o z y g o us; H m, 
h o m o z y g o us g e n ot y p es.  
 

T ot al a mi n o a ci d c o nt e nt s w er e  c al c ul at e d  f or all t h e e v al u at e d Ar a bi d o psis li n es 

(T a bl e 4. 1 ). I n g e ner al, o nl y t h e h o m o z y g o us ms 3 -2  m ut a nt li n e pr es e nt e d a n i m p a ct o n t h e 

t ot al a mi n o a ci d c o nt e nt wit h a 1. 7-f ol d i n cr e as e w h e n w as c o m p ar e d t o C ol -0 . A mi n o a ci d 

pr ofil e w as n ot st atisti c all y si g nifi c a nt diff er e nt ( P < 0. 0 5 ) f or all m ut a nt li n e s i n S er, Gl y, His, 

Al a, V al, L e u + L ys, a n d P h e c o nt e nts w h e n c o m p ar e d t o c o ntr ol pl a nts ( T a bl e 4 . 1). I n ot h er 

h a n d, i nt er esti n gl y c h a n g es w er e f o u n d i n Pr o, C ys a n d M et c o nt e nt  (T a bl e 4. 1, Fi g u r e 4. 1 6 ).  
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T a bl e 4. 1 . A mi n o a ci d pr ofil e of 1 4 d a ys ol d s h o ot s of Ar a bi d o psi s t h ali a n a li n es 

n m ol m g -1  F W  

  C ol -0  m s 1 -1  ( H z) m s 2 -1  ( H m) m s 2 -2  ( H m) m s 3 -2  ( H m) m s 3 -3  ( H m) 

a a  M e a n    S D    M e a n    S D    M e a n    S D    M e a n    S D    M e a n    S D    M e a n    S D    

As p  1. 1 4  +  0. 2 1  b  0. 9 4  +  0. 0 4 8  b  0. 8 1  +  0. 1 5 3  b  1. 6 0  +  0. 0 8 4  a  0. 8 6  +  0. 1 8 6  b  1. 0 8  +  0 . 0 9 2 b  

Gl u  1. 0 6  +  0. 2 5  b  1. 9 7  +  0. 0 8 3  a  1. 3 3  +  0. 3 6 3  a b  1. 8 0  +  0. 2 2 1  a  1. 8 9  +  0. 2 8 3  a  1. 4 0  +  0. 1 5 7  a b  

S er  1. 6 1  +  0. 6 4  a  1. 8 3  +  0. 2 2 9  a  1. 7 1  +  0. 4 9 1  a  1. 6 5  +  0. 2 0 9  a  2. 4 0  +  0. 1 6 7  a  1. 9 7  +  1. 0 0 8  a  

As n  1. 8 5  +  0. 2 4  c  2. 6 1  +  0. 3 3 3  b c  4. 1 5  +  0. 4 5 0  a  2. 2 1  +  0. 1 9 5  c  3. 2 6  +  0. 0 8 0  a b  2. 4 1  +  0. 6 4 1  b c  

Gl y  0. 6 7  +  0. 1 9  a  1. 1 6  +  0. 2 0 4  a  1. 1 1  +  0. 3 9 7  a  1. 3 9  +  0. 4 9 6  a  1. 3 0  +  0. 3 3 9  A  1. 4 4  +  0. 3 6 5  a  

Gl n  7. 8 4  +  3. 0 7  b  9. 0 4  +  0. 6 4 0  a b  9. 8 7  +  1. 7 2 3  a b  9. 3 5  +  2. 0 4 0  a b  1 2. 9 9  +  1. 8 7 5  a b  1 3. 7 2  +  2. 2 6 8  a  

His  0. 0 8  +  0. 0 2  a  0. 1 1  +  0. 0 1 2  a  0. 0 9  +  0. 0 2 2  a  0. 0 9  +  0. 0 0 1  a  0. 1 3  +  0. 0 3 3  a  0. 0 7  +  0. 0 0 6  a  

T hr + Ar g  2. 6 5  +  0. 8 3  b  5. 1 9  +  0. 6 0 7  a  5. 3 6  +  1. 4 0 9  a  2. 3 2  +  0. 2 3 8  b  6. 9 2  +  0. 4 6 6  a  2. 5 6  +  1. 0 0 1  b  

Al a  0. 7 2  +  0. 2 1  a b  0. 4 8  +  0. 0 3 6  b  0. 7 7  +  0. 1 5 4  a b  0. 8 5  +  0. 0 2 9  a  0. 8 7  +  0. 1 4 6  a  1. 0 1  +  0. 0 6 1  a  

Pr o  0. 1 9  +  0. 0 8  c  0. 6 8  +  0. 0 7 1  a b  0. 6 0  +  0. 1 5 7  b  0. 6 0  +  0. 0 3 2  b  0. 9 1  +  0. 0 4 8  a  0. 6 2  +  0. 1 6 1  b  

T yr  0. 0 5  +  0. 0 0  b  0. 0 6  +  0. 0 0 3  a  0. 0 5  +  0. 0 0 4  c  0. 0 7  +  0. 0 0 2  a  0. 0 5  +  0. 0 0 3  b c  0. 0 5  +  0. 0 0 1  b c  

C y s  0. 2 2  +  0. 0 6  b  0. 2 9  +  0. 0 1 2  b  0. 6 0  +  0. 1 1 0  a  0. 5 3  +  0 . 0 3 4 a  0. 2 2  +  0. 0 2 9  b  0. 3 3  +  0. 0 0 3  b  

V al  0. 2 2  +  0. 0 3  a b  0. 2 3  +  0. 0 1 8  a b  0. 1 8  +  0. 0 3 1  b  0. 2 4  +  0. 0 0 9  a  0. 2 0  +  0. 0 1 8  a b  0. 1 8  +  0. 0 1 2  b  

M et  0. 0 4  +  0. 0 0 3  c  0. 1 7  +  0. 0 0 8  a  0. 0 5  +  0. 0 0 4  c  0. 0 5  +  0. 0 0 4  c  0. 0 6  +  0. 0 0 6  b  0. 0 4  +  0. 0 0 1  c  

Il e 0. 1 2  +  0. 0 0 4  a  0. 1 0  +  0. 0 0 3  b  0. 0 8  +  0. 0 0 3  c d  0. 1 2  +  0. 0 0 2  a  0. 0 9  +  0. 0 0 6  c  0. 0 7  +  0. 0 0 3  d  

L e u + L y s  0. 5 1  +  0. 0 1 1  a  0. 5 3  +  0. 0 4 0  a  0. 4 5  +  0. 0 7 0  a  0. 4 9  +  0. 0 2 4  a  0. 4 8  +  0. 0 2 9  a  0. 4 1  +  0. 0 8 5  a  

P h e  0. 1 4  +  0. 0 1 9  a  0. 1 4  +  0. 0 1 0  a b  0. 1 0  +  0. 0 1 8  b  0. 1 2  +  0. 0 0 7  a b  0. 1 2  +  0. 0 0 6  a b  0. 1 2  +  0. 0 1 8  a b  

T ot al  1 9. 1 1  +  3. 8 6  b  2 5. 5 6  +  0. 6 5  a b  2 7. 2 9  +  4. 7 9  a b  2 3. 4 8  +  1. 9 8  a b  3 2. 7 4  +  1. 9 6  a  2 7. 4 8  +  5. 4 9  a b  
Diff er e nt l ett ers i n t h e s a m e r o w i n di c at e si g nifi c a nt diff er e n c e s ( T u k e y t e st p -v al u e < 0. 0 5). V al u e s r e pr e s e nt t h e m e a n +  S D of t hr e e bi ol o gi c al r e pli c at e s  
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T h e pr oli n e c o nt e nt  pr es e nt e d  st atisti c all y si g nifi c a nt diff er e n c es ( P < 0. 0 5 ) i n all t h e 

m ut a nt li n es w h e n c o m p ar e d t o C o l-0  pl a nts  (Fi g u r e 4. 1 6  A ). T h e pr oli n e l e v els i n ms 1 -1 , 

ms 2 -1  a n d ms 2 -2  m ut a nt  li n es s h o w e d a si g nifi c a nt i n cr e as e  of  3. 5 , 3. 0 8 a n d 3. 0 6 -f ol d c h a n g e 

i n c o m p aris o n t o t h e c o ntr ol pl a nt (P < 0. 0 5 ). Si mil arl y, ms 3 -2 a n d ms 3 -3  li n es pr es e nt e d 

pr oli n e c o nt e nt i n cr e as es u p of  4. 6 a n d 3. 1 -f ol d, r e s p e cti v el y. 

O nl y  ms 2 -1 a n d  ms 2 -2  m ut a nt li n es s h o w e d st atisti c all y si g nifi c a nt i n cr e as es  

(P < 0. 0 5 ) i n cyst ei n e c o nt e nt b y 2. 7  a n d 2. 4 -f ol d c h a n g e, r es p e cti v el y , w h e n c o m p ar e d t o C ol -

0  c o ntr ol ( Fi g u r e 4. 1 6  B ). M et hi o ni n e c o nt e nt w as q u a ntifi e d a n d t h e r es ult s s h o w e d a 

si mil ar tr e n d as ot h er e v al u at e d a mi n o a ci ds  wit h si g nifi c a nt i n cr e as es of  4. 0 9 a n d 1. 5 4 -f ol d 

i n h et er o z y g o us m s 1-1  a n d  h o m o z y g o us  ms 3 -2  m ut a nt li n e s (P < 0. 0 5 ); w hil e t h e ot h ers T-

D N A i ns erti o n m ut a nts h a d si mil ar ( P < 0. 0 5 ) m et hi o ni n e c o nt e nts as t h e Col -0  pl a nt c o ntr ol 

(Fi g u r e 4. 1 6  C ). 

As p arti c a ci d ( As p) l e v els w er e si g nifi c a ntly  diff er e nt  o nl y  i n h o m o z y g o us ms 2 -2  

m ut a nt li n e  wit h a 1. 4 -f ol d i n cr e as e i n c o m p aris o n t o t h e C ol -0  c o ntr ol  (P < 0. 0 5) ( T a bl e 4. 1 ). 

Gl ut a mi c a ci d c o nt e nt w as hi g h er i n ms 1 -1, ms 2 -2 a n d  ms 3 -2  wit h 1. 8 5, 1. 6 8 a n d 1. 7 7 -f ol d-

c h a n g e t h a n t h e pl a nt c o ntr ol. S eri ne , Gl y ci n e a n d Histi di n e c o nt e nt s w er e  d et er mi n e d a n d 

n ot st atisti c all y si g nifi c a nt diff er e n c es b et w e e n T -D N A i ns erti o n m ut a nt li n es a n d C ol -0. 

As p ar a gi n e c o nt e nt w er e si g nifi c a nt l y diff er e nt i n ms 2 -1  a n d ms 3 -2  wit h 2. 2 a n d 1. 7 6 f ol d -

c h a n g e i n cr e as e s. Gl uta mi n e l e v els w er e si g nifi c a nt diff er e nt o nl y i n h o m o z y g o us ms 3 -3  

m ut a nt li n e wit h 1. 7 5 f ol d -c h a n g e i n cr e as e.  

T hr e o ni n e a n d Ar gi ni n e c o nt e nt w er e c al c ul at e d as o n e p e a k ar e a d u e t o hi g h ar gi ni n e 

c o nt e nt m as ks t hr e o ni n e p e a k. T h us, t hr e o ni n e a n d ar gi ni n e l e v els w er e si g nifi c a nt l y 

e n h a n c e d  i n T -D N A i ns erti o ns  ms 1 -1, ms 2 -1, a n d  ms 3 -2  m ut a nts wit h 1. 9 5, 2. 0 2, a n d 2. 6 1 

f ol d-c h a n g e i n cr e as e  r es p e cti v el y. Al a ni n e c o nt e nt w as si g nifi c a n tl y d e cli n e d t o 0. 6 7-f ol d i n 

h et er o z y g o us ms 1 -1  m ut a nt li n e wit h r es p e ct t o C ol -0  c o ntr ol .  
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Fi g u r e 4. 1 6 . Pr oli n e, c yst ei n e, a n d m et hi o ni n e c o nt e nt of  1 4 -d a y ol d A. t h ali a n a  s h o ots . D at a 
r e pr es e nt m e a ns +  S D of t hr e e i n d e p e n d e nt d et er mi n ati o ns. * Diff er e nt l ett ers i n di c at e t h at 
ar e si g nifi c a nt l y diff er e n t ( T u k e y t est, P < 0. 0 5 ). H z, h et er o z y g o us; H m , h o m o z y g o us 
g e n ot y p es.   
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T yr osi n e l e v els i n ms 1 -1  a n d ms 2 -2  s h o w e d i n 1. 1 5 a n d 1. 2 2 -f ol d-c h a n g e i n cr e as es, 

w hil e ms 2 -1  s h o w e d a 0. 8 4 -f ol d-c h a n g e d e cr e as e. V ali n e c o nt e nt o nl y s h o w e d si g nifi c a nt 

diff er e n c es i n ms 2 -2  m ut a nt li n e wit h 1. 1 1 -f old -c h a n g e i n cr e as e  i n c o m p aris o n t o t h e pl a nt 

c o ntr ol.  O n t h e ot h er h a n d, Is ol e u ci n e c o nt e nt s h o w e d a si g nifi c a nt d e cr e as e of  0. 8 4, 0. 6 7, 

0. 7 4 a n d 0. 6 0 -f ol d f or h et er o z y g o us ms 1 -1  a n d h o m o z y g o us  ms 2 -1, ms 3 -2, a n d ms 3 -3  m ut a nt 

li n es. L e u ci n e a n d L ysi n e l e v els w er e c al c ul at e d as o n e p e a k d u e t o c hr o m at o gr a p hi c 

s e p ar ati o n c o n diti o ns, alt h o u g h n o si g nifi c a nt diff er e n c es w er e f o u n d f or all m ut a nt li n es.  

P h e n yl al a ni n e c o nt e nt r e s ult i n si g nifi c a nt diff er e n c es f or ms 2 -1 m ut a nt li n e wit h 0. 8 1 -f ol d-

c h a n g e d e cr e as e  t ha n t h e C ol -0  pl a nt s. 

4. 4 F ol at es a n al ysi s  
T h e t ot al f ol at es  c o nt e nt  w as  i d e ntifi e d a n d q u a ntifi e d to e v al u at e diff er e n c es i n 

f ol at es pr ofil e of A T M S 1, A T M S 2 a n d A T M S 3 m ut a nt li n es  (Fi g u r e 4. 1 7 ). T o t al f ol at es 

c o nt e nt i n c o ntr ol pl a nts r es ult e d  i n 1, 8 6 6 + 2 6 2 p m ol g -1 . T ot al f ol at es c o nt e nt s h o w e d 

st atisti c all y si g nifi c a nt diff er e n c es ( P < 0. 0 5 ) o nl y f or ms 3 -2  m ut a nt li n e wit h 1. 3 7 -f ol d c h a n g e 

i n cr e as e. F ol at es  pr ofil e i n C ol -0  pl a nts a c c u m ul at e d m ai nl y 5 -C H 3 -T H F  ( 5 3 %) a n d 5, 1 0 -

C H = T H F + 1 0 -C H O -T H F  ( 3 2 %), f oll o w e d f or 5 -C H O T H F  (1 3 %). T H F + 5, 1 0 -C H 2 -T H F  a n d 

f oli c a ci d w er e i n mi n or a m o u nt s (2 %) .  

 

 

Fi g u r e 4. 1 7 . T ot al f ol at e  c o nt e nt i n s h o ots  of 1 4 -d a ys ol d A.t h ali a n a  m ut a nt li n es . D at a 
r e pr es e nt m e a ns +  S D of t hr e e i n d e p e n d e nt d et er mi n ati o ns. * Diff er e nt l ett ers i n di c at e t h at 
ar e si g nifi c a ntl y diff er e nt ( T u k e y t est, P < 0. 0 5 ).  H z, h et er o z y g o us; H m, h o m o z y g o us 
g e n ot y p es . 
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F ol at e s pr ofil e w as c o ns er v e d b et w e e n T -D N A m ut a nt li n es a n d C ol -0  pl a nts wit h 

f e w diff er e n c es i n f ol at es s p e ci es c o nt e nt (T a bl e 4. 2 ). R es ult s of 5 -C H 3 -T H F c o nt e nt s h o w e d 

st atisti c all y si g nifi c a nt diff er e n c es ( P < 0. 0 5 ) f or ms 3 -2  a n d ms 3 -3  wit h 1. 4 5 a n d 1. 3 3 -f ol d 

c h a n g e i n cr e as e w h e n c o m p ar e d t o C ol -0  pl a nts. H o w e v er , T H F + 5, 1 0 -C H 2  -T H F, 5, 1 0 -

C H = T H F + 1 0 -C H O -T H F, 5 -C H O - T H F a n d F A c o nt e nts  di d n ot h a v e st atis ti c all y si g nifi c a nt 

diff er e n c es ( P < 0. 0 5 ) i n c o m p aris o n t o c o ntr ol pl a nts.  F urt h er m or e, it s h o ul d b e n ot e d i n 

T a bl e 4. 2  t h at 5 -C H 3 -T H F  c o nt e nt is si g nifi c a nt diff er e nt b et w e e n T -D N A m ut a nt li n es  i n 

w hi c h ms 1 -3  ( 8 2 2+ 1 1 1  p m ol g -1  F W ), ms 2 -2  ( 8 6 4+ 2 6 p m ol g -1  F W ) a n d ms 3 -1  ( 9 1 5+ 1 3 8 

p m ol g -1  F W ) s h o w e d d e cr e as e d c o nt e nt i n c o m p aris o n t o ms 3 -2  ( 1 4 3 2+ 6 3 p m ol g -1  F W ) an d 

ms 3 -3  ( 1 3 1 6+ 1 5 1 p m ol g -1  F W ). Si mil arl y, 5, 1 0 -C H = T H F + 1 0 -C H O -T H F c o n c e ntr ati o n w as 

si g nifi c a nt diff er e nt  in ms 3 -1 ( 4 9 5+ 4 7 p m ol g -1  F W ) w h e n c o m p ar e d t o ms 3 -2 ( 7 7 6+ 9 5  p m ol 

g -1  F W ) m ut a nt  li n e. F or 5 -C H O -T H F, ms 3 -1  m ut a nt li n e s h o w e d d e cr e as e d c o nt e nt ( 1 3 5+ 4 7 

p m ol g -1  F W ) i n c o m p aris o n wit h ms 1 -1  ( 2 7 2+ 3 7 p m ol g -1  F W ), ms 2 -1  ( 3 4 6+ 4 5 p m ol g -1  

F W ), ms 3 -2  ( 3 3 1+ 5 6 p m ol g -1  F W ) a n d ms 3 -3  ( 3 5 3+ 3 6  p m ol g -1  F W ). 

 

Pr e eli mi n ar p ol y gl ut a m yl ati o n pr ofil e of 5 -C H 3 -T H F ( Fi g u r e 4. 1 8 )  w as o bt ai ne d f or 

ms 1 -1 , ms 2 -1 , ms 2 -2 , ms 3 -2 , a n d ms 3 -3  m ut a nt li n es ( n = 1) d u e t o s a m pl e a v ail a bilit y. 5 -

C H 3 -T H F p ol y gl ut a m yl at e d s p e ci es i d e ntifi e d i n C ol -0  pl a nts w er e 2 5 % Gl u 1, 8 % Gl u 2, 6 % 

Gl u 4, 9 % Gl u 5, 1 8 % Gl u 6, 2 4 % Gl u 7, a n d 9 % Gl u 8  (Fi g u r e 4. 1 8 B ). T h es e pr eli mi n ar r es ult s 

i n di c at e t h at p ol y gl ut a m yl ati o n pr ofil es of ms 1 -1 , ms 3 -2  a n d ms 3 -3  m ut a nt li n es s h o w e d a 

tr e n d t o i n cr e as e t h e distri b uti o n of t h e f or ms m or e p ol y gl ut a m yl ate d of  5 -C H 3  T H F , Gl u 6  

t o Gl u9 , i n c o m p aris o n wit h C ol -0  pl a nts .    
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T a bl e 4. 2 . F ol at es c o nt e nt i n 1 4-d a ys ol d A r a bi d o psis t h ali a n a m ut a nt li n es  

F ol at e c o nt e nt ( p m ol g -1  F W)  

  

T H F + 5, 1 0 -C H 2 -T H F  5 -C H 3 -T H F  
5, 1 0 -C H = T H F  +   
1 0 -C H O -T H F  5 -C H O -T H F  F oli c A ci d    

G e n ot y p e  M e a n    S D    M e a n    S D    M e a n    S D    M e a n    S D    M e a n    S D    
C ol -0  1 7. 2 8  +  1 5  a *  9 8 3. 7  +  1 1 3  c d *  6 0 0  +  1 1 4  a b *  2 4 7  +  5 2  a b c *  1 8. 1  +  9. 9  a *  
ms 1 -1 ( Hz)  7. 1  +  1 2  a  1 1 3 8. 3  +  1 1 8  a b c  5 7 6  +  3 9  a b  2 7 2  +  3 7  a b  9. 6 9  +  0. 9  a  
ms 1 -3 ( Hz)  1 9. 9 8  +  2  a  8 2 2. 6  +  1 1 1  d  6 1 2  +  6 6  a b  1 9 4  +  3 4  b c  1 5. 7  +  1. 8  a  
ms 2 -1 ( H m)  3 8. 9  +  5 5  a  1 0 3 8  +  6 6  b c d  6 5 8  +  4 5  a b  3 4 6  +  4 5  a  1 7. 7  +  4. 9  a  
ms 2 -2 ( H m)  6. 5 4  +  5  a  8 6 4. 3  +  2 6  c d  6 1 6  +  1 1 8  a b  2 4 4  +  2 2  a b c  2 1. 2  +  1 9. 7  a  
ms 3 -1 ( H m)  2 2. 2  +  7  a  9 1 5. 1  +  1 3 8  c d  4 9 5  +  4 7  b  1 3 5  +  4 7  c  1 8. 6  +  3. 6  a  
ms 3 -2 ( H m)  1 3. 6 6  +  1 3  a  1 4 3 2. 3  +  6 3  a  7 7 6  +  9 5  a  3 3 1  +  5 6  a  1 5. 8  +  1 0. 6  a  
ms 3 -3 ( H m)  2. 9 6  +  5  a  1 3 1 6. 6  +  1 5 1  a b  7 0 7  +  1 3 7  a b  3 5 3  +  3 6  a  9. 4 8  +  0. 3  a  
* Diff er e nt l ett er s i n t h e s a m e c ol u m n ar e si g nifi c a ntl y diff er e nt ( T u k e y t est, P < 0. 0 5 ). All v al u es ar e t h e m e a n s +  S D of t hr e e i n d e p e n d e nt d et er mi n ati o n s . H z,  
h et er o z y g o u s;  H m,  h o m o z y g o u s g e n ot y p es.  
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Fi g u r e 4. 1 8 . F ol at e p ol y gl ut a m yl ati o n c hr o m at o gr a m ( A) a n d distri b uti o n pr ofil e 5-C H 3  
T H F p ol y gl ut a m y f or ms fr o m 1 4 -d a ys ol d A.t h ali a n a s h o ot s. Gl u n  i n di c at es t h e n u m b er of 
gl ut a m at es r esi d u es att a c h e d t o  5 -C H 3  T H F. H z,  h et er o z y g o us; H m,  h o m o z y g o us 
g e n ot y p es .   
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5 . Dis c ussi o n 

T h e t hr e e is of or ms of m et hi o ni n e s y nt h as e i n A.t h ali a n a  w er e d es cri b e d b y R a v a n el  

et al . ( 2 0 0 4). T h e pr e vi o u s w or k r e p orte d  t h at A T M S 1 a n d A T M S 2 w er e l o c ali z e d i n c yt os ol, 

w hil e A T M S 3 i n pl asti ds. A T M S 1 a n d A T M S 2 s h ar e si milit u d es as b ot h ar e 7 6 5 a mi n o a ci d 

l e n gt hs a n d 9 2 % i d e nti c al b et w e e n t h e m. I n a n ot h er h a n d, A T M S 3 is l o n g er c o m p ar e d t o 

A T M S 1 a n d A T M S 2, b e c a us e it c o nt ai ns  a si g n al p e pti d e f or pl asti d, a n d it h as a n  8 1 2 a mi n o 

a ci d l e n gt h. Als o, A T M S 3 is 7 9 -8 1 % si mil ar t o A T M S 1 a n d A T M S 2, r es p e cti v el y (R a v a n el  

et al , 1 9 9 8) . D u e t o t h e e xist e n c e of t hr e e m et hi o ni n e s y nt h as e is of or ms, q u e sti o ns aris e a b o ut 

t h e bi ol o gi c al r ele v a n c e of e a c h e n z y m e, t h er ef or e t h e ai m of t hi s st u d y w as t o d et er mi n e t h e 

i m p a ct of A. t h ali a n a m ut a nt li n es l a c ki n g e a c h m et hi o ni n e s y nt h as e is o e n z y m e t o st u d y t h e 

r ol e of s p e cifi c c ell ul ar l o c ali z ati o n a n d t h eir i m p a ct o n  vis u al a n d m et a b oli c gr o wi n g 

p h e n ot y p e a n d m et a b oli c pr ofil e of Ar a bi d o psis s e e dli n gs.  Pri n ci p al fi n di n gs a b o ut t h e 

m et a b oli c a n d vis u al p h e n ot y p e of Ar a bi d o psis m ut a nts of t hi s r es e ar c h will b e dis c uss e d 

n e xt.  

5. 1 A lt h o u g h A T M S 1 a n d A T M S 2 ar e l o c ali z e d i n c yt os oli c c o m p art m e nt,  h o m o z y g o us 
A T M S 1 s h o w e d l et h alit y  

Alt h o u g h A T M S 1 a n d A T M S 2 is o e n z y m es s h ar e str u ct ur al si milit u d es, i n t he pr es e nt  

w or k w as d e m o nstr at e d t h at u n d er o ur e x p eri m e nt al gr o wi n g c o n diti o ns, it w as n ot p ossi bl e 

t o i d e ntif y h o m o z y g o us pl a nts f or A T M S 1 m ut a nt li n es, i nst e a d, f or A T M S 2 a n d A T M S 3 

w er e i d e ntifi e d h o m o z y g o us m ut a nt li n es ( Fi g u r e s 4. 2  t o 4.9 ). T h er ef or e, it c a n b e i nf err e d 

t h at h o m o z y g o us T -D N A m ut a nts  of A T M S 1 c o ul d b e a  l et h al p h e n ot y p e w hil e t h er e is a 

f u n cti o n al r e d u n d a n c y i n h o m o z y g o us T -D N A m ut a nts of A T M S 2  (ms 2 -1  a n d ms 2 -2 ) a n d 

A T M S 3  (ms 3 -1 , ms 3 -2  a n d ms 3 -3 ). Si mil ar r es ult s h a v e  b e e n r e p ort e d r e g ar di n g l a c k of 

i d e ntifi c ati o n of A T M S 1 h o m o z y g o us pl a nts ( Y a n g et al , 2 0 1 9). O n t h e ot h er h a n d, J u et al , 

(2 0 1 9) s h o w e d  t h at t h e y w er e a bl e t o i d e ntif y h o m o z y g o us pl a nts f or A T M S 1 i n o n e of t hr e e 

st u di e d T -D N A m ut a nt li n es . T h es e a ut h ors  r e p ort e d t o o bt ai n h o m o z y g o us pl a nts f or 

C S 4 8 0 8 2 2 m ut a nt li n e, w hil e di d n ot i d e ntify  h o m o z y g o us pl a nts f or C S 8 2 8 4 3 6 a n d 

S A L K _ 2 0 5 1 7 4 , t hi s r es ult is i n a gr e e m e nt wit h o ur e x p eri m e nt al r es ult s i n w hi c h fr o m t hr e e 

A T M S 1 T -D N A m ut a nt li n es , o nl y w er e f o u n d h et er o z y g o us pl a nts (ms 1 -1 , ms 1 -2 , a n d ms 1 -

3 ). Als o, i n t hi s w or k w as st u di e d t h e m ut a nt li n e S A L K _ 0 8 8 4 2 9 , A T S M 3 T-D N A 

i ns erti o n al m ut a nt, t h e s a m e g er m pl as m  us e d  b y Y a n et al ., ( 2 0 1 9). It w as p ossi bl e t o i d e ntif y 

a h o m o z y g o us m ut a nt li n e f or S A L K _ 0 8 8 4 2 9 ( ms 3 -2 ) as pr e vi o usl y r e p ort e d i n t h eir st u d y, 
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t hi s w as a n i nt er esti n g r es ult b e c a us e t hi s is o e n zy m e is i n c h ar g e of d e n o v o  m et hi o ni n e 

bi os y nt h esis , t h us, it w as t h o u g h t h at A T M S3 is a criti c al s o ur c e of m et hi o ni n e t o s ust ai n 

g er mi n ati o n a n d p l a nt d e v el o p m e nt.  

5. 2  Pr o bl e ms i n s e e dli n g est a blis h m e nt a n d pl a nt d e v el o p m e nt w er e f o u n d i n m ut a nt li n es  
S e e d g er mi n ati o n is a k e y pr o c ess i n pl a nt d e v el o p m e nt d uri n g pl a nt lif e c y cl e, w hi c h 

is c h ar a ct eri z e d b y t h e s wit c h fr o m q ui es c e n c e t o hi g hl y a cti v e m et a b oli s m i n e m br y o ni c 

c ell s ( G all ar d o et al , 2 0 0 2). T h er ef or e, it is e x p e ct e d t h at m et hi o ni n e, a s a pr e curs or of 

m et a b olit es as S A M a n d et h yl e n e, is ess e nti all y r e q uir e d t o s ust ai n m et a b ol i c r e q uir e m e nts 

f or pl a nt d e v el o p m e nt. M or e o v er, it w as d e m o n str at e d t h at m et hi o ni n e pl a ys a n ess e nti al 

si g n al r ol e i n m o d ul ati n g c ell ul ar e v e nts t h at f a cilit at e s e e d g er mi n ati o n (J u et al , 2 0 1 9). I n a 

pr ot e o mi cs a n al ysi s, it w as s h o w e d t h at d uri n g g er mi n at i o n, i m bi b e d s e e ds a c c u m ul at e 

m et hi o ni n e s y nt h as e i n 4 -f ol d a n d t h es e l e v els r et ur n t o b as al c o nt e nt w h e n s u bs e q u e nt s e e d 

dr yi n g w as a p pli e d ( G all ar d o et al , 2 0 0 2) 

A c c or di n gl y,  t o J u et al  ( 2 0 2 0), A T M S 1 h a v e a pr e d o mi n a ntl y r ol e i n t h e r e g ul ati o n 

of s e e d g er mi n ati o n, t hi s is d u e t o t h e hi g h tr a ns cri pt l e v els of A T M S 1 c o m p ar e d t o A T M S 2 

a n d A T M S 3, a n d t h e r el ati o ns hi p b et w e e n L -m et hi o ni n e -d e p e n d e nt g er mi n ati o n d u e t o t h e 

a cti v ati o n of At G L R 3. 5 wit h c yt os oli c C a 2 +  si g n al.  T h e y r e p ort e d t h at h o m o z y g o us k n o c k -

d o w n of A T M S 1 r es ult s i n d e cr e as e d g er mi n ati o n w h e n c o m p ar e d t o c o ntr ol.  A lt h o u g h, i n 

t hi s st u d y it w as o nl y p ossi bl e  t o fi n d h et er o z y g o us T-D N A i ns erti o n al m ut a nt li n es f or 

A T M S 1, t hi s c o ul d e x pl ai n  w h y ms 1 -1 , ms 1 -3 s h o w e d d el a y e d g er mi n ati o n  w h e n c o m p ar e d 

t o c o ntr ol pl a nts (Fi g u r e 4. 1 3 )  

Alt h o u g h , t h e tr a ns cri pti o n al l e v els of m et hi o ni n e s y nt h as e is o e n z y m es w er e  n ot  

d et er mi n e d i n t hi s w or k, i n or d er t o s u p p ort t hi s o bs er v ati o n, t h e e x pr essi o n l e v els of M S  

is o e n z y m es w er e i n v esti g at e d i n “ T h e Bi o-A n al yti c R e s o ur c e f or Pl a nt Bi ol o g y ( B A R) ” 

C a n a di a n d at a b as e ( Fi g u r e s 5. 1 , 5. 2, A 4, A 5, a n d A 6 ). As it c a n o bs er v e d i n Fi g u r e 5. 1 , 

t h e e x pr essi o n l e v el of A T M S 1 d uri n g s e e d g er mi n ati o n ar e r e m ar k e dl y hi g h er i n c o m p aris o n 

wit h A T M S 2 a n d A T M S 3,  t hi s o bs er v ati o n s u p p orts t h e l a c k of i d e ntifi c ati o n of h o m o z y g o us 

A T M S 1 m ut a nt li n es wit h e x c e pti o n of pr e vi o usl y r e p ort e d C S 4 8 0 8 2 2 ( F i g u r e 2. 4), b ut i n 

t hi s c as e, t hi s c o ul d b e e x pl ai n e d d u e t o t h e i ns erti o n p ositi o n at t h e fi n al p ositi o n of e x o n 

1 2 . T his e x pr essi o n l e v el is f oll o w e d b y A T M S 2 t h at b e c o m es a cti v e d uri n g s e e d pr otr usi o n.  
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I n t hi s w or k ms 2 -1  d e v el o p m e nt al st a g e w as n ot si g nifi c a nt diff er e nt w h e n c o m p ar e d t o 

c o ntr ol b ut ms 2 -2  s h o w e d d el a y e d g er mi n ati o n , alt h o u g h t hi s c o ul d d u e t o t h e i ns erti o n 

p ositi o n of ms 2 -1  t h at c o ul d b e r e m o v e d d uri n g s pli ci n g pr o c ess, u nli k e ms 2 -2  w hi c h is 

l o c ali z e d i n ex o n 1 1 (T a bl e A 2 ). I n t h e ot h er h a n d, A T M S 3 e x pr essi o n l e v el is b el o w t h e 

d et e cti o n li mits d uri n g s e e d g er mi n ati o n.  Alt h o u g h ms 3 -1  a n d ms 3 -3  m ut a nt li n es s h o w e d 

d el a y e d g er mi n ati o n w h e n c o m p ar e d t o c o ntr ol pl a nts i n di c ati n g t h at A M T S 3 b esi d es it s l o w 

e x pr es si o n l e v el it c o ul d b e ess e nti al t o s ust ai n pl a nt d e v el o p m e nt d uri n g e arl y st a g es , t hi s it 

is r e pr es e nt e d i n Fi g u r e 5. 2  i n w hi c h is d e m o nstr at e d t h at A T M S 3 is e x pr ess e d d uri n g th e 

first st e ps of e m br y o d e v el o p m e nt, alt h o u g h it s e x pr essi o n l e v el is l o w er i n  c o m p aris o n t o 

A T M S 2 a n d A T M S 3. T his i nf or m ati o n s u p p orts  t h e i m p ort a n c e of A T M S 1, A T M S 2 a n d 

A T M S 3  d uri n g s e e d g er mi n ati o n  a n d t hi s  c o ul d e x pl ai n w h y it w as n ot p ossi bl e t o fi n d  

h o m o z y g o us pl a nts f or A T M S 1 T -D N A m ut a nt li n es  w hil e h o m o z y g o us A T M S 2 a n d 

A T M S 3 m ut a nt li n es w er e i d e ntifi e d.  

 

Fi g u r e 5. 1 . E x pr essi o n l e v els of m et hi o ni n e s y nt h as e is o e n z y m es  d uri n g s e e d g er mi n ati o n . 
T his s c h e m e r e pr es e nt t h e e x pr essi o n l e v els d uri n g s e e d g er mi n ati o n of A.t h ali a n a s e e ds. 
( N ars ai et al ., 2 0 1 1) 
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Fi g u r e 5. 2 . E x pr essi o n l e v els of m et hi o ni n e s y nt h as e is o e n z y m es d uri n g e m br y o 
d e v el o p m e nt . T his s c h e m e r e pr es e nt t h e e x pr essi o n l e v els d uri n g e m br y o d e v el o p m e nt  of 
A.t h ali a n a s e e ds. ( H of m a n n  et al .,2 0 1 9 ) 

Pl a nt gr o wt h is a m et a b oli c pr o c ess r e g u l at e d b y s e v er al f a ct ors s u c h as t e m p er at ur e, 

li g ht i nt e nsit y, w at er, h or m o n es, n utri e nt a v ail a bilit y a n d r o ot gr o wt h . Pri m ar y r o ot gr o wt h 

r eli es o n c ell di vi si o n i n t h e a pi c al r o ot m erist e m, s u bs e q u e nt el o n g at i o n is d u e t o n e wl y 

di vi d e d c ell s, t h er ef or e i t is a hi g h m et a b olit e d e m a n di n g pr o c ess ( P el a gi o-Fl o r es et al ., 

2 0 2 0) . D u e t o t h e bi ol o gi c al i m p ort a n c e i n pl a nt d e v el o p m e nt of m et hi o ni n e s y nt h as e  as it is 

d e m o nstr at e d b y t h eir diff er e nti al e x pr essi o n d uri n g pl a nt d e v el o p m e nt ( Fi g u r e 5. 1, 5. 2, A 4, 

A 5, a n d A 6 ), p h e n ot y pi c a n al ysi s w as p erf or m e d,  a n d si g ni fi c a nt diff er e n c e s w er e f o u n d f or 

s h o ots w ei g ht, r o ot, h y p o c ot yl a n d c ot yl e d o n l e n gt h.  T h e p l at e-b as e d p h e n ot y pi c a n al ysi s 

d e m o nstr at e d si g nifi c a nt d e cr e as es i n s h o ots w ei g ht  of 1 4 -d a ys ol d pl a nts  fr o m ms 1 -1  a n d 

ms 3 -2  (Fi g u r e 4. 1 0  A ), w h er e as r o ots w ei g ht  of 1 4 -d a ys ol d s e e dli n g s  di d n ot s h o w 

si g nifi c a nt diff er e n c es i n c o m p aris o n t o c o ntr ol pl a nts ( Fi g u r e 4. 1 0  B ), alt h o u g h t hi s c o ul d 
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b e attri b ut e d t o r o ot h ar v est m et h o d ol o g y b e c a us e hi g h er st a n d ar d d e vi ati o ns w er e o bt ai n e d 

f or t hi s d et er mi n ati o n.  

M or e o v er,  r o ot l e n gt h d et er mi n ati o n of 7 -d a ys ol d s e e dli n gs  (Fi g u r e 4. 1 2  A ) s h o w e d 

t h at ms 1 -1 , ms 1 -3 , ms 2 -2  h a d  a si g nifi c a nt diff er e n c e of 0. 6 9, 1. 2 1, a n d 0. 7 3 -f ol d i n 

c o m p aris o n t o pl a nt c o ntr ol . H y p o c ot yl l e n gt h d et er mi n ati o n of 7 -d a ys ol d s e e dli n gs  (Fi g u r e 

4. 1 2  B)  r es ult e d i n a g e n er al d e cr e as e i n all m ut a nt li n es c o m p ar e d t o c o ntr ol pl a nts.  S o m e 

st u di es d e m o nstr at e d t h at h y p o c ot yl l e n gt h c a n b e r e g ul at e d b y p h ot or e c e pt ors of 

p h yt o c hr o m e f a mil y u n d er li g ht tr e at m e nts  s u c h a s gr o w n i n d ar k n ess  a n d bl u e li g ht  ( M e no n, 

Kl os e, & Hilt br u n n er, 2 0 1 9 ); a n d i n r es p o ns e t o pl a nt h or m o n es s u c h as et h yl e n e, A C C, 

a u xi ns, et c. ;  ( C h oi et al ., 2 0 1 9; O k us hi m a et al ., 2 0 0 5; Xi o n g et al ., 2 0 1 9)), alt h o u g h i n t hi s 

st u d y  it w as d e m o nstr at e d th at all i ns erti o n al m ut a nt li n es h a d s m all er h y p o c ot yl s c o m p ar e d 

t o c o ntr ol pl a nts, t hi s c o ul d b e e x pl ain e d  as d el a y e d d e v el o p m e nt w hi c h is d e m o nstr at e d als o 

i n c ot yl e d o n l e n gt h m e as ur e m e nts ( Fi g u r e 4. 1 2  C ) t h at s h o w e d s m all er si z e f or ms 1 -1 , ms 2 -

2 , ms 3 -1  a n d ms 3 -2  wit h  0. 6 1, 0. 7 8, 0. 7 0, a n d 0. 6 0 -f ol d c h a n g e r es p e cti v el y.  

M or e o v er , diff er e n c es i n pl a nt d e v el o p m e nt ar e s h o w n i n Fi g u r e 4. 1 3 , si g nifi c a nt 

diff er e n c es w er e o bt ai n e d f or ms 1 -1 , ms 1 -3 , ms 2 -2 , ms 3 -1  a n d ms 3 -3  d uri n g t h e s e e dli n g 

est a blis h m e n t. Diff er e n c es i n w ei g ht of fr es h s e e ds w er e d et er mi n e d t o ass ess if t hi s c o ul d 

l e a d t o g er mi n ati o n pr o bl e ms, b ut o nl y ms 3 -3  m ut a nt li n e s h o w e d si g nifi c a nt diff er e n c es wit h 

a d e cr e as e of 0. 7 1 -f ol d c h a n g e (Fi g u r e 4. 1 4 ). A s u m m ar y of t h e si g nifi c a nt diff er e n c es i n 

pl a nt gr o wt h a n d d e v el o p m e nt p h e n ot y p e of st u di e d m ut a nts is pr es e nt e d i n Fi g u r e 5. 3  n e xt.  

As a g e n er al vi e w, A T M S 1 T -D N A m ut a nt li n es s h o w e d si g nifi c a nt diff er e n c es i n pl a nt 

g er mi n ati o n, s h o ots w ei g ht, c ot yl e d o ns a n d r o ot s l e n gt h, a n d d el a y e d d e v el o p m e nt.  F or 

A T M S 2 T -D N A m ut a nt li n es , si g nifi c a nt diff er e n c es w er e f o u n d i n pl a nt g er mi n ati o n, 

c ot yl e d o ns a n d r o ots l e n gt h, s e e ds w ei g ht a n d d el a y e d d e v el o p m e nt.  Fi n all y, A T M S 3 T -

D N A m ut a nt li n es s h o w e d si g nifi c a nt dif f er e n c e s i n pl a nt g er mi n ati o n, s h o ots a n d s e eds 

w ei g ht, c ot yl e d o ns l e n gt h a n d d el a y e d d e v el o p m e nt.  T h e o bs er v e d p h e n ot y pi c diff er e n c es of 

T -D N A i ns erti o n m ut a nt s r e m ar k t h e i m p ort a n c e of m et hi o ni n e s y nt h as e is o e n z y m es d uri n g 

Ar a bi d o psis  d e v el o p m e nt, i n Fi g u r es A 4, A 5  a n d A 6  it is d e m o nstr at e d t h at t hes e 

is o e n z y m es ar e e x pr ess e d diff er e nti all y, t hi s c o ul d b e t o s p e cifi c r ol es of e a c h is o e n z y m e i n 

pl a nt d e v el o p m e nt. Alt h o u g h t h es e m e c h a nis m r e m ai n t o b e dis c o v er.  
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Fi g u r e 5. 4 . S u m m ar y of pl at e -b as e d p h e n ot y pi c a n al ysi s of A.t h ali a n a  m ut a nt li n es. I n t hi s 
s c h e m e is pr es e nt e d all st u di e d m ut a nt li n es i n e a c h t est e v al u at e d.  Pl a nts i n d e v el o p m e nt 
st a g e o n e r ef ers t o n u m b er of pl a nts t h at r e a c h e d t his d e v el o p m e nt st a g e ( Fi g u r e 4. 1 4 ). R e d 
C ol o r  a n d G r e e n C ol o r  i n di c at es si g nifi c a nt d e c r e as es  a n d i n c r e as es (P < 0. 0 5 ), 
r es p e cti v el y; w h e n c o m p ar e d t o c o ntr ol pl a nts. Bl a c k c ol o r  i n di c at es t h at n o si g nifi c a nt 
diff er e n c es w er e f o u n d.  

5. 4  T ot al a mi n o a ci d c o nt e nt w as si g nifi c a nt diff er e nt i n ms 3 -2 m ut a nt   
As pr e vi o usl y d es cri b e d, a mi n o a ci ds s er v es as a b uil di n g bl o c k s f or pr ot ei ns, t h us 

t h eir i m p ort a n c e i n c ell ul ar r e a cti o ns a n d t h eir i nfl u e n c e i n pl a nt gr o wt h a n d d e v el o p m e nt, 

i ntr a c ell ul ar p H c o ntr ol, pr o d u cti o n of m et a b oli c e n er g y, a n d r esist a n c e t o a bi oti c a n d bi oti c 

str ess c a n n ot b e u n d er esti m at e d ( Hil d e br a n dt et al ., 2 0 1 5) Si n c e m et hi o ni n e s y nt h as e is t h e 

e n z y m e i n c h ar g e of m et hi o ni n e pr o d u cti o n, a n d t hi s a mi n o a ci d s er v es as a s u bstr at e t o 

s e v er al d esti n ati o ns ( as d es cri b e d i n C h a pt er 2. 1 a n d 2. 2) it  w o ul d b e  e x p e ct e d t o fi n d 

si g nifi c a nt diff er e n c es i n a mi n o a ci d c o nt e nt  i n t h e A. t h ali a n a  m ut a nt li n es . Alt h o u g h, t ot al 

a mi n o a ci d c o nt e nt of Ar a bi d o psis  m ut a nt li n es w as o nl y si g nifi c a nt diff er e nt f or ms 3 -2  wit h 

a 1. 7 -f ol d i n cr e as e w h e n w as c o m p ar e d t o c o ntr ol pl a nts . A mi n o a ci d pr ofil e of 7-d -ol d 

Ar a bi d o psis  c o ntr ol pl a nts is c o m p os e d of Gl y, As p, S er, Gl u, Al a, As n, Gl n, Ar g, T hr, P h e, 

L ys, M et, T yr, C ys, Il e, L e u, V al, a n d pr oli n e b as e d o n t h eir r el ati v e v al u e s fr o m hi g h est t o 

l o w est ( Sri v ast a v a et al ., 2 0 1 1), w hi c h w as si mil ar t o a mi n o a ci d pr ofil e o bt ai n e d f or c ol -0  

c o ntr ol  pl a nts i n t hi s w or k wit h sli g ht diff er e n c es d u e t o gr o wi n g c o n diti o n s a n d pl a nt a g e . 

A s u m m ar y of a mi n o a ci ds w hi c h pr es e nt si g nifi c a nt diff er e n c es w h e n c o m p ar e d t o c o ntr ol 
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pl a nts is pr es e nt e d i n Fi g u r e 5. 4 . I n g e n er al, ami n o a ci d pr ofil e w as c o ns er v e d f or all m ut a nt 

li n es i n S er, Gl y, His, Al a, V al, a n d L e u + L ys  c o nt e nts w h e n c o m p ar e d t o c o ntr ol pl a nts. 

Alt h o u g h it s h o ul d b e n ot e d t h at m et hi o ni n e b el o n gs t o as p art at e bi os y nt h esis f a m il y, a n d t h e 

a mi n o a ci ds fr o m t hi s f a mil y ( As n, As p, T hr, a n d Il e) s h o w e d si g nifi c a nt diff er e n c es. 

M or e o v er , si g nifi c a nt diff er e n c es w er e f o u n d als o i n a mi n o a ci ds fr o m ar o m ati c ( P h e  a n d 

T yr) a n d  gl ut a m at e ( Gl n, Gl u, Pr o,  a n d  Ar g) bi os y nt h esis f a mili es. T h e A T M S 1 T -D N A 

m ut a nt li n e ( ms 1 -1 ) s h o w e d si g nifi c a nt diff er e n ces i n Gl u, T hr + Ar g, Pr o, T yr,  M et a n d Il e . 

F or A M T S 2 T -D N A m ut a nt li n es, si g nifi c a nt diff er e n c es w er e f o u n d i n As p, Gl u, As n, 

T hr + Ar g, Pr o, T yr, C ys, Il e a n d P h e. A T M S 3 T -D N A m ut a nt li n es s h o w e d si g nifi c a nt 

diff er e n c es i n Gl u, As n, Gl n, T hr + Ar g, Pr o, M et, a n d Il e. All T -D N A m ut a nt li n es s h o w e d 

a n a c c u m ul ati o n of Pr o, m or e o v er, all T -D N A m ut a nt li n es h a v e d e cr e as e d c o nt e nt of Il e 

wit h e x c e pti o n of ms 2 -2 . 

5. 5 A mi n o a ci d p o ol w as aff e ct e d diff e r e nti all y  
S o m e st u di es h a v e s u g g e st e d t h at l ysi n e, a n utriti o n all y  i m p ort a nt a mi n o a ci d, w h e n 

is pr es e nt at si g nifi c a nt i n cr e m e nt l e v els i n Ar a bi d o psis s e e ds c a n c a us es d el a y e d 

g er mi n ati o n, m ostl y d u e t o alt er ati o ns i n tr a ns cri pt o m e, pri m aril y aff e cti n g tr a ns cri pti o n al 

pr o gr a ms r e q uir e d f or s e e d est a blis h m e nt ( C h oi et al ., 2 0 1 9). N e v ert h el ess, i n t hi s w or k 

l e u ci n e +l ysi n e c o nt e nt di d n ot diff er b et w e e n a n al y z e d m ut a nt li n es c o m p ar e d t o c o ntr ol 

pl a nts. Als o, i t w as r e p ort e d a r el ati o ns hi p b et w e e n c at a b olis m of as p arti c f a mil y a mi n o a ci ds 

a n d t h e o ns et of p h ot os y nt h esis ( A n g el o vi ci, F ait, F er ni e, & G alili, 2 0 1 1). I n a gr e e m e nt wit h 

lit er at ur e, i n t hi s w or k, a mi n o a ci ds fr o m as p arti c f a mil y As p, As n, Il e, T hr a n d M et w er e 

aff e ct e d  at diff er e nt l e v els  (Fi g u r e  5. 4 ) a n d P e ar s o n c orr el ati o ns w er e d et er mi n e d a n d ar e 

pr es e nt e d i n T a bl e 5. 1  t o T a bl e 5. 6 i n or d er t o vis u ali z e diff er e n c es  a n d r el ati o ns hi p b et w e e n 

a mi n o a ci ds, f ol at es a n d  pl a nt d e v el o p m e nt . Al l si g nifi c a nt P e ars o n c orr el ati o ns f or C ol-0 

pl a nts w er e b et w e e n  m et a b olit es w hil e i n T -D N A m ut a nt li n es w er e f o u n d als o wit h 

p h e n ot y pi c p ar a m et ers. F o r e x a m pl e, i n  ms 1 -1  t h e c o nt e nt of 5 F T H F d e m o nstr at e p ositi v e 

c orr el ati o n wit h pl a nt d e v el o p m e nt a n d s e e d w ei g ht , als o t h e c o nt e nt of Gl n w as p ositi v e 

c orr el at e d wit h s e e d w ei g ht.  
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T a bl e 5. 1 . P e ar s o n c orr el ati o ns f or C ol -0  c o ntr ol pl a nts  

V a ri a bl e 1  V a ri a bl e 2  N  C. C  P -v al u e  

5, 1 0 -C H = T H F + 1 0 -C H O -T H F  5 M T H F  3  1  0. 0 0 3  

5, 1 0 -C H = T H F + 1 0 -C H O -T H F  Pr o  3  -0. 9 9 9  0. 0 2 4  

5 F T H F  P h e  3  -0. 9 9 9  0. 0 2 7  

5 M T H F  Pr o  3  -0. 9 9 9  0. 0 2 1  

Al a  Gl y  3  -0. 9 9 9  0. 0 2 9  

Il e S er  3  -1  0. 0 0 1  

L e u + L y s  Gl n  3  1  0. 0 0 9  

M et  His  3  1  0. 0 0 2  

T H F + 5, 1 0 -C H 2 -T H F  C y s  3  0. 9 9 8  0. 0 4 1  

T ot al a a  Gl y  3  0. 9 9 9  0. 0 3 2  

T ot al a a  His  3  0. 9 9 8  0. 0 3 7  

T ot al a a  M et  3  0. 9 9 9  0. 0 3 5  

V al  T yr  3  1  0. 0 0 4  
C. C st a n d s f or c orr el ati o n c o effi ci e nt  

T a bl e 5. 2  P e ar s o n c orr el ati o ns f or ms 1 -1  ( H z) T-D N A m ut a nt li n e  

V a ri a bl e 1  V a ri a bl e 2  N  C. C  P -v al u e  

1 0 -C H O -T H F  5 M T H F  3  0. 9 9 8  0. 0 3 7  

1 0 -C H O -T H F  P h e  3  1. 0 0 0  0. 0 1 2  

5, 1 0 -C H = T H F + 1 0 -C H O -T H F  5, 1 0 -C H = T H F  3  0. 9 9 9  0. 0 3  

5, 1 0 -C H = T H F + 1 0 -C H O -T H F  Gl u  3  -0. 9 9 8  0. 0 3 7  

5 , 1 0-C H = T H F  Gl u  3  -1. 0 0 0  0. 0 0 7  

5 F T H F  D e v el o p m e nt st a g e 1  3  -0. 9 9 9  0. 0 2 8  

5 F T H F  W ei g ht/ s e e d  3  1. 0 0 0  0. 0 0 2  

5 M T H F  P h e  3  0. 9 9 9  0. 0 2 5  

F A  5, 1 0 -C H = T H F + 1 0 -C H O -T H F  3  0. 9 9 8  0. 0 3 8  

F A  5, 1 0 -C H = T H F  3  1. 0 0 0  0. 0 0 8  

F A  Gl u  3  -1. 0 0 0  0. 0 0 1  

Gl n  W ei g ht/ s e e d  3  -0. 9 9 8  0. 0 4 2  

His  S er  3  0. 9 9 9  0. 0 3 3  

L e u + L y s  Pr o  3  0. 9 9 8  0. 0 3 6  

T ot al f ol at es  Al a  3  -0. 9 9 7  0. 0 4 6  

V al  Al a  3  -0. 9 9 8  0. 0 3 9  

W ei g ht/ s e e d  D e v el o p m e nt st a g e 1  3  -0. 9 9 9  0. 0 2 5  
C. C st a n d s f or c orr el ati o n c o effi ci e nt  
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F or ms 2 -1  m ut a nt li n es w er e f o u n d P e ars o n p ositi v e c orr el ati o ns b et w e e n t h e M et 

c o nt e nt wit h pl a nt d e v el o p m e nt a n d T hr + Ar g  c o nt e nt; P h e c o nt e nt s h o w p o siti v e c orr el ati o n 

wit h pl a nt d e v el o p m e nt, M et a n d T hr + Ar g c o nt e nt; S eri n e a n d t ot al a a w er e p ositi v e 

c orr el at e d w it h s e e d w ei g ht. R e g ar di n g t o f ol at e c o nt e nt, 1 0 -C H O -T H F w as n e g ati v e 

c orr el at e d wit h Al a c o nt e nt, w hil e 5, 1 0 -C H = T H F d e m o nstr at e n e g ati v e c orr el ati o ns wit h 

Gl y, T H F + 5, 1 0 -C H 2 -T H F , a n d V al c o nt e nt; i n t h e ot h er h a n d 5 M T H F c o nt e nt w as p ositi v e 

c orr el at e d wit h  T hr + Ar g c o nt e nt.  

T a bl e 5. 3  P e ar s o n c orr el ati o n s f or ms 2 -1  ( H m) T-D N A m ut a nt li n e  

V a ri a bl e 1  V a ri a bl e 2  N  C. C  P -v al u e  

1 0 -C H O -T H F  Al a  3  -0. 9 9 9  0. 0 3  

5, 1 0 -C H = T H F  Gl y  3  -1  0  

5, 1 0 -C H = T H F  T H F + 5, 1 0 -C H 2 -T H F  3  -1  0. 0 0 3  

5, 1 0 -C H = T H F  V al  3  -0. 9 9 9  0. 0 3 4  

5 M T H F  T hr + Ar g  3  0. 9 9 8  0. 0 3 8  

Gl n  Gl u  3  0. 9 9 9  0. 0 2 1  

L e u + L y s  Gl n  3  0. 9 9 9  0. 0 2  

L e u + L y s  Gl u  3  0. 9 9 8  0. 0 4 1  

M et  D e v el o p m e nt st a g e 1  3  0. 9 9 8  0. 0 4 1  

M et  T hr + Ar g  3  1  0. 0 1 9  

P h e  M et  3  1  0. 0 0 3  

P h e  D e v el o p m e nt st a g e 1  3  0. 9 9 8  0. 0 4 4  

P h e  T hr + Ar g  3  1  0. 0 1 7  

Pr o  Gl u  3  0. 9 9 9  0. 0 3 1  

S er  W ei g ht/ s e e d  3  1  0. 0 1 3  

T H F + 5, 1 0 -C H 2 -T H F  Gl y  3  1  0. 0 0 3  

T H F + 5, 1 0 -C H 2 -T H F  V al  3  0. 9 9 8  0. 0 3 8  

T ot al a a  L e u + L y s  3  0. 9 9 8  0. 0 4  

T ot al a a  S er  3  0. 9 9 9  0. 0 3 1  

T ot al a a  W ei g ht/ s e e d  3  1  0. 0 1 8  

T ot al f ol at es  5, 1 0 -C H = T H F  3  -1  0. 0 1 3  

T ot al f ol at es Gl y  3  1  0. 0 1 2  

T ot al f ol at es  T H F + 5, 1 0 -C H 2 -T H F  3  1  0. 0 1 6  

T o t al f ol at es V al  3  0. 9 9 9  0. 0 2 2  

V al  Gl y  3  0. 9 9 9  0. 0 3 4  
C. C st a n d s f or c orr el ati o n c o effi ci e nt  
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T -D N A m ut a nt li n es ms 2 -2 s h o w si g nifi c a nt P e ars o n c orr el ati o ns f or 1 0 -C H O -T H F 

wit h As n, Gl n, Gl y, a n d His c o nt e nt. Als o, 5, 1 0 -C H = T H F + 1 0 -C H O -T H F  w as p ositi v e 

c o rr el at e d wit h His a n d T hr + Ar g c o nt e nt; w hil e 5 F T H F w as p ositi v e c orr el at e d wit h Gl u a n d 

T H F + 5, 1 0 -C H 2 -T H F . I n t hi s c as e 5 M T H F w as n e g ati v e c orr el at e d wit h P h e c o nt e nt a n d 

pl a nt d e v el o p m e nt. R e g ar di n g a mi n o a ci d p o ol, Gl n s h o w si g nifi c a nt c orr el ati o ns wit h A s n, 

Gl y, S er c o nt e nt; w hil e Gl y wit h As n c o nt e nt; m or e o v er, His w as c orr el at e d wit h As n, Gl n, 

a n d  Gl y c o nt e nt. I n t hi s c as e P h e c o nt e nt s h o w p o siti v e c orr el ati o n wit h pl a nt d e v el o p m e nt, 

w hil e t ot al f ol at e c o nt e nt s h o ws n e g ati v e c orr el ati o n wit h s e e d w ei g ht . 

T a bl e 5. 4 . P e ars o n c orr el ati o ns f or ms 2 -2 ( H m) T-D N A m ut a nt li n e  

V a ri a bl e 1  V a ri a bl e 2  N  C. C  P -v al u e  

1 0 -C H O -T H F  As n  3  1  0. 0 0 2  

1 0 -C H O -T H F  Gl n  3  0. 9 9 9  0. 0 2 4  

1 0 -C H O -T H F  Gl y  3  -1  0. 0 1 2  

1 0 -C H O -T H F  His  3  0. 9 9 9  0. 0 2 4  

5, 1 0 -C H = T H F + 1 0 -C H O -T H F  His  3  0. 9 9 8  0. 0 4 2  

5, 1 0 -C H = T H F + 1 0 -C H O -T H F  T hr + Ar g  3  0. 9 9 9  0. 0 2 3  

5 F T H F  Gl u  3  1  0  

5 F T H F  T H F + 5, 1 0 -C H 2 -T H F  3  1  0. 0 2  

5 M T H F  P h e  3  -1  0. 0 1 7  

5 M T H F  D e v el o p m e nt st a g e 1  3  -0. 9 9 7  0. 0 4 9  

F A  C y s  3  1  0. 0 0 2  

Gl n  As n  3  0. 9 9 9  0. 0 2 3  

Gl n  Gl y  3  -1  0. 0 1 2  

Gl n  S er  3  -0. 9 9 7  0. 0 4 8  

Gl y  As n  3  -1  0. 0 1  

His  As n  3  0. 9 9 9  0. 0 2 5  

His  Gl n  3  0. 9 9 7  0. 0 4 8  

His  Gl y  3  -0. 9 9 8  0. 0 3 6  

L e u + L y s  M et  3  0. 9 9 9  0. 0 2 6  

P h e  D e v el o p m e nt st a g e 1  3  0. 9 9 9  0. 0 3 1  

S er  As p  3  -0. 9 9 9  0. 0 2 4  

T H F + 5, 1 0 -C H 2 -T H F  Gl u  3  1  0. 0 2  

T ot al a a  As p  3  1  0  

T ot al a a  S er  3  -0. 9 9 9  0. 0 2 4  

T ot a l f ol at es W ei g ht/ s e e d  3  -1  0. 0 0 9  
C. C st a n d s f or c orr el ati o n c o effi ci e nt  
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Si g nifi c a nt P e ars o n c orr el ati o ns f or ms 3 -2  m ut a nt li n e w er e f o u n d f or 1 0 -C H O -T H F 

wit h As p, His, a n d T yr c o nt e nt, w hil e  5 M T H F w as c orr el at e d wit h Il e c o nt e nt a n d s e e d 

w ei g ht. Als o, G l y a n d Il e c o nt e nt w er e c orr el at e d wit h s e e d w ei g ht. Il e c o nt e nt w as p ositi v e 

c orr el at e d wit h Gl y c o nt e nt. Al a s h o w p ositi v e c orr el ati o n wit h S er, w hil e L e u + L ys w er e 

n e g ati v e c orr el at e d wit h Hi s. T H F + 5, 1 0 -C H 2 -T H F  w as p ositi v e c orr el at e d wit h His c o nt e nt 

a n d w as n e g ati v e c orr el at e d wit h Gl u a n d L e u + L y s.  

T a bl e 5. 5 . P e ars o n c orr el ati o ns f or ms 3 -2  ( H m) T-D N A m ut a nt li n e  

V a ri a bl e 1  V a ri a bl e 2  N  C. C  P -v al u e  

1 0 -C H O -T H F  As p  3  0. 9 9 8  0. 0 3 7  

1 0 -C H O -T H F  His  3  -0. 9 9 7  0. 0 4 7  

1 0 -C H O -T H F  T yr  3  -0. 9 9 9  0. 0 2 1  

5 M T H F  Il e 3  -0. 9 9 8  0. 0 3 6  

5 M T H F  W ei g ht/ s e e d  3  1  0. 0 1 1  

F A  M et  3  0. 9 9 9  0. 0 2 3  

Al a  S er  3  0. 9 9 8  0. 0 3 7  

Gl y  W ei g ht/ s e e d  3  -0. 9 9 7  0. 0 4 7  

Il e Gl y  3  0. 9 9 9  0. 0 2 3  

Il e W ei g ht/ s e e d  3  -0. 9 9 9  0. 0 2 4  

L e u + L y s  His  3  -1  0. 0 0 3  

T H F + 5, 1 0 -C H 2 -T H F  Gl u  3  -0. 9 9 9  0. 0 3 3  

T H F + 5, 1 0 -C H 2 -T H F  His  3  0. 9 9 8  0. 0 3 8  

T H F + 5, 1 0 -C H 2 -T H F  L e u + L y s  3  -0. 9 9 9  0. 0 3 4  

T ot al a a  C y s  3  0. 9 9 8  0. 0 4  

T ot al f ol at es  5 F T H F  3  0. 9 9 8  0. 0 4 3  

T yr  As p  3  -1  0. 0 1 6  
C. C st a n d s f or c orr el ati o n c o effi ci e nt  

 

F or ms 3 -3  T -D N A m ut a nt li n es  si g nifi c a nt P e ars o n c orr el ati o ns w er e f o u n d f or 

fol at es p o ol. T h e c o nt e nt of 1 0 -C H O -T H F w as p ositi v e c orr el at e d wit h Gl n, Pr o, a n d T yr 

c o nt e nt; 5, 1 0 -C H = T H F + 1 0 -C H O -T H F  c o nt e nt w as p ositi v e c orr el at e d wit h L e u + L ys, S er, 

a n d V al; w hil e 5, 1 0 -C H = T H F w as p ositi v e c orr el at e d wit h L e u + L ys a n d S er c o nt e nt. I n t hi s 

c as e 5 F T H F s h o w p ositi v e c orr el ati o n wit h T hr + Ar g c o nt e nt; i n t h e ot h er h a n d, 5 M T H F w as 

p ositi v e c orr el at e d wit h P h e c o nt e nt. R e g ar di n g  a mi n o a ci d p o ol, Al a c o nt e nt s h o w n e g ati v e 

c orr el ati o n wit h Gl u c o nt e nt; C ys w as c orr el at e d p ositi v e c orr el at e d wit h G l y c o nt e nt a n d 

n e g ati v e c orr el at e d wit h pl a nt d e v el o p m e nt.  
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Si mil arl y, Gl y c o nt e nt s h o w n e g ati v e c orr el ati o n wit h pl a nt d e v el o p m e nt; His c o nt e nt w as 

p ositi v e c orr el at e d wit h s e e d w ei g ht, w hil e L e u + L ys s h o w p ositi v e c orr el ati o ns wit h S er a n d 

V al c o nt e nt. M e t c o nt e nt w as n e g ati v e c orr el at e d wit h Gl n. P h e c o nt e nt w as p ositi v e 

c orr el at e d wit h V al c o nt e nt, w hil e T yr s h o w p ositi v e c orr el ati o n wit h Pr o c o nt e nt.  

S u m m ari zi n g, P e ars o n c orr el ati o ns d e m o nstr at e t h at p h e n ot y pi c a n d m et a b oli c 

p ar a m et ers w er e aff e ct e d di ff er e nti all y b et w e e n c o ntr ol pl a nts a n d T-D N A m ut a nts of 

m et hi o ni n e s y nt h as e is o e n z y m es.  

T a bl e 5. 6.  P e ar s o n c orr el ati o ns f or ms 3 -3  ( H m) T-D N A m ut a nt li n e  

V a ri a bl e 1  V a ri a bl e 2  N  C. C  P -v al u e  

1 0 -C H O -T H F  Gl n  3  0. 9 9 9  0. 0 3  

1 0 -C H O -T H F  Pr o  3  0. 9 9 8  0. 0 3 8  

1 0 -C H O -T H F  T yr  3  0. 9 9 7  0. 0 4 6  

5, 1 0 -C H = T H F + 1 0 -C H O -T H F  L e u + L y s  3  0. 9 9 9  0. 0 3  

5, 1 0 -C H = T H F + 1 0 -C H O -T H F  S er  3  1  0. 0 1 3  

5, 1 0 -C H = T H F + 1 0 -C H O -T H F  V al  3  0. 9 9 8  0. 0 4 3  

5, 1 0 -C H = T H F  L e u + L y s  3  0. 9 9 7  0. 0 4 6  

5, 1 0 -C H = T H F  S er  3  1  0. 0 0 2  

5 F T H F  T hr + Ar g  3  1  0. 0 0 9  

5 M T H F  P h e  3  0. 9 9 9  0 . 0 3 

Al a  Gl u  3  -1  0. 0 1 9  

C y s  Gl y  3  0. 9 9 9  0. 0 2 3  

C y s  D e v el o p m e nt st a g e 1  3  -1  0. 0 1  

Gl y  D e v el o p m e nt st a g e 1  3  -1  0. 0 1 4  

His  W ei g ht/ s e e d  3  0. 9 9 9  0. 0 2 6  

L e u + L y s  S er  3  0. 9 9 8  0. 0 4 4  

L e u + L y s  V al  3  1  0. 0 1 3  

M et  Gl n  3  -0. 9 9 8  0. 0 3 8  

P h e  V al  3  0. 9 9 8  0. 0 3 9  

T ot al f ol at es  5 M T H F  3  0. 9 9 7  0. 0 4 6  

T ot al f ol at es  L e u + L y s  3  0. 9 9 8  0. 0 3 5  

T ot al f ol at es  P h e  3  1  0. 0 1 6  

T ot al f ol at es  V al  3  0. 9 9 9  0. 0 2 2  

T ot al  a a  Gl n  3  0. 9 9 7  0. 0 4 9  

T ot al  a a  M et  3  -1  0. 0 1 2  

T yr  Pr o  3  1  0. 0 0 8  
C. C st a n d s f or c orr el ati o n c o effi ci e nt  
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Fi g u r e 5. 4 . M et a b oli c r es ult s of  a mi n o a ci d f a mili e s b as e d o n bi os y nt h eti c p at h w a ys. A mi n o 
a ci ds i n P u r pl e C ol o r  i n di c at e si g nifi c a nt diff er e n c es (P < 0. 0 5 ) w hil e Bl a c k C ol o r  d e n ot e 
a mi n o a ci ds t h at d o es n’t pr es e nt si g nifi c a nt diff er e n c es.  S y m b ol “ + + ” d e n ot e si g nifi c a nt  
i n cr e as e a n d “--” d e n ot e si g nifi c a nt d e cr e as e w h e n c o m p ar e d t o c o ntr ol pl a nts .  Tr y pt o p h a n 
is i n di c at e d i n Bl u e C ol or  d u e t o t his a mi n o a ci d w as n ot q u a ntifi e d i n t his w or k.  

M et hi o ni n e c o nt e nt w as e v al u at e d b y Y a n et al . ( 2 0 1 9), a n d t h es e a ut h or s  s h o w e d 

si g nifi c a nt d e cr e as es o n t h e c o nt e nts of t hi s a mi n o a ci d i n t h e A T M S m ut a nt li n es, m ai nl y i n 

A T S M 1  a n d f oll o w e d f or A T M S 2, A T M S 3 .  Ot h er st u d y r e p ort e d  t h at S -m et h yl -m et hi o ni n e 

i n v e g et ati v e ti ss u e is tr a ns p ort e d t o s e e ds a n d t h e n is us e d f or g e n er ati o n o n a d diti o n al 

m et hi o ni n e  ( L e e et al ., 2 0 0 8). I n t h e pr es e nt w or k w as e x p e ct e d a d e cr e a s e i n m et hi o ni n e 

c o nt e nt  i n m ut a nt li n es i n c o m p aris o n t o c o ntr ol pl a nt s , h o w e v er,  it w as o bt ai n e d a si g nifi c a nt 



7 7  
 

i n cr e as e i n m et hi o ni n e l e v els of ms 1 -1  a n d ms 3 -2  m ut a nt li n e s wit h 4. 0 9  a n d 1. 5 4 -f ol d, w hi c h 

is c o ntr a di ct or y t o t h e r es ult s o bt ai n e d b y Y a n et al  ( 2 0 1 9). Diff er e n c es b et w e e n t h e r es ult s 

of t h e pr es e nt pr oj e ct a n d lit er at ur e c o ul d b e attri b ut e d t o t h e a g e of t h e pl a nts a n d n utri e nts 

a v ail a bilit y. In t h is st u d y , w e  us e d 1 4 -d o l d pl a nts w hil e i n Y a n et al . ( 2 0 1 9) w or k t h e pl a nts 

w er e h ar v est e d at 1 0 -d ol d ; als o, t h e y s o w n s e e ds i n 1 X M S m e di u m i n c o m p aris o n t o 0. 5 X 

M S us e d i n t his w or k.  

A s u m m ar y of m et hi o ni n e a n d c yst ei n e bi os y nt h esis i n A.t h ali a n a  is s h o w e d i n 

Fi g u r e 5. 5 . C yst ei n e al o n g wit h m et hi o ni n e b el o n gs t o s ulf ur a mi n o a ci ds,  d u e t o t h e y ar e i n 

c h ar g e of s ulf ur assi mil ati o n,  als o c yst ei n e s er v es as pr e c urs or m ol e c ul e f or t h e bi os y nt h esis 

of gl ut at hi o n e, a pr e d o mi n a nt n o n -pr ot ei n t hi ol, w hi c h is ess e nti al d uri n g pl a nt str ess 

r es p o ns es (D o mí n g u e z ‐S olí s  et al ., 2 0 0 4). D o mí n g u e z-S olí s a n d c oll a b or at o rs ( 2 0 0 4) 

d e m o nstr at e d  a str o n g r el ati o ns hi p b et w e e n t h e a c c u m ul ati o n of c yst ei n e a n d c a d mi u m i n 

pl a nt l e af tri c h o m es w h e n t h es e w er e tr e at e d wit h diff er e nt c o n c e ntr ati o ns of c a d mi u m, a n d  

t h e y c o n cl u d ed  t h at i n cr e asi n g c yst ei n e c o nt e nt a n d n u m b er of tri c h o m e s i n pl a nt l e a v es 

c o ul d b e a p ot e nti al t o ol t o i m pr o v e h e a v y m et al t ol er a n c e i n pl a nts.  Als o, C yst ei n e is a 

pr e c urs or m ol e c ul e f or c yst at hi o ni n e , as it is s h o w e d i n Fi g u r e 5. 5 , c yst at hi o ni n e  is r e q uir e d 

f or h o m o c yst ei n e bi os y nt h esis w hi c h a cts as s u bstr at e f or m et hi o ni n e bi os y nt h esis.  I n t hi s 

w or k , cyst ei n e l e v els s h o w e d si g nifi c a nt i n cr e as e i n ms 2 -1 a n d  ms 2 -2 , A T M S 2 is a c yt os oli c 

e n z y m e , as it is d e n ot e d i n Fi g u r e 5 .5  c yst ei n e c a n b e bi os y nt h esi z e d at mit o c h o n dri a, c yt os ol 

a n d pl as ti ds, t h us, A T M S 2 T-D N A m ut a nt li n es aff e ct i n s o m e m a n n er c yst ei n e 

a c c u m ul ati o n.  

Pr oli n e is a pr ot a g o nist a mi n o a ci d i n str ess r es p o ns e , it h as b e e n e xt e nsi v el y d es cri b e d a n d 

r e p ort e d t h at pr oli n e a c c u m ul ati o n is o bt ai n e d w h e n pl a nts ar e tr e at e d wit h h e at , s alt, a n d 

w at er str ess ( V ersl u es  et al ., 2 0 1 4; Li u et al ., 1 9 9 7; C hi a n g  et al ., 1 9 9 5). I n t hi s st u d y it w as 

d e m o nstr at e d t h at pr oli n e c o nt e nt r es ult e d i n a n a c c u m ul ati o n i n all st u di e d m u t a nt li n es, 

t h er ef or e it co ul d  b e i nf err e d t h at l a c ki n g m et hi o ni n e s y nt h as e is o e n z y m es c o ul d i n d u c es a 

str ess r es p o ns e i n pl a nt gr o wt h a n d d e v el o p m e nt.  
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Fi g u r e 5. 5 . Bi os y nt h esis p at h w a y of s ulf ur a mi n o a ci ds i n pl a nts A.t h ali a n a . T h e s c h e m e 
s u m m ari z es t h e bi os y nt h esis p at h w a ys b y c ell c o m p art m e nt of m et hi o ni n e a n d c yst ei n e. 
E n z y m es ar e li st e d as f oll o w: 1, s ulf at e tr a ns p ort; 2, A T P s ulf ur yl as e; 3, A T P r e d u ct as e; 4, 
s ulfit e r e d u ct as e; 5, s eri n e a c et yltr a nsf er as e; 6, O -a c et yl s eri n e (t hi ol) l y as e; 7, c yst at h i o ni n e 
c -c y nt h as e; 8, c yst at hi o ni n e  -l y as e; 9, m et hi o ni n e s y nt h as e 3; 1 0, m et hi o ni n e s y nt h as e 1 
a n d m et hi o ni n e s y nt h as e 2; 1 1, S A M s y nt h et h as e; 1 2, S -a d e n os yl -h o m o c y st ei n e h y dr ol as e; 
1 3, S -S A M d e p e n d e nt m et h yl as e; 1 4, S A M -m et hi o ni n e m et h yltr a nsf er as e; 1 5,  S -
m et h yl m et hi o ni n e -h o m o c yst ei n e m et h yltr a nsf er as e; 1 6,  -gl ut a m yl -c yst ei n e s y nt et h as e; 1 7, 
gl ut at hi o n e s y nt et h as e. M ol e c ul es ar e: As p: as p art at e; S A H, S -a d e n os yl h o m o c yst ei n e; S A M, 
S -a d e n os yl m et hi o ni n e; C ys, c yst ei n e;  -G C,  -gl ut a m yl c yst ei n e; G S H, gl ut at hi o n e; H C ys, 
h o m o c yst ei n e; O A S, O -a c e t yl s eri n e; O P H, O-p h os p h o h o m os eri n e; T H F, t etr a h y dr of ol at e 
p ol y gl ut a m at e; S er, s eri n e; S M M, S -m et h yl m et hi o ni n e;. M o difi e d fr o m ( Wirt z & Dr o u x., 
2 0 0 5) . 
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5. 5 F ol at e c o nt e nt s h o w e d a n d a c c u m ul ati o n of 5 -C H 3 -T H F o nl y i n ms 3 -2 a n d ms 3 -3  
m ut a nt li n es  

St u di es i n v ol vi n g m ut a nt li n es of f ol at es g e n es li k e m et h e n ylt etr a h y dr of ol at e 

c y cl o h y dr ol as e ( M T H F D 1) s h o w e d d e cr e as e d c o nt e nt of o xi di z e d t etr a h y dr of ol at es a n d 

dis pl a y g e n o m e -wi d e D N A h y p o m et h yl ati o n, H 3 K 9 m e 1 d e cr e as es, a n d tr a ns p os o n 

a cti v a ti o n ( Gr ot h et al , 2 0 1 6). S o m e st u di es i n v ol vi n g S ali c yli c a ci d ( S A), w hi c h a cts as a 

si g n al m ol e c ul e f or g e n es e x pr essi o n, d e m o nstr at e d a r el ati o ns hi p b et w e e n S A tr e at m e nt a n d 

f ol at e bi os y nt h eti c a n d c at a b oli c g e n es. A m o n g f ol at es bi os y nt h eti c  g e n es, a c o m m o n tr e n d 

of u p -r e g ul ati o n w as o bs er v e d aft er 2 4 h of S A tr e at m e nt  i n A T M S 1 a n d 

f or m ylt etr a h y dr of ol at e d ef or m yl as e ( At 5 F C L, At 4 G 1 7 3 6 0), a n d t hi s u p -r e g ul ati o n w as 

m ai nt ai n e d u ntil 1 2 0 h , t his gi v e aris e t o a n i n cr e a s e i n f ol at es c o nt e nt of 2-fol d ( P ut h usseri, 

2 0 1 8).  

I n t hi s w or k, o nl y t h e m s 3 -2  m ut a nt li n e i n cr e as e d t h e t ot al f ol at e a n d 5 -C H 3 -T H F 

l e v els u p t o  1. 3 7  a n d 1. 4 5 -fol d , r es p e cti v el y, c o m p ar e d t o C ol -0  c o ntr ol. Als o, ms 3 -3  m ut a nt 

li n e h as hi g h er c o nt e nt of 5-C H 3 -T H F wit h 1. 3 3 -f ol d c h a n g e i n cr e as e i n c o m p aris o n t o 

c o ntr ol pl a nts . T h us, o ur r es ult s s u g g est e d t h at i ns erti o n T-D N A m ut a nt li n es  of t h e pl asti c 

is of or m i n ms 3 -2  a n d m s3 -3  m ut a nt li n es s h o w n a si g nifi c a nt i m p a ct o n 5 -C H 3 -T H F  c o nt e nts  

t hi s c o ul d b e attri b ut e d t o i m p a ct o n g e n e tr ans cri pt l e v els or str u ct ur al c h a n g es i n A T M S 3 

aff e cti n g e n z y m e a cti vit y.  

D e n o v o  m et hi o ni n e bi os y nt h esis is t h e m aj or m et a b oli c fl u x of 5 -C H 3 -T H F, t h us, it 

w o ul d b e e x p e ct e d t h at t h e l a c k of M S is of or ms i n Ar a bi d o psis c o ul d i m p a ct it s 

a c c u m ul ati o n. H o w e v er  n o si g nifi c a nt P e ars o n c orr el ati o n  w as o bs er v e d b et w e e n 5 -C H 3 -

T H F a n d M et i n c o ntr ol pl a nts a n d T -D N A m ut a nt li n es  (T a bl es 5. 1  t o 5. 6 ). T h e pr es e nt 

r es ult s ar e i n a gr e e m e nt wit h t h e i nf or m ati o n r e p ort e d b y J u et al. ( 2 0 1 9) i n w hi c h t h e y st at e d 

t h at h o m o z yg o us A T M S 3 m ut a nt li n es c o ul d s ur vi v e b y m et hi o ni n e r e c y cli n g m e di at e d b y 

A T M S 1.  

5. 6 Pr eli mi n ar y  r es ult s c o uld  i n di c at e t h at t h e f ol at e gl ut a m yl ati o n pr ofil e is alt er e d i n ms 1 -
1 , ms 3 -2  a n d ms 3 -3     

Pr eli mi n ar y r es ult s fr o m p ol y gl ut a m yl at e d f ol at es pr ofil e  w er e o bt ai n e d a n d s h o w e d 

t h at ms 1 -1 , ms 3 -2 , a n d ms 3 -3  m ut a nt li n es a c c u m ul at e pr e d o mi n a ntl y G l u6, Gl u 7, G l u8 

resi d u es, i n a d diti o n, Gl u 9 w as f o u n d i n t h e ms 1 -1 m ut a nt li n e . T h es e r es ult s w er e  c o nsist e nt 
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wit h t h e m et hi o ni n e s y nt h as e a cti vit y b e c a us e it is k n o w n t h at t h e e n z y m e r e q uir es 

tri gl ut am yl at e d  5 -C H 3 -T H F f or m  (R a v a n el et al ., 2 0 0 4 ). T h er ef or e, i n Fi g u r e 4. 1 8  A  it c a n 

b e n ot e d t h at t h e i n cr e as e i n gl ut a m at e m oi eti es of 5 -C H 3 -T H F c o ul d aff e ct t h e bi o a v ail a bilit y 

of t hi s c of a ct or f or m et hi o ni n e s y nt h as e  a cti vit y, t h us, t his aris e q u esti o ns a b o ut t h e 

m e c h a nis m b e hi n d t h e pr o m oti o n of F P G S  a cti vit y , e n z y m e r es p o nsi bl e t o a d d gl ut a m at e 

r esi d u es i n t h e f ol at e m ol e c ul e, i n ms 1 -1, ms 3 -2, a n d ms 3 -3  m ut a nt li n es  

6 . C o n cl usi o ns  
I n t hi s w or k t h e p h e n ot y pi c c h ar a cteri z ati o n of Ar a bi d o psis  wit h diff er e nt T -D N A 

i ns erti o n p ositi o ns f or e a c h M S is o e n z y m e w as p erf or m e d. E a c h T -D N A m ut a nt li n e 

g e n er at e d diff er e nt vis u al a n d m et a b oli c p h e n ot y p es. T h e m ost r el e v a nt vis u al p h e n ot y p es 

f or A T M S 1 T-D N A m ut a nt li n es w er e  s h o ots w ei g ht, pl a nt d e v el o p m e n t, c ot yl e d o n a n d r o ots 

l e n gt h; f or A T M S 2 m ut a nt li n es vis u al p h e n ot y p es w er e pl a nt d e v el o p m e nt, s e e ds w ei g ht, 

c ot yl e d o n a n d r o ots l e n gt h ; i n t h e ot h er h a n d, A T M S 3 m ut a nt li n es r el e v a nt vis u al 

p h e n ot y p es w er e s h o ots w ei g ht, pl a nt d e v el o p m e nt, c ot yl e d o n l e n g t h a n d s e e ds w ei g ht. 

R e g ar di n g t o h o m o z y g o u s k n o c k o ut or k n o c k d o w n l et h alit y, g e n ot y pi n g s cr e e ni n g of T -

D N A m ut a nts f o u n d h o m o z y g o us pl a nts f or A T M S 2 a n d A T M S 3 . T h es e r es ult s  s u g g est t h at 

A T M S 3, w hi c h is  r es p o nsi bl e of  d e n o v o  m et hi o ni n e bi os y nt h esis, w as  n ot ess e nti al t o 

s ust ai n pl a nt gr o wt h a n d d e v el o p m e nt  b e c a us e pl a nts ar e c a p a bl e of s ur vi v e, alt h o u g h it h as 

a n i m p a ct i n vis u al p h e n ot y p e a n d m et a b oli c l e v el . I n di c ati n g t h at m et hi o ni n e r e g e n er ati o n 

c y cl e  wit h A T M S 1 a n d A T M S 2  h as a n i m p ort a nt r ol e i n pl a nt d e v el o p m e nt , alt h o u g h t h er e 

is t h e q u esti o n w h y it is p ossi bl e  t o fi n d t h e h o m o z y g o us  pl a nts f or A T M S 2 w hil e A T M S 1 

s h o ws l et h alit y a n d b ot h ar e c yt os oli c  is o e n z y m e s. A c c or di n gl y,  t o t h e c urr e nt k n o wl e d g e 

t hi s c o ul d b e e x pl ain e d d u e t o t h e hi g h e x pr essi o n  l e v el r e p ort e d of A T M S 1  i n Ar a bi d o psis 

d at a b as e , h o w e v er,  f urt h er e x p eri m e nts will b e  n e e d e d , i n cl u di n g g e n e e x pr essi o n, pr ot ei n 

c o n c e ntr ati o n a n d e n z y m ati c a cti vit y  t o c orr o b or at e t hes e  c o n cl usi o n s.  

It w as e x p e ct e d t h at k n o c k o ut or k n o c k d o w n of m et hi o ni n e s y nt h as e g e n es c o ul d l e a d t o 

d e cr e as e d l e v els of m et hi o ni n e i n Ar a bi d o psis pl a nts. C o ns e q u e ntl y, d uri n g t h e 

d e v el o p m e nt al st a g e a n al ysis , T-D N A m ut a nt li n es s h o ul d pr es e nt d el a y e d  g er mi n ati o n w h e n 

c o m p ar e d t o c o ntr ol pl a nts.  All m ut a nt li n es pr es e nt e d d el a y e d pl a nt d e v el o p m e nt wit h 



8 1  
 

e x c e pti o n of ms 2 -1  a n d ms 3 -2 , i n a gr e e m e nt wit h t h e r es ults o bs er v e d i n s h o ots w ei g ht a n d 

c ot yl e d o n l e n gt h f or m ut a nt li n es. 

T h e a mi n o a ci d p o ol w as diff er e nti all y aff e ct e d  i n m ut a nt li n es. T h e pri n ci p al c h a n g es w er e 

pr es e nt i n gl ut a m at e, as p art at e, a n d ar o m ati c bi os y nt h esis a mi n o a ci d f a mili es  i n all m ut a nt 

li n es, a n d a d diti o n all y, A T M S 2 m ut a nt li n es w er e t h e o nl y o n es wit h si g nifi c a nt i n cr e as es of 

c yst ei n e l e v els  u p t o 2. 7  a n d 2. 4 f or ms 2 -1  a n d m s 2 -2 , r es p e cti v el y. T h es e r es ult s c o ul d b e  

us ef ul t o c o nt e xt u ali z e t h e m et a b oli c c h a n g es of  a mi n o a ci d p o ols  i n A. t h ali a n a  m ut a nt li n es , 

b ut , i n or d er t o g et a c o m pl et e m et a b oli c c o nt e xt, it is r e q uir e d t o p erf or m e x p eri m e nts t o 

e v al u at e  ot h er m et a b olit e s r el at e d t o m et hi o ni n e m et a b oli c fl u x s u c h as  h o m o c yst ei n e, S A H, 

S A M, et h yl e n e, et c.  

T ot al f ol at e c o nt e nt w as c o ns er v e d i n all T -D N A m ut a nt li n es i n c o m p ar is o n t o 

c o ntr ol pl a nts wit h e x c e pti o n of ms 3 -2  m ut a nt li n e wit h 1. 3 7  i n cr e as e. 5 M T H F c o nt e nt w as 

i n cr e as e d i n ms 3 -2  a n d ms 3 -3  u p t o 1. 4 5 a n d 1. 3 3 hi g h er c o n c e ntr ati o n s, r es p e cti v el y. T his 

r es ult c o ul d i n di c at e a n i m p ort a nt b ottl e n e c k i n 5 M T H F m et a b oli c p at h w a y r el at e d t o M S i n 

Ar a bi d o psis  M or e o v er , pr eli mi n ar y r es ult s of p ol y gl ut a m yl ati o n pr ofil e  of f ol at e pr es e nt e d 

e vi d e n c e of a c c u m ul ati o n  of 5 -C H 3 -T H F f or ms m or e p ol y gl ut a m yl at e d ( Gl u 6 -Gl u 9 ) i n t h e 

m ut a nt li n es, t h us, it c o ul d s u g g est t h at m et hi o ni n e s y nt h as e  is of or ms c a n p arti ci p at e i n t h e 

p ol y gl ut a m yl f ol at es b al a n c e.  

T h es e r es ult s i n di c at e t h at m et hi o ni n e s y nt h as e  is of or ms c a n aff e ct i n diff er e nt e xt e nt 

t o A. t h ali a n a , a n d n ot o nl y i n m et hi o ni n e p o ols , i n v ol vi n g a n u n k n o w n m e c h a nis m aff e cti n g 

s e v er al as p e cts of pl a nt gr o wt h, d e v el o p m e nt a n d m et a b olit es r e g ul ati o n i n pl a nts. 

U n d o u bt e dl y, t his e n z y m e will b e t h e s u bj e ct of f ut ur e r es e ar c h pr oj e cts.  

7 . F ut ur e w or k 

T h e ori gi n al p ur p os e of t hi s r es e ar c h w as t o p erf or m a f u n cti o n al g e n o mi c st u d y of 

m et hi o ni n e s y nt h as e 1, 2 a n d 3 is of or ms i n A.t h ali a n a , alt h o u g h it w as n ot p ossi bl e t o a c hi e v e 

c ert ai n g o als a n d e x p eri m e nts o n ti m e, i n or d er t o g et a c o m pl et e f u n cti o n al g e n o mi c 

a p pr o a c h, t hi s st u d y c o ul d s er v e as i niti al st e ps a n d d e m o nstr at e a n i nt er esti n g r ol e of A T M S 1 

i n pl a nt d e v el o p m e nt a n d gr o wt h c o ntr ar y t o t h e pl asti di c is of or m A T M S 3. S o m e q u esti o ns 

a b o ut w h y it w as p ossi bl e t o fi n d h o m o z y g o us A T M S 2 a n d A T M S 3, w hil e h o m o z y g o us 
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A T M S 1 a p p ar e ntl y s h o w e d l et h alit y. At t h e p h e n ot y p e  l e v el, it is d esir a bl e t o o bt ai n t h e 

f oll o wi n g e x p eri m e nts: 

•  S oil -b as e d p h e n ot y pi c a n al y sis  

o  N u m b er of r o s ett e l e a v es > 1 m m i n l e n gt h pr o d u c e d o v er ti m e ( B o y es et al ., 2 0 0 1) 

o  M a xi m u m r o s ett e r a di u s o v er ti m e ( B o y es et al ., 2 0 0 1) 

o  Pl a nt h ei g ht o v er ti m e ( B oy es et al ., 2 0 0 1) 

o  Gr o wt h st a g e pr o gr essi o n ( B o y es et al ., 2 0 0 1) 

o  Ti m e t o b olti n g ( B o y es et al ., 2 0 0 1) 

o  Ti m e t o 1 st fl o w er o n s et ( B o y es et al ., 2 0 0 1) 

o  C o m p aris o n of sili q u e ar e a a n d t h e n u m b er of s e e d p er h alf -sili q u e  ( B o y es et al ., 2 0 0 1) 

o  C o m p aris o n of sili q u e n u m b er a n d yi el d p er pl a nt ( B o y es et al ., 2 0 0 1) 

•  Pl at e -b as e d p h e n ot y pi c a n al y sis  

o  S e e d g er mi n ati o n wit h D L -pr o p ar g yl gl y ci n e a n d L -m et hi o ni n e ( G all ar d o et al ., 2 0 0 2) 

o  R o ot p h e n ot y p e c h ar a ct eri z ati o n s ( B o y es et al ., 2 0 0 1)  

o  E m br y o d e v el o p m e nt al st a g e ( C oll a k o v a et al ., 2 0 0 8) 

•  G e n o mi c a n al y sis  

o  E x pr essi o n  pr ofil es of m et hi o ni n e s y nt h as e 1, 2 a n d 3 m R N A ( St é p h a n e R av a n el et al., 2 0 0 4)  

o  D N A m et h yl ati o n pr ofil es ( Gr ot h et al .,¸ 2 0 1 6) 

 

•  Pr ot e o mi c a n al y sis  

o  Dr y s e e d s v s i m bi b e d s e e d s o v er ti m e  ( G all ar d o et al ., 20 0 2)  

o   Pl a nts gr o w n i n s oil ( G all ar d o et al ., 2 0 0 2) 

o  Pl a nts gr o w n i n vitr o ( G all ar d o et al ., 2 0 0 2) 

•  M et a b olit e a n al y sis  

o  M et hi o ni n e s y nt h as e 1, 2 a n d 3 e n z y m ati c a cti vit y ( R a v a n el et al ., 2 0 0 4) 

o  S A M, S -m et h yl m et hi o ni n e a n d H c y c o nt e nt ( Ki m et al ., 2 0 0 2; Y a n et al ., 2 0 1 9) 

o  C hl or o p h yll c o nt e nt  (I s hi b as hi et al ., 2 0 1 5) 

o  F ol at es a n d a mi n o a ci d pr ofil e of r o ots  

T h e r es ult of t h es e e x p eri m e nts c o ul d s h e d li g ht t o dis c o v er t h e u n k n o w n as p e cts of 

m et hi o ni n e s y nt h as e r ol e i n pl a nt d e v el o p m e nt a n d gr o wt h. Als o, t h e g e n er ati o n of d o u b l e 

m ut a nts c o ul d h e l p t o dis c o v er t h e i m p a ct o n t h e o v er all pl a nt p h e n ot y p e. T his k n o wl e d g e of 

b asi c s ci e n c e c o ul d b e us e d t o fi n d n e w w a ys t o us e m et a b oli c e n gi n e eri n g i n or d er t o 

g e n er at e m or e effi ci e nt a n d t o i m pr o v e n utriti o n al c o nt e nt of f o o d cr o ps. U n d o u bt e dl y, 

m et hi o n i n e s y nt h as e is g oi n g t o b e s u bj e ct of f ut ur e r es e ar c h w or ks. 
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A p p e n di x  

 

 

C ol -0  ms 1 -1 ( Hz)  

Fi g u r e A 1 . R o ot l e n gt h c o m p aris o n of 7 -
d a ys ol d A. t h ali a n a  A T M S 1 m ut a nt 
li n es. P h ot o gr a p h t a k e n fr o m 7 d a ys ol d 
Ar a bi d o psis s e e dli n gs. S c al e b ar = 1 c m 
f or e a c h p an el.  H z, h et er o z y g o us; H m 
h o m o z y g o us g e n ot y p es.  

ms 1 -3  ( Hz) 
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ms 2 -1 ( H m)  

ms 2 -2 ( H m)  

C ol -0  

Fi g u r e A 2 . R o ot l e n gt h c o m p aris o n of 
7 -d a ys ol d A.t h ali a n a A T M S 2 m ut a nt 
li n es. P h ot o gr a p h t a k e n fr o m 7 d a ys ol d 
Ar a bi d o psis s e e dli n gs. S c al e b ar = 1 c m 
f or e a c h p a n el. H z a n d H m i n di c at es 
h et er o z y g o us  a n d  h o m o z y g o us 
g e n ot y p es, r es p e cti v el y.  
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Fi g u r e A 3 . R o ot l e n gt h c o m p aris o n of 7 -d a ys ol d A. t h ali a n a  A T M S 3 m ut a nt li n es . 

P h ot o gr a p hs t a k e n fr o m 7 d a ys ol d Ar a bi d o psis s e e dli n gs . S c al e b ar = 1 c m f or e ac h p a n el.  

H z a n d H m i n di c at es h et er o z y g o us a n d h o m o z y g o us g e n ot y p es, r es p e cti v el y.  

 

 

 

 

 

C ol -0  

ms 3 -2 ( H m)  

ms 3 -1 ( H m)  

ms 3 -3 ( H m)  
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T a bl e  A 1 . S e e d st o c ks a n d g er mi n at e d pl a nts r es ult s 

G e n ot y p e  
St o r a g e ti m e at R T 

( m o nt hs) 
G e r mi n at e d pl a nt s  

M e a n    S D    

C ol -0  ~ 7  3 2. 8 9  +  5  ef  

ms 1 -1  ( H z) < 1  3 0. 4 4  +  2. 7  f 

ms 1 -3  ( H z) < 1  4 8. 6 3  +  3. 1  a b  

ms 2 -1  ( H m) ~ 6  3 6. 6 3  +  5. 3  d e  

ms 2 -2  ( H m) ~ 6  3 9. 5 7  +  2. 6  c d  

ms 3 -1  ( H m) < 1  4 9. 8 3  +  0. 4  a  

ms 3 -3  ( H m) < 1  4 3. 7 7  +  2. 3  b c  

ms 3 -3  ( H m) < 1  1 5. 3 3  +  2. 6  g  

 

 

Fi g u r e A 4 . E x pr essi o n l e v els of m et hi o ni n e s y nt h as e 1 d uri n g pl a nt d e v el o p m e nt. T his 
s c h e m e r e pr es e nt t h e e x pr essi o n l e v els d uri n g pl a nt d e v el o p m e nt of A.t h ali a n a ( Kl e pi k o v a 
et al ., 2 0 1 6) 
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Fi g u r e A 5 . E x pr essi o n l e v els of m et hi o ni n e s y nt h as e 2 d uri n g pl a nt d e v el o p m ent. T his 
s c h e m e r e pr es e nt t h e e x pr essi o n l e v els d uri n g pl a nt d e v el o p m e nt of A.t h ali a n a ( Kl e pi k o v a 
et al ., 2 0 1 6) 
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Fi g u r e A 6 . E x pr essi o n l e v els of m et hi o ni n e s y nt h as e 2 d uri n g pl a nt d e v el o p m e nt. T his 
s c h e m e r e pr es e nt t h e e x pr essi o n l e v els d uri n g pl a nt d e v el o p m e nt of A.t h ali a n a ( Kl e pi k o v a 
et al ., 2 0 1 6) 

T a bl e A 2 . I ns erti o n p ositi o n of A. t h ali a n a T-D N A m ut a nt li n es a n d i s o e n z y m e d o m ai ns  

G e r m pl as m  M ut a nt li n e  I n s e rti o n p ositi o n  Is o e n z y m e d o m ai n s  

S A L K _ 0 3 5 5 8 1  ms 1 -1  I ntr o n 3 R e gi o n: 4 3 7 -4 3 9 : L-
h o m o c yst ei n e bi n di n g sit e                                  
R e gi o n: 5 2 1 -5 2 2: 5 M T H F 
bi n di n g sit e  

S A L K _ 0 3 0 0 4 7  ms 1 -2  I ntr o n 5 

S A L K _ 1 3 8 7 0 6  ms 1 -3  
E x o n 9, Pr ot ei n 
p ositi o n: I 4 6 7  

C S 8 8 1 1 7 7  ms 2 -1  I ntr o n 4 R e gi o n: 4 3 7 -4 3 9 : L -
h o m o c yst ei n e bi n di n g sit e                                                          
R e gi o n: 5 2 1 -5 2 2: 5 M T H F 
bi n di n g sit e  

S A L K _ 1 4 3 6 2 8  ms 2 -2  E x o n 1 1, Pr ot ei n 
p ositi o n: I 6 7 0  

S A L K _ 0 1 8 9 5 6  ms 3 -1  
E x o n 1 1, Pr ot ei n 
p ositi o n: C 6 2 8  R e gi o n: 4 8 5 -4 8 7 : L -

h o m o c yst ei n e bi n di n g sit e                                                          
R e gi o n: 5 6 9 -5 7 0: 5 M T H F 
bi n di n g sit e  

S A L K _ 0 8 8 4 2 9  ms 3 -2  
E x o n 1 0, Pr ot ei n 
p ositi o n: R 6 2 4  

C S 8 5 2 5 7 5  ms 3 -3  5' -U T R  
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Fi g u r e A 4 . A mi n o a ci ds bi o s y nt h esis p at h w a ys i n A. t h ali a n a . T his s c h e m e s u m m ari z es all 

t h e a mi n o a ci d b i os y nt h esis r o ut es i n A.t h ali a n a , t h e cir cl es i n r e d i n di c at e t h e a mi n o a ci ds 

w hi c h pr es e nt si g nifi c a nt diff er e n c es i n t hi s st u d y. T h e s c h e m e w as o bt ai n e d fr o m K y ot o 

E n c y cl o p e di a of G e n es a n d G e n o m es at htt ps:// w w w. g e n o m e.j p/ k e g g/  
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