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A B S T R A C T

T o m at o i s  o n e  of t h e   m aj or  e c o n o mi c all y  d o m e sti c at e d  cr o p s,  a n d it i s  e xt e n si v el y  u s e d i n  di ff er e nt
w a ys  a n d  p ur p o s e s   w orl d wi d e.  C ell   m et a b oli s m i s t h e  c e ntr al  c or e  of  all t h e  bi ol o gi c al  pr o c e ss e s t o
s u st ai n  lif e  i n cl u di n g  c ell  gr o wt h,  di ff er e nti ati o n,   m ai nt e n a n c e,  a n d  r es p o n s e  t o  e n vir o n m e nt al
str e s s.  T o  e v al u at e  h o w  g e n eti c  e n gi n e eri n g  c a n  i m pr o v e  t o m at o  fr uit   m et a b ol o m e,  t h e
tr a ns cri pt o mi c  a n d   m et a b ol o mi c  d at as et s  of  t w o  tr a n s g e ni c  t o m at o e s  (Sl M X 1 o v er e x pr e s si o n  a n d
R N Ai  li n e s)  h a v e  b e e n  c o m p ar e d   wit h   wil d-t y p e.  T h e  c o m bi n e d  r es ult s  d e m o nstr at e d  t h at  t h e
c o nstit uti v e  e x pr es si o n  of Sl M X 1 n ot  o nl y  i n cr e as e d  tri c h o m e  f or m ati o n,  c ar ot e n oi d s,  a n d
t er p e n oi d s  a s  h a s  b e e n  st at e d  i n  s e v er al  st u di es,  b ut  h a s  al s o  u p-  a n d  d o w n-r e g ul at e d  t h e
e x pr e ssi o n  of   m ulti pl e  g e n e s  r el at e d  t o  c ell  gr o wt h  ( c ell   w all  t ur n o v er),  pri m ar y  ( c ar b o h y dr at es,
vit a mi n s,  a n d  p h yt o h or m o n e s),  a n d  s e c o n d ar y  ( p h e n yl pr o p a n oi d s,  c ar ot e n oi d s,  a n d  t er p e n oi d s)
m et a b oli s m,  c ell  si g n ali n g,  a n d  str e ss  r e s p o ns e s.  T h e s e  c h a n g es  i n  g e n e  e x pr e ssi o n  d u e  t o  t h e
c o nstit uti v e  e x pr e ssi o n  of Sl M X 1 pr o m ot e  t h e   m o st  i m p ort a nt  a gr o e c o n o mi c  tr ait s  s u c h  a s  fr uit
yi el d  a n d  q u alit y,  bi os y nt h esi s  of  h e alt h- pr o m oti n g  p h yt o c h e mi c al s  (i n cl u di n g  p h e n oli c  a ci ds,
fl a v o n oi d s,  a n d  a nt h o c y a ni ns),  a n d fi n all y,  a cti v at e  r e si st a n c e  t o B otr ytis  ci n er e a a n d  r e pr e ss  t h e
e x pr e ssi o n  of  o v er-ri p e ni n g-r el at e d  g e n e s, t h u s  e xt e n di n g t h e fr uit s h elf-lif e. I n  c o n cl usi o n, t h e tr ait s
i m pr o v e m e nt  a c hi e v e d  b y Sl M X 1 o v er e x pr e ssi o n  c a n  b e  h ar n e ss e d i n   m ol e c ul ar  br e e di n g  pr o gr a m s
t o  e n gi n e er  fr uit  si z e  a n d  yi el d,  i n d u c e  h e alt h- pr o m oti n g  s e c o n d ar y   m et a b olit e s,  pr o m ot e  f u n g al
r e si st a n c e,  a n d fi n all y  e xt e n d t h e fr uit s h elf-lif e.

A R TI C L E   HI S T O R Y
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K E Y W O R D S
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str ess t ol er a n c e;  h e alt h-
b e n e fi ci al  e ff e ct;   m ulti-
o mi cs;   m ol e c ul ar  br e e di n g;
fr uit s h elf-lif e

I ntr o d u cti o n

T o m at o fr uit is  o n e  of t h e   m aj or e c o n o mi c all y  d o m esti c at e d
cr o ps  a n d  a n  e x c ell e nt  s o ur c e  of  h e alt h- pr o m oti n g  c o m-
p o u n ds s u c h as   mi n er al  n utri e nts, vit a mi ns, a n d  ot h er a cti v e
s e c o n d ar y   m et a b olit es t h at s er v e  as  a nti o xi d a nt  c o m p o u n ds
ass o ci at e d   wit h  r e d u c e d  ris k  of  i n fl a m m at or y  pr o c ess  a n d
c hr o ni c  dis e as es  s u c h  as  c ar di o v as c ul ar  a n d  n e o pl asi c  dis-
e as es  ( E w as  et  al. 2 0 1 6 ;  L o z a n o- Mil o  et  al. 2 0 2 0 ).   T h e
r el ati o ns hi p  b et w e e n  h e alt h  a n d  di et  h as  e n c o ur a g e d  t h e
p e o pl e  t o  c o ns u m e  t h e  fr es h  fr uit  a n d  v e g et a bl es  ( G ar cí a-
P ér e z a n d   G all e g o 2 0 2 2 ).   H o w e v er, t o e ns ur e a d e q u at e a v ail-
a bilit y  of  hi g h- q u alit y  pl a nt  pr o d u cts  f or  t h e  e v er- gr o wi n g
w orl d  p o p ul ati o n,  tr aits  i n cl u di n g  fr uit  yi el d,  q u alit y,
h e alt h- b e n e fi ci al c o m p o u n ds, a n d  p at h o g e ns ’ d ef e ns e r esist-
a n c e  n e e d  t o  b e   m a ni p ul at e d  i n  cr o ps  i n di vi d u all y  a n d  i n
c o m bi n ati o n ( E w as  et  al. 2 0 1 6 ;  E w as,   G a o,  et  al. 2 0 1 7 ).

T h e  fr uit  si z e  a n d   w ei g ht  ar e  p ositi v el y  c orr el at e d   wit h
t o m at o  yi el d,   w h er e as t h e fr uit  n u m b er is   m ostl y  n e g ati v el y
c orr el at e d ( G u o  a n d  Si m m o ns 2 0 1 1 ).  Fr uit si z e is t h e r es ult
of t h e c o or di n ati o n of c ell di visi o n a n d e x p a nsi o n, c o ntr oll e d

m ai nl y  b y  pl a nt  h or m o n es   w hi c h  c o ntr ol  b ot h  p eri c ar p  c ell
si z e a n d n u m b er, r es p e cti v el y ( G a n et al. 2 0 2 2 ).   At   m ol e c ul ar
l e v el,  c ell  c y cl e  r e g ul at ors  s u c h  as  c y cli n  a n d  c y cli n- d e p e n-
d e nt  ki n as e ( C D K)  ar e  k e y f a ct ors t h at  c o ntr ol  c ell  di visi o n
( C ar n eir o  et  al. 2 0 2 1 ).   T h e  e x pr essi o n  of  c ell  si z e  r e g ul at or
( C S R) is  ass o ci at e d   wit h fr uit  d e v el o p m e nt i n t o m at o.  Pr e-
vi o us  st u di es  c h ar a ct eri z e d   C S R  g e n e  t o  r e g ul at e  c ell  si z e,
l e a di n g  t o  t h e  e nl ar g e m e nt  of  fr uit  si z e  a n d  i n cr e as es  t h e
fi n al  yi el d ( V a n  d er   K n a a p  et  al. 2 0 1 4 ).

Fr uit  q u alit y i n cl u d es s e v er al  or g a n ol e pti c  c h ar a ct eristi cs
(s u g ars,  or g a ni c  a ci ds,  v ol atil e  c o m p o u n ds,  a n d  s o  o n),
fi r m n ess,  a n d  h e alt h-r el at e d  c o m p o u n ds.   A m o n g  t h e m,
fr uit fi r m n ess  is  a  c o m pl e x  tr ait   w hi c h  i n v ol v es  n u m er o us
p h ysi c al pr o p erti es, i n cl u di n g c ell   w all str u ct ur e, c ell ul ar t ur-
g or, a n d c uti cl e c h ar a ct eristi cs ( Li et al. 2 0 2 0 ).   At t h e o ns et of
ri p e ni n g, t h e  disi nt e gr ati o n  a n d  d e gr a d ati o n  of t h e  c ell   w all
s oft e n  t h e   w h ol e  fr uit  a n d  li mit  its  q u alit y  a n d  s h elf-lif e
( R o m er o a n d   R os e 2 0 1 9 ). Fr uit s oft e ni n g st arts   wit h t h e a cti-
v ati o n  of  c ell   w all- d e gr a di n g  e n z y m es  s u c h  as β - g al a ct osi-
d as e  a n d  p ol y g al a ct ur o n as e  a m o n g  ot h ers  ( Z h a n g  et  al.
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2 0 1 5 ). S u p pr essi o n of t h e e x pr essi o n of t h es e e n z y m es i n cli-
m a ct eri c fr uit  d el a y e d t h e fr uit  s oft e ni n g ( M eli  et  al. 2 0 1 0 ).
V ari o us ri p e ni n g- d e fi ci e nt   m ut a nts h a v e b e e n us e d t o e xt e n d
fr uit  s h elf-lif e, i n cl u di n g n o nri p e ni n g (n or ), n e v er-ri p e (nr ),
alc o b ac a, a n d ri p e ni n g  i n hi bit or (ri n).   U nf ort u n at el y,  a n
a c c o m p a n yi n g l oss  of fl a v or r es ults i n   m ost  of t h es e   m ut a nts
( Os ori o et al. 2 0 2 0 ). S e v er al   m ol e c ul ar g e n eti c str at e gi es h a v e
b e e n  e x pl or e d t o r e d u c e fr uit s oft e ni n g (l oss  of fi r m n ess) i n
t o m at o  b y  r e g ul ati n g  diff er e nt  tr a ns cri pti o n  f a ct ors  ( T Fs)
( Li u et al. 2 0 1 6 ). S o m e r e c e nt st u di es h a v e als o d e m o nstr at e d
t h at  pl a nt   T Fs c a n  p ositi v el y r e g ul at e fr uit ri p e ni n g  or  d el a y
t his  pr o c ess  b y  alt eri n g  t h e  et h yl e n e  bi os y nt h esis  p at h w a y
g e n es,  n a m el y A C S 2 , A C S 4 , A C O 1 ,  a n d A C O 3 ( Z h u  et  al.
2 0 1 4 ; Ji a n  et  al. 2 0 2 1 ).

T Fs  ar e  pr ot ei ns  t h at  r e c o g ni z e  a  c ert ai n  s e q u e n c e  of
d e o x yri b o n u cl ei c  a ci d  o n  t h e  pr o m ot er  l o c us  of  g e n es  a n d
c o ntr ol  t h e  g e n e  e x pr essi o n  eit h er  p ositi v el y  ( a cti v at or)  or
n e g ati v el y (r e pr ess or).  Pr e vi o us  st u di es  cl e arl y i n di c at e t h at
T Fs  s er v e  as  k e y  r e g ul at ors  of  di v ers e  pl a nt  f u n cti o ns  a n d
c h ar a ct eri z e d  t o  b e   m aj or  r e g ul at ors  i n  s e v er al   m et a b oli c
p at h w a ys  (I w as e  et  al. 2 0 0 9 ).   M a ni p ul ati o n  of  pl a nt   T Fs t o
i n d u c e  s e c o n d ar y   m et a b olis m  h as  als o  pr o vi d e d  effi ci e nt
str at e gi es f or  cr o p  e nri c h m e nt   wit h  h e alt h- pr o m oti n g  c o m-
p o u n ds ( B ut elli  et  al. 2 0 0 8 ).

L ar g e  cl ass  of  h e alt h-r el at e d s e c o n d ar y   m et a b olit es is t h e
p h e n yl pr o p a n oi ds t h at ar e s y nt h esi z e d fr o m t h e c ar b o n s k el-
et o n  of  p h e n yl al a ni n e t hr o u g h  s e v e n  st e ps i n t h e  s hi ki m at e
p at h w a y  ( Z h a n g  et  al. 2 0 1 5 ).  P h os p h o e n ol p yr u v at e,  pr o-
d u c e d  fr o m  gl y c ol ysis,  a n d  er yt h os e- 4- p h os p h at e,  fr o m  t h e
o xi d ati v e  p e nt os e  p h os p h at e  ( O P P P),  ar e   m ai n  pr e c urs ors
f or  p h e n yl al a ni n e.  P h e n yl pr o p a n oi ds   m ai nl y i n cl u d e  p h e n o-
li c  a ci ds,  li g n a ns,  c o u m ari ns,  stil b e n es,  a n d fl a v o n oi ds
( c h al c o n es, fl a v o n es, fl a v a n o n es,  is o fl a v o n oi ds, fl a v o n ols,
fl a v a n ols,  a n d  a nt h o c y a ni ns)  ( G ar cí a- P ér e z  et  al. 2 0 2 0 ).  It
pl a ys  vit al  r ol es  i n  pl a nt  d ef e ns e, fl or al  pi g m e nts,  s ur vi v al,
a n d  str u ct ur al  s u p p ort  ( D e n g  a n d  L u 2 0 1 7 ).  S us c e pti bilit y/
r esist a n c e t o o p p ort u nisti c p at h o g e ns s u c h as B otr ytis ci n er e a
a n d fr uit-s oft e ni n g r at e ar e gr e at pr o c ess es i n s h elf-lif e d et er-
mi n ati o n of t o m at o fr uit ( C a nt u et al. 2 0 0 9 ). I n a d diti o n, s e v-
er al  h e alt h- b e n e fi ci al  f e at ur es  of fl a v o n oi ds h a v e  b e e n
r e p ort e d i n cl u di n g  a nti o xi d a nt,  a nti ost e o p or osis,  a n d  a nti c-
a n c er  a cti viti es  ( P a n d e y  et  al. 2 0 1 5 ;   G ar cí a- P ér e z  et  al.
2 0 1 8 , 2 0 1 9 ).

R N A  s e q u e n ci n g  c o ul d  b e  a  us ef ul  t e c h ni q u e  t o  s h e d
li g ht  o n t o m at o fr uit   m et a b ol o m e, yi el d, a n d  q u alit y c h ar a c-
t eristi cs.  I n  pr e vi o us  st u di es  ( E w as  et  al. 2 0 1 6 ;  E w as,   G a o,
et  al. 2 0 1 7 ), it  h as  b e e n r e p ort e d t h at Sl M X 1 g e n e  e n c o di n g
a   MI X T A-li k e   M Y B   T F,   w hi c h  c a n  p ositi v el y  r e g ul at e  tri-
c h o m e  f or m ati o n,  a n d  s h o w  e n h a n c e d  r esist a n c e  t o  di ff er-
e nt  bi oti c  a n d  a bi oti c  str ess  f a ct ors.   H o w e v er,  t h e
m e c h a nis m  of Sl M X 1 t o  r e g ul at e  t h es e  pr o c ess es  r e m ai ns
u n k n o w n.   H er e,  a l ar g e  d at as et s p a n ni n g t h e tr a ns cri pt o m e
a n d   m et a b ol o m e  h as  b e e n  g e n er at e d  f or  t o m at o Sl M X 1
o v er e x pr essi o n  a n d   R N Ai li n es.   T h e  c urr e nt st u d y r e p ort e d
t h at Sl M X 1 is   m or e t h a n  a tri c h o m e r e g ul at or.   N e w r ol es  of
Sl M X 1 g e n e i n t o m at o fr uit   m et a b olis m,  d e v el o p m e nt,  a n d
ri p e ni n g  h a v e  b e e n  e x pl or e d.  I n  t his   w or k,  t h e  r el ati o ns
b et w e e n Sl M X 1 e x pr essi o n  a n d t h e i m pr o v e m e nt i n  bi os y n-
t h esis  of  pri m ar y  a n d  s e c o n d ar y   m et a b olit es  h a v e  b e e n
d e m ysti fi e d.   O ur st u d y  p a v es t h e   w a y t o w ar d f urt h er t o m at o
i m pr o v e m e nt  a n d f or  d e c o di n g t h e   m e c h a nis ms  u n d erl yi n g
t h e   m yri a d  of  ot h er  a gr o n o mi c tr aits t h at  c a n  b e i m pr o v e d
b y Sl M X 1 T F.

M at eri al s  a n d   m et h o d s

Pl a nt   m at eri al s  a n d  gr o wt h  c o n diti o n s

Si x- w e e k- ol d  h e alt h y  s e e dli n g  of   wil d-t y p e  ( W T)  t o m at o
(S ol a n u m  l yc o p ersic u m L. ‘Ails a   Cr ai g ’)  a n d  tr a ns g e ni c
t o m at o  (t hr e e Sl M X 1 o v er e x pr essi o n  a n d  t w o   R N Ai  li n es)
w er e  o bt ai n e d fr o m t h e s e e d  b a n k  of   H u a z h o n g   A gri c ult ur e
U ni v ersit y,   C hi n a.  Pl a nts   w er e tr a ns pl a nt e d i n  g er mi n ati o n
tr a ys a n d t h e n tr a nsf err e d f or c ulti v ati o n i n t o m at o p ots c o n-
t ai ni n g  p e at   m oss, c o m p ost, v er mi c ulit e,  p erlit e, a n d s a n d i n
a cli m at e- c o ntr oll e d  gr e e n h o us e  at  2 4° C  d uri n g t h e  d a y a n d
1 8° C d uri n g  ni g ht,   wit h d a y- n e utr al p h ot o p eri o d ( 1 2  h li g ht/
d ar k),  d uri n g  t h e  s e c o n d   w e e k  of   A pril  f or  t w o  s u c c essi v e
s e as o ns.

T o m at o  g e n eti c tr a n sf or m ati o n

Sl M X 1 h as  b e e n  a m pli fi e d  fr o m  t h e  c D N A  a n d  g e n o mi c
D N A  of  t o m at o,  usi n g  s p e ci fi c  pri m ers  b as e d  o n  t h e
s e q u e n c e,  S ol y c 0 1 g 0 1 0 9 1 0.   T h e  a m pli fi e d  P C R  pr o d u ct  h as
b e e n  cl o n e d  i nt o  t h e  p M D 1 8- T  v e ct or,  a n d  t h e  s e q u e n c e
h as  b e e n  c o n fi r m e d  b y  s e q u e n ci n g.   T h e  p M D 1 8- T  v e ct or
c o nt ai ni n g  t h e Sl M X 1 c D N A  h as  b e e n  d o u bl e  di g est e d
usi n g X b a I a n d S ac I a n d li g at e d i nt o t h e  pl a nt  bi n ar y  v e ct or
p BI 1 2 1  u n d er t h e  c o ntr ol  of  a str o n g  c o nstit uti v e  pr o m ot er
( C a M V 3 5 S),  cl e a v e d   wit h X b a I  a n d S ac I.

S u p pr essi o n  of Sl M X 1 e x pr essi o n  h as  b e e n  p erf or m e d
usi n g  t h e   R N Ai  v e ct or  p K 7 G WI W G 2  (II),  i nt o   w hi c h  h as
b e e n  cl o n e d  a  fr a g m e nt  of Sl M X 1 fr o m  p D O N R 2 0 7  usi n g
t h e   Cl o n as e   B P  r e a cti o n  (I n vitr o g e n,   N Y,   U S A).   B ot h  c o n-
str u cts  of Sl M X 1 h a v e  b e e n  tr a nsf or m e d  i nt o  t o m at o,
m e di at e d  b y A gr o b act eri u m  t u m ef aci e ns str ai n   C 5 8.  E m pt y
v e ct ors  h a v e  b e e n tr a nsf or m e d  as  c o ntr ols.

F o urt e e n Sl M X 1 O E li n es a n d s e v e n   R N Ai li n es h a v e b e e n
o bt ai n e d  as  r e v e al e d  b y  r e al-ti m e  P C R  a n al ys es.   T o m at o
wil d-t y p e  ( W T), Sl M X 1 o v er e x pr ess e d  li n es  ( O E 2,   O E 5,
a n d   O E 1 1)   wit h  a  hi g h  tr a ns cri pt  l e v el,  a n d  k n o c k- o ut
li n es  ( R N Ai 2  a n d   R N Ai 7)   wit h  a l o w  tr a ns cri pt l e v el,  h a v e
b e e n  us e d f or f urt h er  e x p eri m e nts.

R N A  S e q li br ar y  pr e p ar ati o n  a n d  s e q u e n ci n g fr o m
t o m at o l e a v e s

T o  is ol at e  t ot al   R N A  fr o m  2- m o nt h- ol d  t o m at o  l e a v es  of
W T, Sl M X 1 O E,  a n d   R N Ai  li n es  (t w o  bi ol o gi c al  r e pli c at es
e a c h)  s a m pl es  ( a p pr o xi m at el y  2 0   m g)  h a v e  b e e n  fr o z e n  i n
li q ui d  nitr o g e n.   Usi n g   m ort ar  a n d  pist o n,  s a m pl es  h a v e
b e e n  h o m o g e ni z e d  a n d  tr a nsf err e d  t o  a  1. 5- m L  c e ntrif u g e
t u b es.  F urt h er  pr o c essi n g  h as  b e e n  p erf or m e d  usi n g  t h e
R N e as y   R  Pl a nt   Mi ni   Kit ( QI A G E N,   Hil d e n,   G er m a n y) f ol-
l o wi n g t h e   m a n uf a ct ur er’s i nstr u cti o ns.   T h e   R N A  h as  b e e n
e v e nt u all y  el ut e d   wit h   R N as e-fr e e   w at er.

c D N A  h as  b e e n  s y nt h esi z e d  usi n g  S u p er S cri pt   T MII
R e v ers e   Tr a ns cri pt as e ( R T) (I n vitr o g e n) f oll o wi n g t h e s u p pli-
er ’s  i nstr u cti o ns.  I n  s h ort,  1 μ L   Oli g o  ( d T)  pri m ers,  5 0 0 –
1 0 0 0  n g   R N A,  a n d  1 μ L  d N T P   mi x  h a v e  b e e n i n c u b at e d f or
5   mi n at 6 5° C. 1 ×   R e a cti o n  b u ff er a n d  1 0 μ M   D T T  h a v e b e e n
a d d e d.  S a m pl es  h a v e  b e e n i n c u b at e d  at  4 2° C  b ef or e  a d diti o n
of  t h e   R T.   T h e  s y nt h esis  h as  b e e n  p erf or m e d  o v er  6 0   mi n
wit h  h e at i n a cti v ati o n  of t h e e n z y m e f or 1 5   mi n at 7 0° C.

Tr a ns cri pt a n al ysis  h as  b e e n  p erf or m e d  b y  usi n g  c D N A
c orr es p o n di n g  t o  5 0 0  n g   R N A  fr o m  t hr e e  bi ol o gi c al
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r e pli c at es.  S Y B R  gr e e n  ass a ys  h a v e  b e e n  d e v el o p e d  usi n g
i Q T M  S Y B R R®   Gr e e n  S u p er mi x  ( Bi o- R a d,   H er c ul es,   U S A)
wit h  g e n e-s p e ci fi c  pri m ers.   T h e  r e a cti o n  s et u p  h as  b e e n
a dj ust e d  t o  a  t ot al  v ol u m e  of  2 5 μ L   wit h  1 2. 5 μ L  i Q  S Y B R
Gr e e n  S u p er mi x,  1 μ L  of  e a c h  pri m er  at  1 0 μ M,  a n d  1 0 μ L
c D N A t e m pl at e. P C R h as b e e n p erf or m e d o n ‘i Q 5   m ulti c ol or
r e al-ti m e P C R d et e cti o n s yst e m ’ ( Bi o- R a d). E x pr essi o ns h a v e
b e e n c al c ul at e d  usi n g t h e   C T   m et h o d ( Li v a k a n d S c h mitt g e n
2 0 0 1 ).   T h e Acti n g e n e   w as  us e d  as  a n i nt er n al  c o ntr ol.   All
pri m ers  us e d  i n  t his  a n al ysis  ar e  list e d  i n  S u p pl e m e nt ar y
T a bl e  1.

T ot al   R N A h as b e e n e xtr a ct e d a n d tr e at e d   wit h   D n as e I t o
d e gr a d e a n y p ossi bl e   D N A c o nt a mi n a nts.   R N A li br ari es   wit h
i ns erts a p pr o xi m at el y 2 5 0– 5 0 0  b p i n si z e h a v e b e e n pr e p ar e d
( B GI,   C hi n a)  f or  5 0  b p  si n gl e- e n d  s e q u e n ci n g  o n  t h e  Ill u-
mi n a   HI S e q 2 0 0 0, at a d e pt h of ≈ 5 0   milli o n r e a ds p er li br ar y.

N u cl e oti d e  s e q u e n c es  of  t h e  c o nti gs  h a v e  b e e n  bl ast e d
a g ai nst  t h e  t o m at o  d at a b as e  ( ft p.s ol g e n o mi cs. n et/ u ni g e n e _
b uil ds/ c o m bi n e d _s p e ci es _ ass e m bli es/t o m at o _s p e ci es ).   T h e
a n n ot ati o n   w as  p erf or m e d  usi n g  a  l o c al  E bl ast  t o ol  ( E-
v al u e  1 e – 9) ( C o n es a  et  al. 2 0 0 5 ).  F urt h er  a n al ys es   wit h t his
t o ol  i n cl u d e d  f u n cti o n al  a n n ot ati o n  b y   G e n e   O nt ol o g y
( G O) t er ms  a n d  E n z y m e   C o m missi o n  n u m b ers  ( E C  c o d e),
I nt er Pr o  t er ms  (I nt er Pr o S c a n),  a n d   m et a b oli c  p at h w a ys
( 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,   K E G G)
( O g at a  et  al. 1 9 9 8 ).

T o m at o fr uit  yi el d  p ar a m et er s

T e n t o m at o  pl a nts fr o m   W T  a n d tr a ns g e ni c li n es  h a v e  b e e n
s el e ct e d r a n d o ml y at r e d ri p e ni n g st a g e t o d et er mi n e t h e n e xt
fr uit  gr o wt h  p ar a m et ers:  n u m b er  of fr uits  p er  pl a nt, a v er a g e
fr uit si z e ( c m),   w ei g ht ( g),  a n d fr uit  yi el d  p er  pl a nt ( k g).

C ell  n u m b er  a n d c ell si z e  of t o m at o fr uits  h a v e  b e e n  als o
e v al u at e d.   T hr e e  cr oss-s e cti o ns  of  t h e   m es o d er m  p er  fr uit
h a v e  b e e n  us e d f or  c yt ol o gi c al  e v al u ati o n,  a c c or di n g t o t h e
m et h o d  d es cri b e d  pr e vi o usl y  b y   C h e ni cl et  et  al. ( 2 0 0 5 ).

M ai n  p h yt o h or m o n es  ( a u xi n,  c yt o ki ni ns,  gi b b er elli ns,
a n d a bs cisi c a ci d) r el at e d   wit h fr uit gr o wt h a n d d e v el o p m e nt
h a v e  b e e n  a n al y z e d f oll o wi n g t h e  pr o c e d ur e  d es cri b e d  els e-
w h er e  ( D ur g b a ns hi  et  al. 2 0 0 5 ),   wit h  sli g ht   m o difi c ati o ns.
Bri e fl y,  fr o z e n  fr es h  tiss u e  ( 0,  2 g)  h as  b e e n  s pi k e d   wit h
1 0 0  n g  of  d 6- A B A,  1 0 0  n g  of  di h y dr oj as m o ni c  a ci d,  a n d
1 0 0  n g  of  d 6- S A,  a n d  h o m o g e ni z e d   wit h  5   m L  of  distill e d
w at er.   Aft er  c e ntrif u g ati o n  at  4 0 0 0 × g  at  4° C,  s u p er n at a nts
h a v e  b e e n  r e c o v er e d  a n d  p H  a dj ust e d t o  3   wit h  3 0 %  a c eti c
a ci d.   T h e  a ci di fi e d   w at er  e xtr a ct  h as  b e e n  p artiti o n e d t wi c e
a g ai nst  3   m L  of  di et h yl  et h er.   T h e  or g a ni c  u p p er l a y er  h as
b e e n r e c o v er e d a n d  v a c u u m e v a p or at e d i n a c e ntrif u g e c o n-
c e ntr at or ( S p e e d   V a c, J o u a n,  S ai nt   H er bl ai n   C e d e x,  Fr a n c e).
T h e  dr y r esi d u e  h as  b e e n t h e n r es us p e n d e d i n a 1 0 %   M e O H
s ol uti o n b y g e ntl e s o ni c ati o n.   T h e r es ulti n g s ol uti o n h as b e e n
p ass e d  t hr o u g h  0. 2 2 μ m  r e g e n er at e d  c ell ul os e   m e m br a n e
s yri n g e fi lt ers  ( Al b et  S. A.,   B ar c el o n a,  S p ai n)  a n d  dir e ctl y
i nj e ct e d  i nt o  a   U P L C  s yst e m  ( A c q uit y  S D S,   W at ers   C or p.,
Milf or d,   M A,   U S A).   A n al ys es  h a v e  b e e n  s e p ar at e d  b y
r e v ers e d- p h as e  ( N u cl e o d ur   C 1 8,  1. 8 μ m  5 0 × 2. 0   m m,
M a c h er e y- N a g el,   B ar c el o n a,  S p ai n)  usi n g  a  li n e ar  gr a di e nt
of  ultr a p ur e   H 2 O  ( A)  a n d   M e O H  ( B)  ( b ot h  s u p pl e m e nt e d
wit h  0. 0 1 %  a c eti c  a ci d)  at  a fl o w  r at e  of  3 0 0 μ l mi n− 1 .   T h e
gr a di e nt  us e d   w as  as  f oll o ws:  ( 0 – 2   mi n)  9 0: 1 0  ( A: B),  ( 2 –
6   mi n) 1 0: 9 0 ( A: B), a n d ( 2 – 6 – 7   mi n) 9 0: 1 0 ( A: B).   H or m o n es
h a v e  b e e n  q u a nti fi e d   wit h  a   Q u attr o  L C  tri pl e  q u a dr u pl e

m ass s p e ctr o m et er ( Mi cr o m ass,   M a n c h est er,   U K) c o n n e ct e d
o nli n e t o t h e o ut p ut of t h e c ol u m n t hr o u g h a n ort h o g o n al   Z-
s pr a y el e ctr os pr a y i o n s o ur c e.   Q u a ntit ati o n of a u xi ns (I n d ol e
A c eti c   A ci d, I A A), c yt o ki ni ns (tr a ns- Z e ati n, t Z), gi b b er elli ns
( Gi b b er elli c a ci d,   G A3 ), t h e et h yl e n e pr e c urs or   A C C, a n d t h e
a bs cisi c  a ci d  ( A B A)  h a v e  b e e n  a c hi e v e d  b y  e xt er n al  c ali-
br ati o n   wit h st a n d ar ds  of  k n o w n  a m o u nt.

T o m at o fr uit  q u alit y  a n d ri p e ni n g  p ar a m et er s

Fr uits  of   W T  a n d tr a ns g e ni c t o m at o  h a v e  b e e n  h ar v est e d  at
r e d ri p e ni n g st a g e, t h e n s urf a c e- w as h e d i n l ar g e  v ol u m es  of
w at er c o nt ai ni n g  2. 5   m L c o m m er ci al  bl e a c h  p er lit er, ri ns e d
wit h  t a p   w at er  a n d fi n all y,  s urf a c e- dri e d  a n d  s ort e d.  Fr uits
wit h  a n y  a b n or m aliti es  or  d a m a g e  h a v e  b e e n  dis c ar d e d.

T h e  n e xt  or g a n ol e pti c  p ar a m et ers:  fr uit  dr y   m att er  ( %),
titr at a bl e  a ci dit y,  a n d  t ot al  s ol u bl e  s oli ds  ( T S S,   %)  h a v e
b e e n  d et er mi n e d  a c c or di n g  t o   A O A C  pr o c e d ur es  ( 2 0 0 3 ).
Fr uit fi r m n ess  h as  b e e n  d et er mi n e d  usi n g fr uit fi r m n ess t es-
t er ( G Y- 2,   C hi n a).   T h e   m a xi m u m f or c e  r e c or d e d  at  1 0   m m
of  c o m pr essi o n  h as  b e e n  us e d  as  a n  esti m ati o n  of t h e fr uit
fi r m n ess fr o m t h e a v er a g e d v al u e of at l e ast t hr e e t est e d fr uits
wit h a   mi ni m u m of t hr e e c o m pr essi o ns p er fr uit.   T h e si g ni fi -
c a n c e  h as  b e e n  c al c ul at e d  b y  u n p air e d t-t est.

Fr uits  st or e d  at  r o o m  t e m p er at ur e  h a v e  b e e n  us e d  f or
s h elf-li v e  d et er mi n ati o n.  Fr uits  h a v e  b e e n  ass ess e d  f or
d et eri or ati o n  o n  a fi v e- p oi nt  s c al e  t wi c e  p er   w e e k.   At  t h e
fi rst  d a y,  all  fr uits  h a d  a  s c or e  of  0.   A  fr uit  d et eri or ati o n
i n d e x of 1. 0 h as b e e n t a k e n as t h e li mit of   m ar k et a bl e q u alit y.

Fr uit  d e h y dr ati o n  a n al ysis  h as  b e e n  p erf or m e d  usi n g  1 0
fr uits  t h at   w er e  h ar v est e d  at  t h e  br e a k er-ri p e ni n g  st a g e.
T h e  fr uits  h a v e  b e e n  k e pt  at  r o o m  t e m p er at ur e  f or  3 0,  4 0,
a n d  5 0  d a ys.   T h e  fr es h   w ei g hts  h a v e  b e e n  r e c or d e d  e v er y
1 0  d a ys.   T h e fr es h   w ei g ht  of t h e fr uit at t h e  br e a k er ri p e ni n g
st a g e  h as  b e e n r e c or d e d as t h e st arti n g  p oi nt.   T h e   w at er l oss
h as  b e e n  c al c ul at e d  as  t h e  p er c e nt a g e  di ff er e n c e  i n   w ei g ht
b et w e e n  t h e  st arti n g   w ei g ht  a n d  e a c h  s u bs e q u e nt
m e as ur e m e nt.

Et h yl e n e,  a   w ell- k n o w n  p h yt o h or m o n e r el at e d   wit h fr uit
ri p e ni n g,  c o nt e nt  h as  b e e n  als o  d et er mi n e d fr o m  1 5 t o m at o
fr uits fr o m e a c h   W T, t hr e e Sl M X 1 O E, a n d t w o   R N Ai li n es at
br e a k er  st a g e.  Fr uits  h a v e  b e e n  di p p e d  i n  0. 1   m L  a q u e o us
s ol uti o n of et h e p h o n f or 1 0   mi n, a n d t h e n i m m e di at el y fr uits
h a v e  b e e n s e al e d i n a  2. 5 l  pl asti c c o nt ai n er f or  2  h.   A n   A gi-
l e nt  7 8 9 0  s eri es  g as  c hr o m at o gr a p h  ( A gil e nt   T e c h n ol o gi es)
wit h  a fl a m e  i o ni z ati o n  d et e ct or  h as  b e e n  us e d  t o  g a u g e
et h yl e n e li b er at e.  1   m L  of  g as s a m pl e  h as  b e e n i nj e ct e d i nt o
a  h e a ds p a c e  c o u pl e d  t o  a   Tr a c e   G C   Ultr a  g as  c hr o m at o-
gr a p h y  ( T h er m o  El e ctr o n) fi tt e d   wit h  a fl a m e  i o ni z ati o n
d et e ct or  ( G C- FI D)  usi n g  a n   R T- al u mi n a  Pl ot  c ol u m n
( R est e k   C or p or ati o n).   Nitr o g e n  h as  b e e n  us e d  as t h e c arri er
g as  at  a fl o w  r at e  of  3   m L   mi n − 1 ,  a n d  c o m m er ci al  st a n d ar d
mi xt ur es  of  et h yl e n e  h a v e  b e e n  us e d  f or  t h e  c ali br ati o n
c ur v es.   C ol u m n,  i nj e ct or,  a n d  d et e ct or  t e m p er at ur es  h a v e
b e e n  3 4° C,  2 5 0° C,  a n d  2 5 0° C,  r es p e cti v el y,  a n d  t his  h as
b e e n r e pli c at e d t hr e e ti m es f or e a c h bi ol o gi c al s a m pl e.  Et h yl-
e n e  pr o d u cti o n  h as  b e e n  e x pr ess e d  as  µl k g – 1 h – 1 .

T o m at o fr uit h e alt h- pr o m oti n g c h ar a ct eri sti c s

T o m at o fr uits ar e   w ell- k n o w n as i m p ort a nt s o ur c e  of s e v er al
n at ur al  p h yt o c h e mi c als  or  bi o a cti v e  c o m p o u n ds  s u c h  as
mi n er als,  a nti o xi d a nts ( p h e n oli c  c o m p o u n ds,  vit a mi ns,  a n d
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c ar ot e n oi ds),  a n d  bi ol o gi c al  a cti viti es  ( a g ai nst  c a n c er,
i nfl a m m ati o n,  o b esit y,  h y p ert e nsi o n,  a n d  s o  o n).   T o m at o
fr uits  h a v e  b e e n  c oll e ct e d  at  ri p e ni n g  st a g e,  t h e n  t o m at o
fr uits  h a v e  b e e n c ut  usi n g a s h ar p  k nif e a n d fr o z e n i m m e di-
at el y  ( − 1 8° C).   All  t o m at o  s a m pl es  h a v e  b e e n  fr e e z e- dri e d,
t h e n  cr us h e d t o  a fi n e  p o w d er,  a n d st or e d  at − 2 0° C.

Mi n er al  c o nt e nt ( C a,  F e,   Z n,  P,   M g,   N a,   C u,   M n,  a n d   K)
h as  b e e n  d et er mi n e d  b y  at o mi c  a bs or pti o n  s p e ctr o p h o-
t o m etr y  ( M o d   A A n al yst  8 0 0,  P er ki n  El m er,   C T,   U S A)
usi n g t h e  c orr es p o n di n g st a n d ar ds.

Vit a mi n  c o nt e nt,  i n cl u di n g  r eti n ol  ( A),  t hi a mi n e  ( B 1),
ri b ofl a vi n  ( B 2),  ni a ci n  ( B 3),  c h oli n e  ( B 4),  p yri d o xi n e  ( B 6),
p a nt ot h e ni c  a ci d  ( B 5),  f ol at e  ( B 9),  as c or bi c  a ci d  ( C),  a n d
al p h a-t o c o p h er ol  ( E)  c o nt e nt,  h a v e  b e e n  d et er mi n e d  as
d es cri b e d  els e w h er e ( D att a  et  al. 2 0 1 9 ).   All  p o w d er s a m pl es
of t o m at o fr uit  h a v e  b e e n a d d e d s e p ar at el y at  1 0 %  of a st a n-
d ar d  di et,   wit h  c o nsi d er ati o n  of t h eir  n utriti o n al  v al u es.

T ot al  p h e n oli c c o nt e nt a n d a nti o xi d a nt a cti vit y h a v e b e e n
d et er mi n e d as f oll o w.   T o m at o fr uits a n d l e a v es s a m pl es ( 1 g
f w) fi n el y  gr o u n d i n li q ui d  nitr o g e n  h as  b e e n  s us p e n d e d i n
2 0   m L  of   m et h a n ol  a n d  stirr e d f or  3  h  at  2 3° C i n t h e  d ar k,
a n d t h e n c e ntrif u g e d f or  1 5   mi n at  1 2, 0 0 0 × g.   T ot al  p h e n oli c
c o nt e nt  h as  b e e n  d et er mi n e d  usi n g  F oli n – Ci o c alt e a u
r e a g e nt, a n d t h e n 2   m L s at ur at e d s o di u m c ar b o n at e s ol uti o n
( a b o ut 7 5 g  L− 1 ) h as b e e n a d d e d i nt o t h e r e a cti o n   mi xt ur e, as
d es cri b e d  e arli er  b y  S h a h z a d,   H arli n a,  et  al.  ( 2 0 2 1 ).   O pti c al
d e nsit y  h as  b e e n   m e as ur e d  at  7 6 5  n m  aft er  a  2  h i n c u b ati o n
at  2 5° C.   G alli c  a ci d  h as  b e e n  us e d  as  a  r ef er e n c e  st a n d ar d,
a n d t h e r es ults  h a v e b e e n e x pr ess e d i n g alli c a ci d e q ui v al e nts
( m g  1 0 0 g− 1 f w). I n di vi d u al  p h e n oli c c o m p o u n ds  h a v e  b e e n
q u a nti fi e d  usi n g  t h e   H P L C  s yst e m  as  d es cri b e d  a b o v e,  a n d
t h e   U V d et e ct or h as b e e n s et at 2 8 0  n m.   T h e el uti o n gr a di e nt
w as  as  f oll o ws:  s ol v e nt   A  ( w at er  a n d  a c eti c  a ci d;  9 9: 1)  a n d
s ol v e nt   B  ( m et h a n ol),  st arti n g  at  1 0 0 %   A,  g oi n g  t o  6 0 %   A
i n  2 5   mi n,   m ai nt ai ni n g  t his  pr o p orti o n  f or  t w o   m or e   mi n-
ut es,  t h e n  t o  9 5 %   A  i n  3 7   mi n,  a n d   m ai nt ai ni n g  t his  pr o-
p orti o n  f or  5   mi n  a n d  a  r e- e q uili br ati o n  ti m e  of  3   mi n.
Fl o w  r at e  h as  b e e n  s et  as  0. 9   m L   mi n − 1 .   A n al ysis  a n d
i d e ntifi c ati o n  of  p h e n oli c  c o m p o u n ds  h a v e  b e e n  p erf or m e d
b y  c o m p aris o n  of t h eir r et e nti o n ti m e  a n d   U V s p e ctr a   wit h
t h os e fr o m st a n d ar ds  p- c o u m ari c, c aff ei c, c hl or o g e ni c,  q u er-
c eti n,  k a e m pf er ol,  n ari n g eri n,  cis-r es v er atr ol,  a n d  tr a ns-
r es v er atr ol  ( Si g m a– Al dri c h),  as  d es cri b e d  i n  a  pr e vi o us
st u d y ( S h a h z a d,  E w as, et al. 2 0 2 1 ).   T h e r es ults h a v e b e e n r e p-
r es e nt e d  as   m g  1 0 0 g − 1 f w.   C o n c e ntr ati o n  r a n g e,  r e gr essi o n
e q u ati o n, li n e ar  r a n g e,  c orr el ati o n  c o e ffi ci e nt  ( R 2 ), li mit  of
d et e cti o n  ( L O D),  a n d  li mit  of  q u a nti fi c ati o n  ( L O Q)  of  t h e
H P L C  a n al ysis  of  t h e  p h e n oli c  c o m p o u n ds  q u a nti fi e d  ar e
pr es e nt e d i n  S u p pl e m e nt ar y   T a bl e  2.

T h e  fr uit  a nti o xi d a nt  c a p a cit y  h as  b e e n  d et er mi n e d  f ol-
l o wi n g  t h e  tr ol o x  e q ui v al e nt  a nti o xi d a nt  c a p a cit y  ( T E A C)
ass a y.  Fi v e  t o m at o  fr uits  fr o m   W T  a n d  tr a ns g e ni c  li n es
h a v e  b e e n  h ar v est e d  at  2   w e e ks  aft er  br e a k er-ri p e ni n g
st a g e. Fr uits h a v e b e e n bl e n d e d i n a   m et al bl e n d er.   Aft er c e n-
trif u g ati o n,  s u p er n at a nts  h a v e  b e e n  t a k e n  f or   T E A C
m e as ur e m e nt.   T h e   m et h o d is  b as e d  o n t h e  a bilit y  of  a nti o x-
i d a nt   m ol e c ul es  t o  q u e n c h  t h e  l o n g-li v e d   A B T S+ ,  a  bl u e–
gr e e n  c hr o m o p h or e   wit h  c h ar a ct eristi c  a bs or pti o n  at
7 3 4  n m, c o m p ar e d   wit h t h at  of   Tr ol o x, a   w at er-s ol u bl e  vit a-
mi n  E a n al o g.   T h e a d diti o n of a nti o xi d a nts t o t h e pr ef or m e d
r a di c al c ati o n r e d u c es it t o   A B T S,  d et er mi ni n g a  d e c ol ori z a-
ti o n.   A st a bl e st o c k s ol uti o n  of   A B T S+ h as b e e n  pr o d u c e d  b y
r e a cti n g  a  7   m m ol  L − 1 a q u e o us  s ol uti o n  of   A B T S   wit h

2. 4 5   m m ol  L − 1 p ot assi u m  p ers ulf at e  ( fi n al  c o n c e ntr ati o n)
a n d all o wi n g t h e   mi xt ur e t o st a n d i n t h e  d ar k at r o o m t e m p-
er at ur e f or 1 2 – 1 6  h b ef or e us e.   At t h e b e gi n ni n g of t h e a n al y-
sis d a y, a n   A B T S + w or ki n g s ol uti o n h as b e e n o bt ai n e d b y t h e
dil uti o n i n et h a n ol  of t h e st o c k s ol uti o n t o a n a bs or b a n c e  of
0. 7 0 ± 0. 0 2   A U  at  7 3 4  n m,  v eri fi e d  b y  a   H e wl ett- P a c k ar d
8 4 5 3   Di o d e   Arr a y  s p e ctr o p h ot o m et er  ( H P,   W al d br o n n,
G er m a n y), a n d  us e d as   m o bil e  p h as e i n a fl o w-i nj e cti o n s ys-
t e m.   R es ults  h a v e  b e e n  e x pr ess e d  as   T E A C  i n   m m ol  k g− 1

D W  of  s a m pl e.   All  e xtr a cts,  o bt ai n e d  b y   w at er,  a c et o n e,
a n d  c hl or of or m,  h a v e  b e e n  a n al y z e d  b y t his  ass a y.

T o m at o fr uit f u n g al r e si st a n c e

T h e n e cr otr o p hi c p at h o g e n B. ci n er e a ( B 0 5. 1 0)   w as gr o w n a n d
c oll e ct e d  as  d es cri b e d  b y  St ef a n at o  et  al.  ( 2 0 0 9 ).   W T  ( Ails a
Cr ai g) a n d Sl M X 1 O E a n d   R N Ai t o m at o es   w er e  h ar v est e d 1 4
d a ys aft er br e a k er a n d s urf a c e st erili z e d. I nt a ct   W T a n d tr a ns-
g e ni c fr uits   w er e  s pr a y e d  t h or o u g hl y   wit h  s p or es  ( 2. 5  9  1 0 5
s p or es   m L− 1 ) t hr e e ti m es i n t h e fl o w  c a bi n et  a n d  k e pt  at  2 0°
C, i n  hi g h  h u mi dit y. I nf e cti o n s y m pt o ms   w er e  o bs er v e d at  3-
a n d  7- d a y  p ost-i n o c ul ati o n  ( d pi).   T o  q u a ntif y B.  ci n er e a
gr o wt h  usi n g  q u a ntit ati v e  p ol y m er as e  c h ai n  r e a cti o n
( q P C R),  1 c m s a m pl es  of i nf e ct e d fr uit tiss u es   w er e  h ar v est e d
3  d a ys  aft er  i n o c ul ati o n.  S e e ds   w er e  r e m o v e d  a n d  s a m pl es
w er e fr e e z e- dri e d.   T ot al   D N A   w as is ol at e d a n d q P C R   w as p er-
f or m e d as  d es cri b e d  pr e vi o usl y ( Z h a n g et al. 2 0 1 3 ).

C uti cl e  pl a ys  i m p ort a nt  r ol es  pr ot e cti n g  fr uits  of  s ur-
r o u n di n g  bi oti c ( bi ol o gi c al) a n d a bi oti c ( m e c h a ni c al, c h e mi-
c al,  or  p h ysi c al)  i nj uri es  d uri n g  gr o wt h  a n d  ri p e ni n g.   T h e
c uti cl e  c o m p ositi o n fr o m  br e a ki n g  ri p e ni n g fr uits  h as  b e e n
d et er mi n e d as f oll o w.  F or   w a x a n d c uti n a n al ysis, t h e c uti cl e
h as  b e e n  e xtr a ct e d  fr o m   m a n u all y  diss e ct e d  fr uit  p e els  as
d es cri b e d  i n  e arli er  r e p ort  ( H o v a v  et  al. 2 0 0 7 ).   C uti c ul ar
w a x es  h a v e  b e e n  e xtr a ct e d  b y  i m m ersi n g  t h e  p e els  ( 3 0 –
4 0   m g  p er  s a m pl e)  t wi c e  f or  1 – 2  h  i nt o  5   m L  of   C H Cl 3 at
r o o m  t e m p er at ur e.   B ot h   C H Cl 3 s ol uti o ns  h a v e  b e e n  c o m-
bi n e d,  a n d  n-t etr a c os a n e  h a v e  b e e n  a d d e d  as  a n  i nt er n al
st a n d ar d.   T h e  s ol v e nt  h as  b e e n  r e m o v e d  u n d er  a  g e ntl e
str e a m  of  nitr o g e n,  a n d  t h e  r e m ai ni n g   w a x   mi xt ur e  h as
b e e n  r e- diss ol v e d  i n  2 0 0   m L  of   C H Cl 3 a n d  st or e d  at  4° C
u ntil  us e.   Aft er  t h e   w a x  e xtr a cti o n,  t h e  r e m ai ni n g  p e els
h a v e  b e e n  d e p ol y m eri z e d  b y  t h e  a d diti o n  of  2   m L  of   B F 3 /
m et h a n ol  f or  3  h  at  7 0° C,  a n d  n-t etr a c os a n e  h as  b e e n
a d d e d  as  a n  i nt er n al  st a n d ar d.   T h e n,  aft er  t h e  a d diti o n  of
2   m L  of   w at er,  t h e  c uti n   mi xt ur e  h as  b e e n  e xtr a ct e d  t hr e e
ti m es   wit h di et h yl et h er.   T h e s ol v e nt of t h e c o m bi n e d e xtr a cts
h as  b e e n  r e m o v e d  u n d er  nitr o g e n,  a n d t h e r e m ai ni n g  c uti n
mi xt ur e  h as  b e e n  r e- diss ol v e d  i n  1, 0 0 0   m L  of   C H Cl 3 a n d
st or e d  at  4° C  u ntil  us e.  Fift y   mi cr olit ers  of t h e   w a x  or  c uti n
s a m pl es  h a v e  b e e n  us e d  f or  i n d e p e n d e nt   G C  a n al ys es.
C H Cl 3 h as  b e e n e v a p or at e d fr o m t h e s a m pl es  u n d er a  nitr o-
g e n  str e a m   w hil e  h e ati n g  t o  5 0° C.   T h e n,  t h e   w a x  or  c uti n
mi xt ur es  h a v e  b e e n  tr e at e d   wit h  bis- N, N-(tri m et h ylsil yl)
trifl u or o a c et a mi d e  ( Si g m a – Al dri c h)  i n  p yri di n e  ( 3 0   mi n  at
7 0° C)  t o  tr a nsf or m  all  h y dr o x yl- c o nt ai ni n g  c o m p o u n ds
i nt o t h e  c orr es p o n di n g tri m et h ylsil yl  d eri v ati v es.   T h e  q u ali-
t ati v e c o m p ositi o n  h as  b e e n st u di e d   wit h c a pill ar y   G C ( 5 8 9 0
II;   H e wl ett- P a c k ar d;  3 0- m   D B- 1,  0. 3 2- m m  i. d., fi l m  t hi c k-
n ess = 1  µ m;  J & W  S ci e nti fi c)   wit h   H e  c arri er  g as  i nl et
pr ess ur e  f or  a  c o nst a nt fl o w  of  1. 4   m L   mi n − 1 a n d  a   m ass
s p e ctr o m etri c  d et e ct or  ( 5 9 7 1;   H e wl ett- P a c k ar d).   G C  h as
b e e n  c arri e d  o ut   wit h  t e m p er at ur e- pr o gr a m e d  i nj e cti o n  at

5 2 0 M. E W A S E T   A L.



5 0° C, 2   mi n at 5 0° C, r ais e d b y 4 0° C   mi n − 1 at 2 0 0° C,  h el d f or
2   mi n  at  2 0 0° C,  r ais e d  b y  3 C   mi n − 1 t o  3 2 0° C,  a n d  h el d f or
3 0   mi n  at  3 2 0° C.   T h e  q u a ntit ati v e  c o m p ositi o n  of t h e   mi x-
t ur es  h as  b e e n  st u di e d  usi n g  c a pill ar y   G C- FI D  u n d er  t h e
s a m e   G C  c o n diti o ns  as  d es cri b e d  a b o v e,  b ut t h e   H 2  c arri er
g as  i nl et  pr ess ur e  h as  b e e n  pr o gr a m e d  f or  a  c o nst a nt fl o w
of  2   m L   mi n − 1 .  Si n gl e  c o m p o u n ds  h a v e  b e e n  q u a ntifi e d
a g ai nst t h e i nt er n al st a n d ar d  b y   m a n u al i nt e gr ati o n  of  p e a k
ar e as.

A c c e s si o n  n u m b er s

S e q u e n c e d at a fr o m t his arti cl e c a n b e f o u n d i n t h e S ol   G e n o-
mi cs   N et w or k ( S G N) u n d er a c c essi o n n u m b er S ol y c 0 2 g 0 8 8 1 9 0
(Sl M X 1 c D N A) a n d ( Sl M X 1 g D N A) fr o m S. l yc o p ersic u m .

St ati sti c al  a n al y si s

M e a n  a n d  st a n d ar d  err or  h a v e  b e e n  c al c ul at e d  f or  all  p ar-
a m et ers.   D at a  h a v e  b e e n  a n al y z e d  usi n g st u d e nt t-t est.  St at-
isti c al  diff er e n c es  at α = 0. 0 5, α = 0. 0 1,  a n d α = 0. 0 0 5  h a v e
b e e n  d e n ot e d  as  si n gl e  ( *),  d o u bl e  ( * *),  a n d  tri pl e  ( * * *)
ast eris ks.

R e s ult s

T o m at o tr a n s cri pt o m e r e v e al s t h at  Sl M X 1 i s   m or e
t h a n  a tri c h o m e r e g ul at or

Fr o z e n l e a v es fr o m 2- m o nt h- ol d pl a nt h a v e b e e n us e d t o pr e-
p ar e  t h e  tr a ns cri pt o m e  s e q u e n ci n g  li br ari es. Sl M X 1 O E,
R N Ai,  a n d   W T  li br ari es  h a v e  b e e n  s e p ar at el y  s e q u e n c e d
usi n g  t h e  Ill u mi n a  hi g h-t hr o u g h p ut  s e c o n d- g e n er ati o n
s e q u e n ci n g  pl atf or m.  S u bs e q u e ntl y,  all  p ossi bl e  c o nt a mi-
n a nts  a n d  l o w- q u alit y  r e a ds  h a v e  b e e n  e x cl u d e d.   Ar o u n d,
4 0   milli o n  t ot al  a n d  3 9   milli o n   m a p p e d  r e a ds  h a v e  b e e n
a c q uir e d  fr o m Sl M X 1 O E,   R N Ai,  a n d   W T,  r es p e cti v el y
(T a bl e  1 ).   T h e   G C  p er c e nt a g es  h a v e  b e e n  b et w e e n  3 8  a n d
4 1 %  i n  t h e  t hr e e  li br ari es.   T h e  r ati o  of  n u cl e oti d es   wit h  a
q u alit y  v al u e  > 3 0  ( Q  3 0 %)  r a n g e d  fr o m  9 2  t o  9 3 %.   T h e
r a w r e a d  n u m b ers als o r a n g e d  3 9 – 4 0   milli o n r e a ds,   w h er e as
t h e cl e a n r e a ds r a n g e d  b et w e e n 3 8 a n d 3 9   milli o n r e a ds   wit h
p er c e nt a g es  of  9 6 – 9 7 %  f or  all  li br ari es.  Fi n all y,  t h er e  h as
b e e n  n o  pr o p orti o n  of  a n o n y m o us  n u cl e oti d es  ( N,   %)  i n
a n y  of t h e t h o u g htf ul li br ari es ( T a bl e  1 ).

T o r e c o g ni z e t h e f u n cti o ns  of  n o v el t o m at o  g e n es,  di ff er-
e nti all y e x pr ess e d g e n es ( D E Gs) h a v e b e e n el u ci d at e d usi n g a

B L A S T X s e ar c h  v ers us t h e   N R   N C BI  pr ot ei n  d at a b as e  c o n-
t e nt   wit h  a  c ut- off E- v al u e ≥ 1 0- 5 r el yi n g  o n s e q u e n c e si mi-
l arit y.   R N A  S e q  d at a  r e v e al e d  2 3, 4 4 2  u ni g e n es,  i n cl u di n g
1 4, 0 0 3 ( 6 3. 7 1 %)   wit h  u n c h ar a ct eri z e d  pr ot ei ns  or  u n k n o w n
f u n cti o n.   M or e o v er,  o ut  of  t h e  t ot al  o bt ai n e d  g e n es,  t h e
s e q u e n c es  of  3 7 6 7  g e n es  h a v e  b e e n s u bj e ct e d t o   G O a n al ysis
t o  d et er mi n e  t h e   m ai n  f u n cti o ns  of  t h e  n o v el  g e n es  ( S u p-
pl e m e nt ar y  Fi g ur e  1).   A p pr o xi m at el y,  8 6 4 3  ( 3 3. 1 2 %)
o bt ai n e d  s e q u e n c es  h a v e  b e e n  s u b mitt e d  t o  t h e   Cl ust ers  of
Ort h ol o g o us   Gr o u ps/ e u k ar y oti c   Ort h ol o g o us   Gr o u ps
( C O G/ K O G)  d at a b as e,   w hi c h  i n di c at e d  t h at  t h e  hi g h est
n u m b er  of  g e n es  h a v e  b e e n  cl assi fi e d  as ‘p osttr a nsl ati o n al
m o di fi c ati o n,  pr ot ei n  t ur n o v er  a n d  c h a p er o n es. ’ F urt h er-
m or e,  7 6 3 5  ( 3 1. 2 1 %)  s e q u e n c es  h a d   m at c h es i n  t h e   K E G G
d at a b as e,  2 3, 3 6 2  ( 9 7. 9 9 %)  h a d   m at c h es  i n  t h e  Pr ot ei n
f a mili es  ( Pf a m)  d at a b as e,  a n d  2 2, 1 3 1  ( 9 4. 4 3 %)   m at c h e d  t o
N C BI  n o nr e d u n d a nt  ( Nr)  pr ot ei n  s e q u e n c es  ( S u p pl e m e n-
t ar y  Fi g ur e  1).

T o st u d y  g e n o m e- wi d e   m o d ul ati o n  b y Sl M X 1 i n t o m at o,
R N A s e q u e n ci n g  of l e af s a m pl es fr o m Sl M X 1 O E,   W T,  a n d
R N Ai  pl a nts  h as  b e e n  c arri e d  o ut t o  di v ul g e t h e  u n d erl yi n g
g e n eti cs.   N e arl y,  3 1  g e n es  t h at  i n v ol v e d  i n  c ell  di visi o n
p at h w a y  h a v e  b e e n  e x pr ess e d   m or e  hi g hl y  i n Sl M X 1 O E
li n es  t h a n   W T  pl a nts  a n d  d o w n-r e g ul at e d  i n   R N Ai  li n es,
w h er e as  si x  ot h er  g e n es  t h at   w er e i n v ol v e d  i n  c ell  di visi o n
p at h w a y  h a v e  b e e n  d o w n-r e g ul at e d  i n Sl M X 1 O E  li n es
a n d  u p-r e g ul at e d  i n   R N Ai  li n es  c o m p ar e d  t o   W T  pl a nts
(Fi g ur e  1 ).

Tr a ns cri pt o mi c a n al ysis r e v e al e d a l ar g e  n u m b er  of g e n es
w hi c h  h a v e  b e e n  i n v ol v e d  i n  d ef e ns e,  t er p e n oi d,  c ar b o-
h y dr at e, a n d c ell   w all t ur n o v er,   w er e u p- a n d d o w n-r e g ul at e d
i n Sl M X 1 O E a n d   R N Ai fr uit, r es p e cti v el y, c o m p ar e d t o   W T
fr uit (Fi g ur e  2 ).   T h e  d e e p a n al ysis i n cl u di n g   m alt os e,   m alt o-
p e nt os e,  a n d  st ar c h  k n o w n  as  c ar b o h y dr at e  bi os y nt h eti c
g e n es  ( Fi g ur e  2 ( a)).   Als o,   T P S 3 1,   T P S 3 2,  a n d   T P S 3 3
k n o w n  as  t er p e n oi d  bi os y nt h eti c  g e n es  ( Fi g ur e  2 ( b))  a n d
p at h o g e n esis-r el at e d  pr ot ei n  1  ( P R 1),  b et a- 1, 3- gl u c a n as e
( G L U),  a n d  a  s u btilisi n-li k e  pr ot e as e  ( S u btil as es)  t h at
k n o w n as  d ef e ns e-r el at e d g e n es a g ai nst B. ci n er e a a n d Alt er-
n ari a s ol a ni (Fi g ur e  2 ( c))   w er e f o u n d.  Fi n all y, tr a ns cri pti o n
l e v el  of  c ell   w all t ur n o v er-r el at e d  g e n es  P G  ( p ol y g al a ct ur o-
n as e),   T B G  (t o m at o β - g al a ct osi d as e), C E L  ( c ell ul as e),  a n d
X Y L  ( β -D - x yl osi d as e)  h a v e  b e e n  r e d u c e d  a n d  i n d u c e d  i n
Sl M X 1 O E  a n d   R N Ai  fr uit,  r es p e cti v el y  c o m p ar e d  t o   W T
fr uit (Fi g ur e  2 ( d)).

T h es e fi n di n gs  c o n fi r m e d t h e  ess e nti al  r ol e  of Sl M X 1 o n
s e v er al  k e y   m et a b oli c  p at h w a ys  r el at e d   wit h  fr uit  gr o wt h
a n d  ri p e ni n g,  i n cl u di n g  fr uit  yi el d,  q u alit y,  h e alt h- pr o m ot-
i n g, f u n g al r esist a n c e,  a n d  d el a y ri p e ni n g  pr o c ess es.

O v er e x pr e s si o n  of  Sl M X 1 i m pr o v e s fr uit  yi el d

T h e  r ol e  of Sl M X 1 i n  r e g ul ati n g  a n d  i m pr o vi n g  t h e  fr uit
gr o wt h  c o m p ar e d tr a ns g e ni c  a n d   W T t o m at o,  as  c a n  e asil y
b e o bs er v e d i n Fi g ur e 3 ( a, b).   T o e x pl or e t h e c ell ul ar   m e c h a n-
is m of fr uit e nl ar g e m e nt r e g ul at e d b y Sl M X 1 , t h e c ell n u m b er
a n d  c ell  si z e  h a v e  b e e n   m e as ur e d i n t o m at o  p eri c ar p  cr oss-
s e cti o ns.   N o  si g nifi c a nt  di ff er e n c e  h as  b e e n  f o u n d  i n  t h e
n u m b er  of  c ell l a y ers  b et w e e n  all  tr a ns g e ni c  a n d   W T li n es
( d at a  n ot s h o w n).   C o n v ers el y, t h e  a v er a g e  p eri c ar p  c ell  si z e
of Sl M X 1 O E  h as  b e e n  si g ni fi c a ntl y i n cr e as e d  c o m p ar e d  t o
t h os e  of   W T  fr uit   w hil e  it  d e cr e as e d  r e m ar k a bl y  i n   R N Ai
li n es (Fi g ur e  3 ( c)).

T a bl e  1. Tr a ns cri pt o m e  s e q u e n ci n g  st atisti c al  s u m m ar y  of  s e q u e n c e d  a n d
ass e m bl e d r es ults.

D at a Sl M X 1 O E  R N Ai  W T

T ot al  R e a ds 4 0. 3 9 3. 3 4 2  3 9. 1 2 8. 4 7 9  3 9. 7 5 3. 8 8 5
M a p p e d  R e a ds  3 9. 0 6 6. 9 8 8  3 8. 9 9 2. 7 9 8  3 8. 5 6 5. 2 0 6
U n m a p p e d  R e a ds  1. 3 2 6. 3 5 4  0. 1 3 5. 6 8 1  1. 1 8 8 6 7 9
R a w  B as es   N u m b er  5. 4 6 4, 9 5 4, 9 0 0  5. 7 7 0. 8 4 5. 0 0 0  5. 5 6 5. 0 3 1. 2 0 0
G C   % 3 8. 4 %  4 1. 2 % 3 8. 1 %
Q 3 0 % 9 2. 2 %  9 2. 6 %  9 3 %
Ns  R e a ds ( %)  0. 1 9 0. 1 5 0. 2 1
R a w  R e a ds   N u m b er  4 0. 3 9 3. 3 4 2  3 9. 1 2 8. 4 7 9  3 9. 3 0 1. 0 6 7
Cl e a n  R e a ds   N u m b er  3 9. 0 6 6. 9 8 8  3 8. 5 6 5. 2 0 6  3 8. 8 1 9. 7 5 8
Cl e a n  R e a ds  R at e ( %)  9 7. 2 1 %  9 5. 2 2 % 9 6. 1 1 %
N % 0. 0 0 0. 0 0 0. 0 0

N ot es:   Nt, t ot al n u m b er of cl e a n n u cl e oti d es; t h e  G C   % is t h e pr o p orti o n of g u a-
ni di n e  a n d  c yt osi n e  n u cl e oti d es  a m o n g t ot al  n u cl e oti d es;  t h e   Q 3 0 % is  t h e
pr o p orti o n  of  n u cl e oti d es   wit h  a  q u alit y  v al u e   > 3 0, r es p e cti v el y; t h e N % is
t h e  pr o p orti o n  of  u n k n o w n  n u cl e oti d es i n cl e a n r e a ds.
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T h e  a v er a g e  fr uit  si z e  a n d  fr uit   w ei g ht  of Sl M X 1 O E
li n es  h a v e  b e e n  si g nifi c a ntl y  ( p < 0. 0 5) i n cr e as e d  c o m p ar e d
t o  t h os e  of   W T  a n d   R N Ai  li n es;  h o w e v er,  n o  si g nifi c a nt
di ff er e n c es i n t h e  n u m b er  of fr uit  p er  pl a nt  b et w e e n tr a ns-
g e ni c  a n d   W T  li n es   w er e  d et e ct e d  ( Fi g ur e  3 ( d– f)).   T h e
fr uit   w ei g ht f or Sl M X 1 O E fr uits  h as  b e e n i n cr e as e d si g ni fi -
c a ntl y  i n  1 0  u nits  ( 9 4. 6 1 g)  c o m p ar e d  t o  t h os e  of   W T
( 8 3. 4 2 g),   w h er e as  a  c o nsi d er a bl e  d e cr e as e  h as  b e e n
r e c or d e d  f or   R N Ai  fr uits  ( 7 2. 2 4 g)  ( Fi g ur e  3 (f)).   T his
i n cr e as e  i n  t h e  a v er a g e  fr uit  si z e  a n d  fr uit   w ei g ht  r es ult e d
i n  a  si g nifi c a nt  g ai n  i n  fr uit  yi el d  p er  pl a nt  of Sl M X 1 O E
( u p  t o  2. 8 4 k g  p er  pl a nt)  as  c o m p ar e d  t o   W T  ( u p  t o
2. 5 1 k g  p er  pl a nt)  a n d   R N Ai  li n es  ( u p  t o  2. 1 2  k g  p er
pl a nt)  ( Fi g ur e  3 ( g)).

S o m e  p h yt o h or m o n es  pl a y  a  k e y r ol e  pr o m oti n g c ell  a n d
or g a n di visi o n a n d el o n g ati o n d uri n g gr o wt h st a g es, p arti c u-
l arl y a u xi ns, c yt o ki ni ns, a n d gi b b er elli ns,   w h er e as  ot h er  pr o-
m ot e  fr uit  ri p e ni n g,  s e n es c e n c e,  a n d  a bs cissi o n,  s u c h  as
et h yl e n e  a n d  a bs cisi c.   T h er ef or e,  t ar g et e d  p h yt o h or m o n es
pr o fi li n g  a n al ysis  h as  b e e n  c arri e d  o ut i n Sl M X 1 O E,   R N Ai,
a n d   W T  gr o wi n g  fr uits  t o  e x pl or e  t h e   m et a b oli c  e ff e ct  of
Sl M X 1 g e n e  o n  t h e  fr uit  si n k  a cti vit y.   T h e  r es ults  s h o w e d
t h at  c o n c e ntr ati o ns  of  t h e  a cti v e  c yt o ki ni n  t Z,  t h e  a u xi n
I A A,  a n d  t h e  gi b b er elli n   G A3 h a v e  b e e n  si g ni fi c a ntl y
i n cr e as e d ( u p t o  2 5. 2,  7 8 3,  a n d  9 6  n g g− 1 F W, r es p e cti v el y),
i n t h e fr uits  of Sl M X 1 O E li n es   wit h  r es p e ct  t o   W T  ( u p  t o
1 7. 1,  5 9 2,  a n d  6 4  n g g − 1 F W,  r es p e cti v el y),   w h er e as  t h e y
d e cr e as e d  s h ar pl y  ( u p  t o  1 4. 2,  2 0 9,  a n d  4 3  n g g − 1 F W,

r es p e cti v el y),  i n  t h e  fr uits  of   R N Ai  li n es  c o m p ar e d  t o   W T
pl a nt ( Fi g ur e  4 ( a– c)).

I n  c o ntr ast,  ri p e ni n g- ass o ci at e d  p h yt o h or m o n es,  s u c h  as
t h e  et h yl e n e  (t h e  pr e c urs or   A C C  h as  b e e n   m e as ur e d)  a n d
t h e  a bs cisi c  a ci d   A B A  h a v e  b e e n  d e cr e as e d si g nifi c a ntl y ( u p
t o  4 0. 1  a n d  5 3 3. 6  n g g− 1 F W,  r es p e cti v el y),  i n  t h e  fr uits  of
Sl M X 1 O E  li n es  c o m p ar e d  t o  t h os e  of   W T  ( u p  t o  8 6  a n d
1, 7 2 0  n g g − 1 F W),   w h er e as  a  si g ni fi c a nt  i n cr e as e  ( 1 1 8  a n d
2, 4 4 2  n g g − 1 F W,  r es p e cti v el y)  h as  b e e n  n ot e d i n  t h e  fr uits
of   R N Ai li n es ( Fi g ur e  4 ( d, e)).

O v er e x pr e s si o n  of  Sl M X 1  e n h a n c e s  q u alit y  a n d  d el a y
ri p e ni n g  of fr uit s

T h e  e ff e ct  of Sl M X 1 e x pr essi o n  o n  t h e  or g a n ol e pti c  p ar-
a m et ers  of  t o m at o  fr uits  c a n  b e  s e e n  i n T a bl e  2 .  Fr uit
dr y   m att er  c o nt e nt  of Sl M X 1 O E  li n es  h as  b e e n  si g ni fi -
c a ntl y  ( p < 0. 0 5)  hi g h er  ( ar o u n d  6 %)  as  c o m p ar e d  t o   W T
fr uits  ( 4. 5 %),   w h er e as  it  si g nifi c a ntl y  d e cr e as e d  i n   R N Ai
fr uits  ( 4 %).   O n t h e  ot h er  h a n d, titr at a bl e  a ci dit y  of t o m at o
fr uit   w as  n ot si g nifi c a ntl y i n fl u e n c e d  b et w e e n  all tr a ns g e ni c
a n d   W T li n es.  Fi n all y,  o v er e x pr essi o n  of Sl M X 1 r es ult e d i n
si g nifi c a nt  i n cr e as e  ( p < 0. 0 5)  of  t ot al  s ol u bl e  s oli ds  of
Sl M X 1 O E  fr uits  ( 5. 4 %)  as  c o m p ar e d  t o   W T  fr uits  ( 4 %),
w h er e as  it  si g ni fi c a ntl y  d e cr e as e d  i n   R N Ai  fr uits  ( 3. 5 %)
(T a bl e  2 ).

T o  e x pl or e  t h e  r ol e  of Sl M X 1 t o  d el a y  fr uit  ri p e ni n g  i n
t o m at o,  ot h er  p ost- h ar v est f e at ur es i n cl u di n g fr uit fi r m n ess,

Fi g ur e 1. Di ff er e nti al e x pr essi o n of g e n es i n v ol v e d i n c ell di visi o n p at h w a y i n   W T, Sl M X 1 , a n d R N Ai t o m at o.  H e at   m a ps dis pl a y t h e u p-r e g ul at e d (r e d b ars) or d o w n-
r e g ul at e d ( gr e e n  b ars) t o m at o  g e n es.  G e n es   wit h  e x pr essi o n r ati os ≥ 2  a n d  P a dj   < 0. 0 5 ( n = 3)  ar e  d e pi ct e d.

5 2 2 M. E W A S E T   A L.



et h yl e n e  pr o d u cti o n,  a n d r es pir ati o n r at e  h a v e  b e e n i n v esti-
g at e d.   T h e e v ol uti o n of fr uit fi r m n ess d et er mi n e d at ri p e ni n g
st a g e  s h o w e d  t h at Sl M X 1 R N Ai  fr uits  u n d er w e nt  si g ni fi -
c a ntl y  f ast er  s oft e ni n g  ( 4. 5   N/ m m)  t h a n   W T  fr uits  ( 6   N/
m m).  I n  c o ntr ast, fi r m n ess  v al u e  of Sl M X 1 O E  fr uits  h as
b e e n  a p pr o xi m at el y  9   N/ m m ( Fi g ur e  5 ( a)).

Gi v e n t h at fr uit  ri p e ni n g is  hi g hl y  r e g ul at e d  b y  et h yl e n e
pr o d u cti o n, et h yl e n e e missi o n ass o ci at e d   wit h fr uit ri p e ni n g
h as  b e e n  ass ess e d i n Sl M X 1 O E,   R N Ai,  a n d   W T li n es.   T h e
r es ults  r e v e al  t h at  t h e  s oft e ni n g  a c c el er ati o n  o bs er v e d  i n
R N Ai  fr uits  h as  b e e n  dr a m ati c all y  ass o ci at e d   wit h  t h e
i n cr e as e  i n  cli m a ct eri c  et h yl e n e  e missi o n,   w hi c h  h as  b e e n
a p pr o xi m at el y  t w o  ti m es  hi g h er  t h a n  t h at  i n   W T  fr uit.
C o n v ers el y,  et h yl e n e  pr o d u cti o n  of Sl M X 1 O E  fr uit   m ar k-
e dl y  d e cr e as e d  a b o ut  t hr e e  ti m es  t h a n  t h at  of   W T  fr uit
(Fi g ur e  5 ( b)).

T o  d e m o nstr at e  t h e  e ff e cts  of Sl M X 1 o n  s h elf lif e, fr uits
fr o m   W T a n d tr a ns g e ni c li n es  h a v e  b e e n  h ar v est e d at ri p e n-
i n g st a g e a n d st or e d at r o o m t e m p er at ur e ( 2 3– 2 5° C a n d 5 5 –
6 0 %  r el ati v e  h u mi dit y).   T e n  d a ys l at er,   R N Ai li n es  s h o w e d
e arl y si g ns  of fr uit  d et eri or ati o n,   w h er e as   W T fr uits s h o w e d
n o si g ns  of  d et eri or ati o n  u pt o  1 5  d a ys. I n c o ntr ast,   O E li n es
s h o w e d  pr ol o n g e d  s h elf  lif e   wit h  n o  si g ns  of  fr uit  d et eri o-
r ati o n  a n d r et ai n e d t h eir t e xt ur e  u pt o  5 0  d a ys ( Fi g ur e  5 ( c)).

T o g ai n f urt h er i nsi g ht i nt o Sl M X 1 e ff e cts o n t h e t w o b asi c
as p e cts (tr a ns pir ati o n al   w at er l oss a n d r es pir ati o n r at es) t h at
c o ntr ol fr uit s h elf-lif e  h a v e b e e n  d et er mi n e d i n st or a g e fr uits
of tr a ns g e ni c  a n d   W T  pl a nts.   Dr a m ati c i n cr e as es  h a v e  b e e n
r e v e al e d  i n  b ot h  r es pir ati o n  a n d  tr a ns pir ati o n  r at es  i n

R N Ai  fr uits  c o m p ar e d   wit h  t h os e  of   W T.   H o w e v er,  all  t h e
Sl M X 1 O E  fr uits  s h o w e d  l o w  v al u es  of  b ot h  r es pir ati o n
a n d tr a ns pir ati o n  r at es  c o m p ar e d   wit h   W T fr uits  ( Fi g ur e  5
( d, e)).

At t h e   m ol e c ul ar l e v el, t w o i m p ort a nt  e n z y m es i n  et h yl-
e n e  bi os y nt h esis  t h at  a ff e cts  t h e  fr uit ’s  s h elf  lif e  ar e   A C S
( 1- a mi n o c y cl o pr o p a n e- 1- c ar b o x yl at e  s y nt h as e)  a n d   A C O
( 1- a mi n o c y cl o pr o p a n e- 1- c ar b o x yl at e  o xi d as e).   T o  e x pl or e
t h e Sl M X 1 r e pr essi o n   m e c h a nis m  i n  et h yl e n e  s y nt h esis,
R N A S e q d at a h a v e b e e n a n al y z e d ( Fi g ur e 6 ).   T h e e x pr essi o n
l e v els  of   D E Gs  i n v ol v e d  i n  et h yl e n e  s y nt h esis  a n d  si g n al
tr a ns d u cti o n  s h o w e d  t h at  ei g ht   A C S  g e n es  a n d  1 8   A C O
g e n es  h a v e  b e e n  di ff er e ntl y  d o w n-r e g ul at e d  i n  l e a v es  of
Sl M X 1 O E  a n d  u p-r e g ul at e d  i n   R N Ai  c o m p ar e d  t o   W T.
O n t h e  ot h er  h a n d, fi v e   A C O  g e n es  h a v e  b e e n  si g ni fi c a ntl y
u p-r e g ul at e d i n Sl M X 1 O E,  alt h o u g h  et h yl e n e s y nt h esis  h as
b e e n  r e pr ess e d i n Sl M X 1 O E fr uits  ( Fi g ur e  6 ( a)).   T o  v erif y
t his  h y p ot h esis,  t h e  e x pr essi o n  l e v els  of  t hr e e   A C S  g e n es
( S ol y c 0 2 g 0 9 1 9 9 0,  S ol y c 0 2 g 0 6 3 5 4 0,  a n d  S ol y c 0 8 g 0 0 8 1 1 0)
a n d  t hr e e   A C O  g e n es  ( S ol y c 1 1 g 0 4 5 5 2 0,  S ol y c 0 3 g 1 1 6 2 8 0,
a n d  S ol y c 0 6 g 0 6 8 2 7 0)  h a v e  b e e n esti m at e d i n   W T a n d tr a ns-
g e ni c fr uits  at  b ot h  br e a k er  a n d  ri p e ni n g  st a g es.   N o si g ni fi -
c a nt  di ff er e n c es  ( p < 0. 0 5)  h a v e  b e e n  f o u n d  b et w e e n   W T
a n d tr a ns g e ni c fr uits  at  br e a k er st a g e ( Fi g ur e  6 ( b)).   C o n v er-
s el y,  at t h e ri p e ni n g st a g e, t h e  e x pr essi o n l e v els  of   A C S  a n d
A C O  g e n es  h a v e  b e e n  di ff er e ntl y  d o w n-r e g ul at e d i n Sl M X 1
O E  c o m p ar e d   wit h   W T  fr uits,   w h er e as  t h es e  g e n es  h a v e
b e e n  si g ni fi c a ntl y  u p-r e g ul at e d i n   R N Ai fr uits  c o m p ar e d t o
W T fr uits ( Fi g ur e  6 ( b)).

Fi g ur e 2. Di ff er e nti al e x pr essi o n of g e n es i n v ol v e d i n d ef e ns e, t er p e n oi d, c ar b o h y dr at e, a n d c ell   w all t ur n o v er i n t o m at o fr uit of   W T, Sl M X 1 O E, a n d R N Ai li n es. ( a)
Q u a ntit ati v e e x pr essi o n a n al ysis of t h e c ar b o h y dr at e bi os y nt h eti c g e n es. ( b)   Q u a ntit ati v e e x pr essi o n a n al ysis of t h e t er p e n oi d bi os y nt h eti c g e n es. ( c)   Q u a ntit ati v e
e x pr essi o n a n al ysis  of t h e  d ef e ns e-r el at e d  g e n es a g ai nst B otr ytis ci n er e a a n d Alt er n ari a s ol a ni . P R 1 ,  p at h o g e n esis-r el at e d  pr ot ei n 1; G L U ,  b et a- 1, 3- gl u c a n as e; S u b-
til as es, s u btilisi n-li k e  pr ot e as e. ( d)   Q u a ntit ati v e  e x pr essi o n  a n al ysis  of c ell   w all t ur n o v er-r el at e d  g e n es. P G ,  p ol y g al a ct ur o n as e; T B G , t o m at o β - g al a ct osi d as e; C E L ,
c ell ul as e; X Y L , β - D- x yl osi d as e.   M e a n  ± S E M; t w o  bi ol o gi c al a n d t hr e e t e c h ni c al r e pli c at es. Si n gl e ( *P < 0. 0 5),  d o u bl e ( * * P < 0. 0 1) a n d tri pl e ( * * * P < 0. 0 0 1) ast eris ks
d e n ot e st atisti c all y si g ni fi c a nt  di ff er e n c es  b et w e e n t h e tr a ns g e ni c  a n d   wil d-t y p e li n es.
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O v er e x pr e s si o n  of  Sl M X 1  sti m ul at e s  h e alt h-
pr o m oti n g  c o m p o u n d s

T o m at o fr uit is   w ell- k n o w n b y its hi g h   mi n er al, vit a mi ns, a n d
a nti o xi d a nt c o nt e nt. I n or d er t o e v al u at e t h e e ff e ct of t h e o v er-
e x pr essi o n  of tr a ns g e ni c a n d   W T  o n t h os e  h e alt h- pr o m oti n g
c o m p o u n ds, t h e c orr es p o n di n g  p h yt o c h e mi c al a n al ys es  h a v e
b e e n c arri e d  o ut i n t o m at o fr uits at t h e ri p e ni n g st a g e.

Sl M X 1 O E  fr uits  s h o w e d  a  r e m ar k a bl e i n cr e as e i n   mi n-
er als  c o nt e nt  of   C a,  F e,   K,  a n d   M g,   w h er e as   R N Ai  fr uits
e x hi bit e d  l o w  a m o u nts  as  c o m p ar e d  t o   W T  fr uits
(T a bl e  3 ).  I n  c o ntr ast,   Z n  h as  b e e n   m ar k e dl y  d e cr e as e d  i n
Sl M X 1 O E  a n d  i n cr e as e d   R N Ai  fr uits  as  c o m p ar e d  t o   W T
fr uit.   M e a n w hil e, t h er e  h a v e  b e e n  n o  si g nifi c a nt  di ff er e n c es
( p > 0. 0 5)  i n  P,   N a,   M n,  a n d   C u  c o n c e ntr ati o ns  b et w e e n
tr a ns g e ni c  a n d   W T fr uits (T a bl e  3 ).

Als o, a si g ni fi c ati v e i n cr e as e ( P < 0. 0 5)  h as  b e e n  o bs er v e d
i n  t h e  a nti o xi d a nt  vit a mi ns  r eti n ol  ( A),   Ri b ofl a vi n  ( B 2),
as c or bi c  a ci d  ( C),  a n d α -t o c o p h er ol  ( E)  c o nt e nts  of Sl M X 1
O E fr uits u p t o ( 2. 3, 2, 1. 3, a n d 2. 9-f ol ds, r es p e cti v el y) hi g h er
t h a n   W T.   W hil e  a si g nifi c a nt  d e cr e as e  h as  b e e n r e c or d e d i n
R N Ai  fr uits  ( 1. 8,  1. 7 5,  1. 9,  a n d  2-f ol ds,  r es p e cti v el y) l o w er
t h a n   W T fr uits (T a bl e  4 ).

T o  e x pl or e  t h e  e ff e cts  of Sl M X 1 o n  a nti o xi d a nt  p h yt o-
c h e mi c als,  q u a nti fi c ati o n  of  t ot al  p ol y p h e n oli c  a n d

i n di vi d u al  p h e n oli c  a ci ds  c o nt e nts  i n   m et h a n oli c  e xtr a cts
of Sl M X 1 O E,   W T,  a n d   R N Ai  l e a v es  a n d  fr uits  h a v e  b e e n
a n al y z e d  usi n g  g alli c  a ci d  e q ui v al e nt.   T ot al  p ol y p h e n oli c
c o nt e nt  of Sl M X 1 O E  l e a v es  a n d  fr uits  h a v e  b e e n  hi g h er
( 1. 8 4  a n d  0. 7 4   m g g− 1 F W,  r es p e cti v el y)  as  c o m p ar e d  t o
W T  l e a v es  a n d  fr uits  ( 0. 2 4  a n d  0. 1 8   m g g − 1 F W,  r es p e ct-
i v el y),   w h er e as  itsi g nifi c a ntl y  d e cr e as e d  i n   R N Ai  fr uits
( 0. 1 0  a n d  0. 0 5   m g g− 1 F W, r es p e cti v el y) ( Fi g ur e  7 ( a)).

Sl M X 1 h as b e e n i d e nti fi e d als o as a   T F t h at s p e ci fi c all y a cti-
v at es c ar ot e n oi ds a c c u m ul ati o n i n t o m at o i n pr e vi o us st u di es.
T o  d et er mi n e   w h et h er Sl M X 1 c o ul d  als o  a cti v at e fl a v o n oi ds
s y nt h esis, q u a ntifi c ati o n of t ot al fl a v o n oi d c o nt e nt i n   m et h a n o-
li c e xtr a cts of Sl M X 1 O E,   W T, a n d  R N Ai fr uit h a v e b e e n c arri e d
o ut  usi n g  q u er c eti n e q ui v al e nt.   T ot al fl a v o n oi d  of Sl M X 1 O E
fr uit  h as  b e e n  hi g h er ( 0. 5 2   m g g− 1 F W)  as  c o m p ar e d t o   W T
fr uit ( 0. 2   m g g− 1 F W).   C o n v ers el y, a   m ar k e d  d e cr e as e i n t ot al
fl a v o n oi ds  h as  b e e n  o bs er v e d  i n  t h e  fr uit  of Sl M X 1 R N Ai
li n es ( 0. 0 6   m g g− 1 F W) c o m p ar e d t o W T fr uit ( Fi g ur e 7 ( b)).

C o nsist e ntl y,  t h e  c o nt e nt  of  i n di vi d u al  p h e n oli c  a ci ds
( c aff ei c  a ci d,  p- c o u m ari c  a ci d,  f er uli c  a ci d,  a n d  s u m  of  all
i d e ntifi e d  p h e n oli c  a ci ds)  h as  b e e n si g ni fi c a ntl y i n cr e as e d i n
Sl M X 1 O E l e a v es  ( 5 3. 2,  1 6. 4,  5. 7,  a n d  7 2. 6   m g  1 0 0 g − 1 F W)
r es p e cti v el y,  as  c o m p ar e d  t o   W T  l e a v es  ( 2 9. 2,  9. 3,  2. 8,  a n d
3 0. 2   m g  1 0 0 g − 1 F W,  r es p e cti v el y),   w h er as   R N Ai  l e a v es

Fi g ur e  3. O v er e x pr essi o n of Sl M X 1 r e g ul at es fr uit yi el d i n t o m at o. ( a) Fr uit-s p e cifi c  p h e n ot y p es of   wil d-t y p e t o m at o es ( c v.  Ails a  Cr ai g), o v er e x pr essi o n ( Sl M X 1 O E)
u n d er t h e c o ntr ol of t h e 3 5 S pr o m ot er, a n d R N Ai li n es. ( b) R e pr es e nt ati v e pi ct ur es of fr uit si z e of   W T, Sl M X 1 O E, a n d R N Ai t o m at o es. ( c)  A tr a ns v ers e s e cti o n of t h e
p eri c ar p at ri p e ni n g st a g e. Si z e b ar is 5 0 μ m. ( d) Fr uit si z e ( c m 2 ). ( e) Fr uit n u m b er p er pl a nt. (f) Fr uit   w ei g ht ( g). ( g) Fr uit yi el d p er pl a nt ( k g).   D at a ar e   m e a n v al u es   ±
S D; n = 2 0 ( d,  e, f  a n d  g).  St u d e nt ’s t-t est  h as  b e e n  p erf or m e d.  Si n gl e ( *P < 0. 0 5)  a n d  d o u bl e ( * * P < 0. 0 1)  ast eris ks  d e n ot e  st atisti c all y  si g ni fi c a nt  di ff er e n c es
b et w e e n t h e tr a ns g e ni c  a n d   wil d-t y p e li n es.
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s h o w e d v er y l o w c o nt e nt of all i n di vi d u al p h e n oli c a ci ds ( 1 2. 2,
3. 4,  0. 9,  1 1. 7   m g  1 0 0 g − 1 F W)  as  c o m p ar e d  t o   W T  l e a v es
(Fi g ur e 8 ( a)). Si mil ar t o l e af tiss u e, a si g nifi c a nt e n h a n c e m e nt
i n i n di vi d u al  p h e n oli c a ci d c o nt e nt  h as als o b e e n  o bs er v e d i n
Sl M X 1 O E fr uit tiss u e   w hil e it is si g ni fi c a ntl y r e d u c e d i n  R N Ai
li n es as c o m p ar e d t o   W T fr uit (Fi g ur e  8 ( b)).

A n al ysis of t h e  di ff er e nt fl a v o n oi d s p e ci es r e v e al e d el e v at e d
l e v els  of   m aj or fl a v o n oi ds  i n cl u di n g  r uti n,  k a e m pf er ol,  a n d
q u er c eti n  i n Sl M X 1 O E  fr uits  ( 2. 7,  1. 2,  a n d  1. 3   m g g − 1 F W)
r es p e cti v el y,   w hi c h  h a v e b e e n a b o ut 7 3, 4 2, a n d 3 7-f ol d  hi g h er
as  c o m p ar e d t o   W T fr uit  a n d t h e   m ar k e d r e d u cti o n  of  all  of
t h e m i n   R N Ai fr uits.  S ur prisi n gl y, t h e  n ari n g e ni n  c o nt e nt i n
R N Ai fr uit  h as  b e e n si g ni fi c a ntl y i n cr e as e d ( 1. 7 5   m g g − 1 F W)
c o m p ar e d  t o   W T  ( 0. 1 8   m g g − 1 F W),   w h er e as  it  is  str o n gl y

d e cr e as e d i n Sl M X 1 O E fr uit ( 0. 0 1 ±   m g g − 1 F W) as c o m p ar e d
t o   W T fr uit (Fi g ur e 8 ( c)).  T his r es ult c o ul d e x pl ai n t h e y ell o wis h
c ol or of   R N Ai fr uit ( Fi g ur e 3 ( a, b)).

S p e ctr o p h ot o m etri c  a n al ysis  of  t ot al  a nt h o c y a ni n
c o n fi r m e d a si g nifi c a nt i n cr e as e i n a nt h o c y a ni n a c c u m ul ati o n
i n Sl M X 1 O E fr uit  a p pr o xi m at el y  1. 5 f ol d  c o m p ar e d t o   W T
fr uit,   w h er e as  o p p osit e  r es ult  h as  b e e n  n ot e d   wit h   R N Ai
fr uit  t h at  r e c or d e d  r e d u cti o n i n  a nt h o c y a ni n  c o nt e nt  > 5 0 %
as  c o m p ar e d  t o   W T  fr uit  ( Fi g ur e  8 ( d)).   T h es e  r es ults  als o
e x pl ai n t h e c h err y  c ol or  of Sl M X 1 O E fr uit ( Fi g ur e  3 ( a, b)).

T h e  t ot al  a nti o xi d a nt  c a p a cit y   w as  d et er mi n e d  as  tr ol o x
( T E A C)  e q ui v al e nts.   T h e  r es ults  d e m o nstr at e d  t h at  t h e
t ot al  a nti o xi d a nt  c a p a cit y  of Sl M X 1 O E  fr uit  h as  b e e n
e n h a n c e d  si g ni fi c a ntl y  ( p < 0. 0 0 5)  b y  7-f ol d  ( Fi g ur e  8 ( e)).
C o n v ers el y,  a   m ar k e d  d e cr e as e i n t ot al  a nti o xi d a nt  c a p a cit y
h as  b e e n  o bs er v e d i n   R N Ai fr uit  u p t o  5-f ol d  c o m p ar e d t o
W T fr uit ( Fi g ur e  8 ( e)).

T o  st u d y  h o w Sl M X 1 m o d ul at es  t h e  p h e n yl pr o p a n oi d
p at h w a y,  e x pr essi o n  pr o fi l e  of  p h e n yl pr o p a n oi d  p at h w a y
g e n es  e n c o di n g   G T,  P A L,  4 C L,   C H S,   C HI,  F 3 H,   D F R,  a n d
A N S  h as  b e e n  e x a mi n e d  at  ri p e ni n g  st a g e  b y  a  q u a ntit ati v e
r e al-ti m e  P C R.  I n Sl M X 1 O E  fr uit,   m or e  t h a n  1 5 0-f ol d

Fi g ur e  4. P h yt o h or m o n e c o nt e nts i n t o m at o fr uits  of   W T, Sl M X 1 a n d  R N Ai li n es at  br e a ki n g-ri p e ni n g st a g e. ( a) T h e a cti v e c yt o ki ni n t Z; ( b) T h e a u xi n I A A; ( c) T h e
gi b b er elli n  G A 3; ( d)  T h e et h yl e n e  pr e c urs or  A C C; ( e) T h e a bs cisi c a ci d  A B A. T h e  d at a s h o w n ar e t h e   m e a n  ± S E ( n = 3). Si n gl e ( * P < 0. 0 5) a n d  d o u bl e ( * * P < 0. 0 1)
ast eris ks  d e n ot e st atisti c all y si g ni fi c a nt  di ff er e n c es  b et w e e n t h e tr a ns g e ni c  a n d   wil d-t y p e li n es.

T a bl e  2. Fr uit  q u alit y  p ar a m et ers  of Sl M X 1 O E,  R N Ai,  a n d   W T t o m at o  pl a nts.

Q u alit y  p ar a m et ers   W T   O E 2   O E 5   O E 1 1  R N Ai 2  R N Ai 7  L. S. D.

Dr y   m att er c o nt e nt ( %)  4. 5 4  5. 9 2  5. 9 5  5. 9 2  4. 0 3  4. 0 1  0. 2 1 9
Titr at a bl e  a ci dit y   m g/

1 0 0   m L j ui c e
1. 2 1  1. 1 7  1. 1 1  1. 2 4  1. 1 8  1. 2 2   N. S.

T ot al s ol u bl e s oli ds
T. S. S. ( %)

4. 0 4  5. 4 8  5. 3 9  5. 3 9  3. 5 2  3. 5 0  0. 1 8 2
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i n d u cti o n  of t h e g e n es e n c o di n g  P A L a n d   C H S,  b et w e e n 5 0-
a n d  1 0 0-f ol d  i n d u cti o n  of  g e n es  e n c o di n g   G T,   C HI,  a n d
A N S,  b et w e e n  1 0-  a n d  5 0-f ol d i n d u cti o n  of  g e n es  e n c o di n g
F 3 H  a n d  4 C L  h a v e  b e e n  o bs er v e d  r el ati v e  t o   W T  fr uit
(Fi g ur e  8 (f)).   H o w e v er, t h er e  h as  b e e n  n o si g nifi c a nt  di ff er-
e n c e  i n  t h e  r el ati v e  e x pr essi o n  l e v el  of  t h e  g e n e  e n c o di n g
f or   D F R i n tr a ns g e ni c  a n d   W T fr uit (Fi g ur e  8 (f)).

All t h es e r es ults  h a v e  b e e n  pr o v e d  b y tr a ns cri pt o mi c  d at a
fr o m   R N A  S e q a n al ysis,   w hi c h s h o w e d si g nifi c a nt i n d u cti o n
i n   m ost fl a v o n oi d  a n d  a nt h o c y a ni n  bi os y nt h eti c  g e n es  i n
Sl M X 1 O E  t o m at o  a n d   m ar k e d  r e d u cti o n  i n   R N Ai  pl a nts
c o m p ar e d   wit h   W T  t o m at o  ( Fi g ur e  9 ( a, b)).   T h es e  r es ults
i n di c at e  t h at  fr uit-s p e cifi c  e x pr essi o n  of Sl M X 1 i n  t o m at o
l e a ds t o i n d u cti o n  of  all t h e  bi os y nt h eti c  g e n es r e q uir e d f or
t h e  pr o d u cti o n  of fl a v o n ols  a n d  t h eir  d eri v ati v es,  a n d,  i n
a d diti o n,  t h os e  r e q uir e d  f or  t h e  s y nt h esis  of   C G A  a n d  its
d eri v ati v es.  I n  a  si mil ar   m a n n er,   R N A  S e q  d at a  s h o w e d  2 2
di ff er e nt  g e n es  t h at   w er e  i n v ol v e d  i n  p h e n yl pr o p a n oi d

p at h w a y.  Ei g ht e e n  p h e n yl pr o p a n oi d  s y nt h eti c  g e n es  h a v e
b e e n  hi g hl y  e x pr ess e d  i n Sl M X 1 O E  li n es  c o m p ar e d   wit h
W T  pl a nts,   w h er e as  o nl y  f o ur  p h e n yl pr o p a n oi d  s y nt h eti c
g e n es  h a v e  b e e n  u p-r e g ul at e d  i n   R N Ai  li n es  c o m p ar e d
wit h   W T  pl a nts ( Fi g ur e  9 ( c)).

O v er e x pr e s si o n  of  Sl M X 1 i n d u c e s f u n g al r e si st a n c e

T h e  s us c e pti bilit y/r esist a n c e  of  tr a ns g e ni c  a n d   W T  t o m at o
fr uit  t o  t h e  n e cr otr o p hi c  gr a y   m ol d  f u n g us  (B.  ci n er e a
P ers. ) h as  b e e n  e x a mi n e d   wit h  t h e  ai m  t o  t est   w h et h er
t h er e   w as  a n y  c orr el ati o n   wit h t h e i n cr e as e i n  a nt h o c y a ni ns
i n Sl M X 1 O E  fr uits.   At  3-  a n d  7- d a y  p ost-i n o c ul ati o n
( d pi), t h e  pr o p orti o n  of Sl M X 1 O E fr uits s h o w e d s y m pt o ms
of  si g ni fi c a nt i nf e cti o n  s m all er  t h a n  t h at i n   W T  a n d   R N Ai
fr uits  (Fi g ur e  1 0 ( a)).  I n  c o ntr ast   wit h Sl M X 1 O E  fr uits,
w hi c h s h o w e d   m or e r esist a n c e t o t h e  n e cr otr o p hi c  p at h o g e n
B.  ci n er e a ,   R N Ai fr uits  s h o w e d  a  si g nifi c a nt i n cr e as e i n t h e

Fi g ur e  5. O v er e x pr essi o n of Sl M X 1 e xt e n ds s h elf-lif e of t o m at o fr uit. ( a) Fr uit fi r m n ess of Sl M X 1 O E,   W T, a n d R N Ai fr uits h as  b e e n e v al u at e d at t h e ri p e ni n g st a g e.
( b) Et h yl e n e e missi o n ( µ L h− 1 k g − 1 ) f or Sl M X 1 O E,   W T, a n d R N Ai fr uits at br e a k er st a g e. ( c) Fr uit s h elf-lif e of   W T, Sl M X 1 O E, a n d R N Ai fr uits at 2 5°  ± 1° C i n t hr e e ti m e
p oi nts aft er ri p e ni n g st a g e ( 1, 2 0, a n d 5 0  d). ( d) C h a n g es i n fr uit r es pir ati o n r at e of   W T, Sl M X 1 O E, a n d R N Ai li n es d uri n g st or a g e. ( e) Tr a ns pir ati o n   w at er l oss ( 1 0 0 %)
of   W T, Sl M X 1 O E, a n d  R N Ai li n es.   D at a ar e t h e   m e a n v al u es  ± S D  of at l e ast  1 0 i n di vi d u al fr uits. T h e ast eris ks i n di c at e st atisti c all y si g ni fi c a nt  di ff er e n c es  b et w e e n
tr a ns g e ni c  a n d   W T fr uits ( *P < 0. 0 5, * * P < 0. 0 1).
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l esi o n  ar e a  c a us e d  b y t his f u n g us  c o m p ar e d t o t h os e i n   W T
fr uits  (Fi g ur e  1 0 ( a)).   T h e  r es ults  of  q u a ntit ati v e  P C R   wit h
D N A e xtr a ct e d fr o m i nf e ct e d t o m at o es fr uits c o n fi r m e d si g-
ni fi c a nt  i n cr e as e  i n B.  ci n er e a gr o wt h  r at e  o n   R N Ai  fr uits
t h a n  o n   W T fr uits  at  3  d pi,   w h er e as  a  si g nifi c a nt  r e d u cti o n
i n f u n g us  gr o wt h r at e  o n Sl M X 1 O E fr uit  c o m p ar e d t o   W T
fr uit  at  3  d pi (Fi g ur e  1 0 ( b)).

Dr a m ati c  c h a n g es  h a v e  b e e n  r e c or d e d  c o nsi d eri n g
i niti ati o n  of  ri p e ni n g  a n d  s p e e d  of  ri p e ni n g  i n  fr uits  of
Sl M X 1 O E  a n d   R N Ai li n es  c o m p ar e d   wit h   W T  fr uits.   T h e
o ns et  of  ri p e ni n g  o c c urr e d   wit h   m or e  t h a n  2   w e e ks  d el a y
i n Sl M X 1 O E  li n es  ( 6 0  d p a)  c o m p ar e d  t o   W T  ( 4 3  d p a),
w h er e as   R N Ai li n es  e x hi bit e d  a c c el er ati o n i n fr uit  ri p e ni n g
( 3 8  d p a)  c o m p ar e d  t o   W T  (Fi g ur e  1 0 ( c)).  F urt h er m or e,
o n c e  ri p e ni n g  pr o c ess  b e g a n  at  br e a k er  st a g e,  t h e  c ol or  of
Sl M X 1 O E fr uits  c h a n g e d t o  c h err y  c ol or  v er y  sl o wl y ( br +
1 2)  c o m p ar e d  t o   W T   w hi c h  r e a c h e d  t o  r e d-ri p e  st a g e
7  d a ys  p ost- br  ( br + 7).   C o n v ers el y,   R N Ai  fr uits  r e a c h e d  t o
its  y ell o wis h-ri p e  st a g e  r a pi dl y  ( br + 5)  c o m p ar e d  t o   W T
fr uits (Fi g ur e  1 0 ( d, e)).

At fr uit-ri p e ni n g st a g e, t h e  S u d a n   R e d st ai ni n g  a n d  S E M
r es ults  s h o w e d  gr e at er  c uti cl e  d e p ositi o n  i n  p e el  of Sl M X 1
O E  fr uit  c o m p ar e d  t o   W T  fr uit,   w h er e as  t h e  o p p osit e  h as
b e e n  o bs er v e d  f or  t h e  fr uit  of Sl M X 1 R N Ai  pl a nts  ( E w as

et  al. 2 0 1 6 ).   T o t est t h e  h y p ot h esis t h at t h e  c uti cl e t hi c k n ess
v ari ati o ns  h a v e  b e e n c a us e d  b y  di ff er e n c es i n c uti c ul ar c o m-
p o n e nts,   w hi c h c o ul d a ff e ct t o m at o yi el d, t h e c h e mi c al a n al y-
sis  of  c uti c ul ar  c o m p o n e nts  h as  b e e n  c arri e d  o ut  f or
tr a ns g e ni c a n d   W T fr uits i n br e a ki n g-ri p e ni n g st a g e.   A si g n-
ifi c ati v e i n cr e as e ( p < 0. 0 1) i n t h e t ot al   w a x a m o u nt  h as b e e n
r e c or d e d i n Sl M X 1 O E fr uit ( u pt o  1 5 0 0  µ g  d m − 2 ) c o m p ar e d
wit h  t h os e  of   W T  fr uit  ( u pt o  1 0 3 0  µ g  d m − 2 ),   w h er e as
o b vi o us  r e d u cti o n  h as  b e e n  s e e n  i n  t h e  t ot al   w a x  a m o u nt
of   R N Ai fr uit ( u pt o  7 5 0  µ g  d m − 2 ).

I n t h e si mil ar   m a n n er, a si g nifi c a nt i n cr e as e i n i n di vi d u al
c o m p ositi o n  of   w a x i n cl u di n g (f att y  a ci ds, al d e h y d es, al k a n-
1- ols,  al k e n- 1- ols,  al k e n es,  al k a n es,  is o- al k a n es,  a nt eis o-
al k a n es a n d trit er p e n oi ds/st er ols) of Sl M X 1 O E fr uit at br e a k-
i n g-ri p e ni n g st a g e ( u pt o 6 6, 3 1, 1 0 3, 3 0 9, 8 3, 6 9 4, 3 8, 7. 2, a n d
5 3 2, r es p e cti v el y)  c o m p ar e d   wit h t h os e  of   W T fr uit ( 3 7,  2 5,
5 2,  4 7,  1 0 2,  5 2 1,  2 8,  5. 7,  a n d  3 5 1,  r es p e cti v el y)  ( Fi g ur e  1 1
( a)).   W hil e  si g nifi c a nt  d e cr e as e  h as  b e e n  r e c or d e d  i n   m ost
of i n di vi d u al  c o m p ositi o n  of   w a x  ( u pt o  1 9,  2 8,  2 5,  5 1,  1 1 8,
2 7 2,  1 6,  4. 5,  a n d  1 3 8,  r es p e cti v el y)  of   R N Ai fr uit  c o m p ar e d
wit h   W T fr uits ( Fi g ur e 1 1 ( a)). I n t h e s a m e c o nt e xt, at  br e a k-
i n g ri p e ni n g st a g e,  o v er e x pr essi o n  of Sl M X 1 r es ults i n  a si g-
ni fi c a nt  i n cr e as e  i n  c uti n   m o n o m er  a ci d  c o m p ositi o n
i n cl u di n g  ( h e x a d e c a n oi c  a ci d,  1 6- O H  h e x a d e c a n oi c,  9

Fi g ur e 6. O v er e x pr essi o n of Sl M X 1 m o d ul at es t h e et h yl e n e bi os y nt h esis p at h w a y i n t o m at o. ( a)   Di ff er e nti al e x pr essi o n of g e n es i n v ol v e d i n et h yl e n e s y nt h esis a n d
si g n ali n g  p at h w a y i n t o m at o (S ol a n u m l yc o p ersic u m ).   H e at   m a ps  dis pl a y t h e  u p-r e g ul at e d (r e d  b ars)  or  d o w n-r e g ul at e d ( bl u e  b ars) t o m at o  g e n es.  G e n es   wit h
e x pr essi o n r ati os ≥ 2 a n d  P a dj   < 0. 0 5 ( n = 3) ar e  d e pi ct e d. ( b)  V ali d ati o n  of  di ff er e nti al e x pr essi o n  of  g e n es i n v ol v e d i n et h yl e n e  p at h w a y ( A C S,  1- a mi n o c y cl o pr o-
p a n e- 1- c ar b o x yl at e s y nt h as e; A C O, 1- a mi n o c y cl o pr o p a n e- 1- c ar b o x yl at e o xi d as e) i n   W T, Sl M X 1 O E a n d R N Ai li n es. T h e d at a s h o w n ar e t h e   m e a n  ± S E ( n = 3). Si n gl e
( *P < 0. 0 5)  a n d  d o u bl e ( * * P < 0. 0 1)  ast eris ks  d e n ot e st atisti c all y si g ni fi c a nt  di ff er e n c es  b et w e e n t h e tr a ns g e ni c  a n d   wil d-t y p e li n es.
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( 1 0), 1 6- di O H h e x a d e c a n oi c a, h e x a d e c a n e- 1, 1 6- di oi c, o ct a d e-
c a n oi c  a ci d,  1 8- O H  o ct a d e c a n oi c,  9, 1 8- di O H  o ct a d e c a n oi c,
9, 1 0, 1 8-tri O H  o ct a d e c a n oi c,  9, 1 0, 1 8-tri O H  o ct a d e c e n oi c b,
p - C o u m ari c  a ci d, m - C o u m ari c  a ci d,  a n d t ot al i d e ntifi e d)  of
Sl M X 1 O E fr uit  c o m p ar e d   wit h t h os e  of   W T fr uit,   w h er e as
a   m ar k e d r e d u cti o n h as b e e n r e p ort e d i n t h e c uti n   m o n o m er
a ci d c o m p ositi o n  of   R N Ai fr uit ( T a bl e  5 ).

T h e  tr a ns cri pt o mi c  a n al ysis  r e v e al e d  t h at   WI N 1  a n d
S H N 2  ( k e y  g e n es  i n   w a x  a n d  c uti n  d e p ositi o n)  h a v e  b e e n
u p-r e g ul at e d  i n Sl M X 1 O E  fr uits  u pt o  8  a n d  2. 5  f ol ds,
r es p e cti v el y,  hi g h er  t h a n   W T,   w h er e as  t h e y  h a v e  b e e n
d o w n-r e g ul at e d  i n   R N Ai  fr uits  u pt o  1. 4  a n d  1. 6  f ol ds,
r es p e cti v el y l o w er t h a n   W T fr uits ( Fi g ur e 1 1 ( b)).  E x pr essi o n
a n al ysis  of  c ell  si z e  r e g ul at or   C S R  a n d  r el at e d  g e n es  h a v e
b e e n  c arri e d  o ut  i n  tr a ns g e ni c  a n d   W T  fr uit  at  t ur ni n g
st a g e.   T h e  tr a ns cri pt  a c c u m ul ati o ns  of C S R- D ,   C S R-li k e 1,
C S R-li k e 2,  Sl F A F 1,  Sl F A F 3,   C D K A 1,  a n d   C D F 3  h a v e  b e e n
si g nifi c a ntl y  u p-r e g ul at e d  i n Sl M X 1 O E  fr uit  c o m p ar e d
wit h   W T,  a n d  d o w n-r e g ul at e d i n   R N Ai fr uit ( Fi g ur e  1 1 ( c)).

Di s c u s si o n

I n s pit e  of t h e  n u m er o us r e p orts t h at f o c us e d  o n t h e  g e n eti c
r ol es f or i m pr o vi n g   m a n y a gr o-tr aits, it still l a c ks e x pl a n ati o n
t h at  c o ul d  d e m o nstr at e  i m pr o v e m e nt   m e c h a nis ms  of  fr uit
q u a ntit y  a n d  q u alit y  si m ult a n e o usl y.  I n  t h e  c urr e nt  st u d y,
a n   m ultil e v el  a n al ysis,  fr o m   m ol e c ul ar  t o  a gr o n o mi c  tr aits,
of  t h e  r el ati o ns hi p  b et w e e n  g e n e  e x pr essi o n,  usi n g  o mi cs
t e c h n ol o gi es,   wit h i n cr e asi n g fr uit q u alit y a n d yi el d, pr o m ot-
i n g  h e alt h y  a n d  or g a n ol e pti c  alt er n ati v es,  as   w ell  as  e xt e n d-
i n g t h e fr uit s h elf lif e t hr o u g h   m a ni p ul ati o n  of Sl M X 1 T F i n
t o m at o is  pr es e nt e d.

Sl M X 1 is a   m e m b er of t h e   MI X T A gr o u p   wit hi n t h e   M Y B
g e n e f a mil y.   MI X T A is  disti n g uis h e d  b y its  u ni q u e  r ol es i n
r e g ul ati n g  c ell  gr o wt h  a n d  d e v el o p m e nt,  as  h as  b e e n
d es cri b e d  els e w h er e  ( Z h a n g  et  al. 2 0 1 9 ).   T his  r ais es  s e v er al
i m p ort a nt  q u esti o ns  a b o ut  t h e  r el e v a nt  r ol e  of  tr a ns cri p-
ti o n al r e g ul ati o n of c ell gr o wt h, str u ct ur e, a n d its   m et a b olis m
( dis c uss e d  b el o w).

R ol e  of  Sl M X 1 i n t o m at o  c ell  gr o wt h  a n d fr uit  yi el d

T h e  r es ults  of  c urr e nt  st u d y  c o n fi r m e d t h at t h e  o v er e x pr es-
si o n  of Sl M X 1 T F r es ults i n  a  si g ni fi c a nt i n cr e as e i n t o m at o
yi el d.   T his  i n cr e as e   w as  f oll o w e d  b y  sti m ul ati n g  el o n g ati o n
i n Sl M X 1 O E fr uit c ells as s h o w n i n Fi g ur e  3 ( c), t h us si g nifi -
c a ntl y i n cr e asi n g fr uit si z e a n d fr uit   w ei g ht ( Fi g ur e 3 ( a, b, d,f)).
Alt h o u g h  n o si g ni fi c a nt i n cr e as e   w as r e p ort e d i n t h e  n u m b er
of t o m at o fr uits  d u e t o Sl M X 1 o v er e x pr essi o n, t h e fi n al yi el d
w as   m ar k e dl y i n cr e as e d  si m ult a n e o usl y   wit h t h e i n cr e as e i n
t h e si z e a n d   w ei g ht of Sl M X 1 O E fr uits ( Fi g ur e 3 ( g)). Pr e vi o us
st u di es r e p ort e d a p ositi v e c orr el ati o n b et w e e n fr uit yi el d a n d
a v er a g e  of  b ot h  of fr uit  si z e  a n d fr uit   w ei g ht  of t o m at o (Is a
et  al. 2 0 1 7 ).

P h yt o h or m o n es ar e p ar a m o u nt f a ct ors c o ntr olli n g c ell si z e
t h at ulti m at el y l e a d t o diff er e nt or g a n si z es ( Nits c h et al. 2 0 1 2 ).

T a bl e  3. Mi n er al  c o nt e nt i n Sl M X 1 O E,  R N Ai,  a n d   W T t o m at o fr uits.

Mi n er als  W T  O E 2  O E 5  O E 1 1 R N Ai 2 R N Ai 7

P ot assi u m – K 2 3 9 2 9 5 2 9 0 2 9 1 1 6 7 1 5 9
P h os p or us – P 2 3. 9 2 2. 6 2 3. 4 2 4. 2 2 5. 3 2 5. 7
M a g n esi u m – M g 1 0. 8 1 1 5 1 5. 6 1 4. 3 5. 8 6. 2
C al ci u m – C a 1 0. 2 1 7. 9 1 9. 3 1 8. 5 4. 1 4. 4
S o di u m – N a 5. 1 2 5 4. 9 5. 2 5. 2 5. 7
Ir o n – F e 0. 2 8 0. 5 7 0. 5 1 0. 6 0. 0 6 1 0. 0 7 4
Zi n c – Z n 0. 1 6 0. 0 2 1 0. 0 2 5 0. 0 2 2 0. 3 4 0. 3 6
M a n g a n es e – M n 0. 1 1 6 0. 0 9 1 0. 1 1 0. 0 8 8 0. 0 8 7 0. 1 2
C o p p er – C u 0. 0 6 0. 6 0. 0 6 3 0. 0 4 5 0. 0 7 0. 0 5 6

T a bl e  4. Vit a mi n c o nt e nt i n Sl M X 1 O E,  R N Ai,  a n d   W T t o m at o fr uits.

Vit a mi ns W T   O E 2   O E 5   O E 1 1  R N Ai 2  R N Ai 7

As c or bi c  A ci d – C  1 3. 4  1 8. 8 5  1 8. 0 7  1 7. 4 4  7. 0 2  6. 6 1
C h oli n e – B 4  6. 6  5. 9 9  6. 5  6. 2  6. 3  5. 9 4
Ni a ci n – B 3 0. 6 1  0. 5 6  0. 6 6  0. 6  0. 6 3  0. 6
Al p h a- T o c o p h er ol –

E
0. 5 1  1. 4 4  1. 5 3  1. 4 9  0. 2 4  0. 2 3

P a nt ot h e ni c  a ci d –
B 5

0. 0 8 5  0. 0 8 8  0. 0 8  0. 0 7 9  0. 0 8 2  0. 0 8 8

P yr o xi di n e – B 6  0. 0 8  0. 0 8 4  0. 0 7 8  0. 0 7 9  0. 0 8  0. 0 8 2
T hi a mi n e – B 1  0. 0 3 5  0. 0 2 9  0. 0 3 2  0. 0 3 5  0. 0 2 8  0. 0 3
Ri b o fl a vi n – B 2  0. 0 2 1  0. 0 4 3  0. 0 4 4  0. 0 4 3  0. 0 1 3  0. 0 1 1
R et e n ol – A  4 2  9 5. 2  9 4. 4  9 1. 8  2 2. 6  2 3. 7
F ol at e – B 9  1 5  1 5. 2  1 4. 6  1 4. 9  1 5. 1  1 5

Fi g ur e  7. O v er e x pr essi o n  of Sl M X 1 e n h a n c e d  a c c u m ul ati o n  of  p ol y p h e n oli c
c o m p o u n ds  ( a)   Q u a nti fi c ati o n  of  t ot al  p ol y p h e n oli c  c o nt e nts  i n   m et h a n oli c
e xtr a cts  of Sl M X 1 O E,   W T, a n d  R N Ai l e a v es a n d fr uits  usi n g  g alli c  a ci d  e q ui v al-
e nt.  ( b)   Q u a nti fi c ati o n  of  t ot al fl a v o n oi d  c o nt e nt  i n   m et h a n oli c  e xtr a cts  of
Sl M X 1 O E,   W T,  a n d  R N Ai  fr uit  usi n g  q u er c eti n  e q ui v al e nt.  T h e  d at a  s h o w n
ar e  t h e   m e a n  ± S E  ( n = 3).  Si n gl e  ( * P < 0. 0 5),  d o u bl e  ( * * P < 0. 0 1),  a n d  tri pl e
( * * *P < 0. 0 0 1)  ast eris ks  d e n ot e  st atisti c all y  si g ni fi c a nt  di ff er e n c es  b et w e e n
t h e tr a ns g e ni c  a n d   wil d-t y p e li n es.
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T his  h y p ot h esis  h as  b e e n  pr o v e n  c orr e ct t hr o u g h  o ur r es ults
r el at e d t o  p h yt o h or m o n es  esti m ati o n i n  tr a ns g e ni c  a n d   W T
t o m at o.   T his  p h e n o m e n o n  c o nfi r m e d  a  si g nifi c a nt  i n cr e as e
i n a cti v e c yt o ki ni n t Z, a u xi n I A A, a n d gi b b er elli n   G A 3 c o n c e n-
tr ati o ns i n Sl M X 1 O E li n es,  a n d  a   m ar k e d  d e cr e as e i n   R N Ai
li n es c o m p ar e d t o t h e   W T fr uits (Fi g ur e 4 ).

T h e  er a  of  s ci e n c e  is  s wit c hi n g  t o w ar d  t h e  pr o mis e  of
n e xt- g e n er ati o n   R N A s e q u e n ci n g ( N G S) t e c h n ol o g y f or a gri-
c ult ur al  a p pli c ati o ns  ( H u  et  al. 2 0 1 8 ).   T h e  c urr e nt  st u d y
s er v es  as  a  f o u n d ati o n  a n d l a n d m ar k i n  b ot h  dir e cti o ns  b y

c o m bi ni n g  t h e  a d v a nt a g es  of   N G S  t e c h n ol o g y  a n d  t h e
e ffi ci e n c y,  a c c ur a c y,  a n d  s p e e d  of  g e n eti c  e n gi n e eri n g.   T h e
r e m ar k a bl e  e nri c h m e nt  of  tr a ns cri pt o mi c  d at a  as   w ell  as
t h e  i n d u cti o n  of  e x pr essi o n  l e v els  r el at e d  t o  c ell  di visi o n
g e n es i n Sl M X 1 O E li n es  u n v eils  t h e  pi v ot al  r ol e  of Sl M X 1
i n  e xt e n di n g  c ell  si z e  a n d  str u ct ur e  ulti m at el y  b o osti n g  t h e
yi el d  of t o m at o.  S e v er al  g e n es i n cl u di n g   C S R- D,   C S R-li k e 1,
C S R-li k e 2,  Sl F A F 1,  a n d  Sl F A F 3  pl a y  a n  i m p ort a nt  r ol e  i n
i m pr o vi n g fr uit  si z e  ( V a n  d er   K n a a p  et  al. 2 0 1 4 ;   C z er e d ni k
et  al. 2 0 1 5 ;   R e n a u- M or at a  et  al. 2 0 1 7 ).  I n  t his   w or k,  t h e

Fi g ur e  8. O v er e x pr essi o n of Sl M X 1 m o d ul at es t h e  p h e n yl pr o p a n oi d c o m p o u n ds i n t o m at o. ( a)   Q u a nti fi c ati o n  of l e af  p h e n oli c a ci ds ( m g/ 1 0 0  g) i n   W T, Sl M X 1 a n d
R N Ai li n es. ( b)   Q u a nti fi c ati o n  of fr uit  p h e n oli c  a ci ds ( m g/ 1 0 0  g) i n   W T, Sl M X 1 ,  a n d  R N Ai li n es. ( c)   Q u a ntifi c ati o n  of fl a v o n oi d s p e ci es  c o nt e nt ( m g/ g  F w) i n t h e
m et h a n oli c e xtr a cts  of t o m at o fr uits  of   W T, Sl M X 1   O E, a n d  R N Ai li n es. ( d)   Q u a nti fi c ati o n  of a nt h o c y a ni n ( A 5 3 5/ 1 0 0   m g F w) i n t h e   m et h a n oli c e xtr a cts  of t o m at o
fr uits of   W T, Sl M X 1 O E, a n d R N Ai li n es. ( e)   M e as ur e m e nt of a nti o xi d a nt a cti vit y T E A C ( m m ol/ k g – 1 D W) i n t h e   m et h a n oli c e xtr a cts of t o m at o fr uits of   W T, Sl M X 1 O E,
a n d R N Ai li n es. (f)   Q u a ntit ati v e e x pr essi o n a n al ysis of t h e str u ct ur al g e n es of p h e n yl pr o p a n oi d  p at h w a y/ fl a v o n oi d p at h w a y i n fr uit of t h e   W T, Sl M X 1 O E, a n d R N Ai
li n es  at  br e a k er ri p e ni n g st a g e.  G T,  Gl u c os yltr a nsf er as e;  P A L,  P h e n yl al a ni n e  a m o ni a l y as e;  4 C L,  4- c o u m ar o yl  C o A li g as e;  C H S,  C h al c o n e s y nt h as e;  C HI,  C h al c o n e
is o m er as e;  F 3 H,  Fl a v o n o n e- 3- h y dr o x yl as e;   D F R,   Di h y dr ofl a v o n ol  4-r e d u ct as e;  A N S,  A nt h o c y a ni di n e s y nt h as e.  T h e  d at a  s h o w n  ar e t h e   m e a n  ± S E ( n = 3).  Si n gl e
( *P < 0. 0 5),  d o u bl e ( * * P < 0. 0 1)  a n d ( * * P < 0. 0 0 1)  ast eris ks  d e n ot e st atisti c all y si g ni fi c a nt  di ff er e n c es  b et w e e n t h e tr a ns g e ni c  a n d   wil d-t y p e li n es.
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u p-r e g ul ati o n of t h es e g e n es d u e t o Sl M X 1 o v er e x pr essi o n i n
t o m at o  h a v e  b e e n  o bs er v e d.

R ol e  of  Sl M X 1 i n fr uit  q u alit y  a n d ri p e ni n g

A  hi g hl y  si g ni fi c a nt  c orr el ati o n   w as  o bs er v e d  f or  t h e  or g a-
n ol e pti c  p ar a m et ers  of t o m at o fr uits  a n d Sl M X 1 e x pr essi o n.
Fr uit  dr y   m att er  a n d  t ot al  s ol u bl e  s oli ds  c o nt e nts   w er e
i n cr e as e d  si g nifi c a ntl y  i n Sl M X 1 O E  fr uits  c o m p ar e d  t o
W T fr uits,   w h er e as it si g ni fi c a ntl y  d e cr e as e d i n   R N Ai fr uits
(T a bl e  2 ).

I n  a d diti o n  t o  t h e  af or e m e nti o n e d  r es ults,   m a n y  pr e-
vi o us  st u di es  i n di c at e d  a  cl os e  c orr el ati o n  b et w e e n  pl a nt
yi el d  a n d   w at er  c o nt e nt  of  pl a nt  c ells  ( C h a v e z  et  al.
2 0 2 0 ).   T his  c orr el ati o n  is  attri b ut e d  t o  t h e  eff e ct   w at er  as
dri vi n g  f or c e  f or  c ell   w all  t ur n o v er,  c ell  e x p a nsi o n,  a n d
e nl ar g e m e nt  ( G all e g o  a n d   Z arr a 1 9 9 8 ),  a n d  t h us  e n ds
wit h  a  si g ni fi c a nt  i n cr e as e  i n  fr uit  si z e  a n d  yi el d  ( R aj a
et  al. 2 0 2 1 ).   D at a  pr es e nt e d  i n  t his  st u d y  r e g ar di n g  fr uit
dr y   m att er  a n d  t ot al  s ol u bl e  s oli ds  e x hi bit e d  a n  e x c ell e nt
m o d el  f or  cl os e  c orr el ati o n  b et w e e n   w at er  c o nt e nt  a n d
fr uit  q u alit y  p ar a m et ers.

Fi g ur e  9. Di ff er e nti al  e x pr essi o n  of  g e n es i n l e a v es  of  t o m at o  pl a nts.  ( a)   Di ff er e nti al  e x pr essi o n  of  g e n es i n v ol v e d i n fl a v o n oi d  bi os y nt h esis.  ( b)   Di ff er e nti al
e x pr essi o n  of  g e n es i n v ol v e d i n  a nt h o c y a ni n  bi os y nt h esis.   H e at   m a ps  dis pl a y t h e  u p-r e g ul at e d (r e d  b ars)  or  d o w n-r e g ul at e d ( bl u e  b ars) t o m at o  g e n es.  G e n es
wit h e x pr essi o n r ati os ≥ 2 a n d  P a dj   < 0. 0 5 ( n = 3) ar e  d e pi ct e d. ( c)  V ali d ati o n  of  di ff er e nti al e x pr essi o n  of  g e n es i n v ol v e d i n  p h e n yl pr o p a n oi d  p at h w a y i n t o m at o
l e a v es  of   W T, Sl M X 1 O E,  a n d  R N Ai li n es.  T h e  d at a s h o w n  ar e t h e   m e a n  ± S E ( n = 3).
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M or e o v er,  t h e  l o w  et h yl e n e  r at e  e mitt e d  fr o m Sl M X 1
O E  t o m at o  fr uits  c oi n ci d e d   wit h  a  d el a y  i n  b ot h  t h e
o ns et  a n d  t h e  s p e e d  of  fr uit  ri p e ni n g  ( A m b a w at  et  al.
2 0 1 3 ) (Fi g ur e  5 ( b); Fi g ur e  1 0 ( c, d, e)).  Pr e vi o us  st u di es
r e p ort e d  t h e  n e g ati v e  e ff e cts  of   w at er  l oss  o n  fr uit  s h elf-
lif e  ( G e b e y e 2 0 1 8 ; L ar a et al. 2 0 1 9 ).   T h e  r es ults i n  pr es e nt
st u d y  i n di c at e d  t h at  t h e  v al u es  of   w at er  l oss  h a v e  b e e n
hi g h er i n   R N Ai  fr uits  t h a n  t h os e  of Sl M X 1 O E li n es  c o m-
p ar e d  t o   W T  fr uits  ( Fi g ur e  5 ( e)).

R ol e  of  Sl M X 1 i n  h e alt h- pr o m oti n g  c h ar a ct eri sti c s

P h e n yl pr o p a n oi ds r e pr es e nt o n e of t h e t hr e e   m aj or cl ass es of
s e c o n d ar y   m et a b olit es  i n  pl a nt  ki n g d o m,   w h er e  t h e y

f u n cti o n  as  f u n d a m e nt al  c o m p o n e nts  of  s e v er al  str u ct ur al
p ol y m ers  ( S h ar m a  et  al. 2 0 1 9 ).   Alt h o u g h  s e v er al  st u di es i n
r e c e nt  d e c a d es  h a v e f o c us e d  o n t h e f or m ati o n  of  p h e n yl pr o-
p a n oi ds,  still  t h e  u n d erl yi n g   m ol e c ul ar   m e c h a nis m  b e hi n d
b ot h t h e s y nt h esis a n d r e g ul ati o n i n c ell gr o wt h a n d d e v el o p-
m e nt  h as  n ot  b e e n f ull y  u n d erst o o d ( V o gt 2 0 1 0 ).   M or e o v er,
t h e cr oss-t al k t hr o u g h t h e i nt ers e cti o n b et w e e n r el at e d  p at h-
w a ys  of  t h e fi n al  yi el d  q u a ntit y  a n d  q u alit y  al o n g   wit h  t h e
p h e n yl pr o p a n oi ds  s y nt h esis  still  n ot  el a b or at e d  e xt e nsi v el y
a n d  t h or o u g hl y  ( V o gt 2 0 1 0 ;  S h ar m a  et  al. 2 0 1 9 ).  S e v er al
st u di es r ef err e d t o cl os e r el ati o n b et w e e n   m ai n p h e n yl pr o p a-
n oi d  pr o c ess or  a n d s y nt h esis  of  c ar ot e n oi ds  a n d t er p e n oi ds
( S h ar m a et al. 2 0 1 9 ;   C h al vi n et al. 2 0 2 0 ).   H o w e v er, t h e   m ol-
e c ul ar   m e c h a nis m n e e ds t o b e cl ari fi e d i n   m or e d et ail. Sl M X 1

Fi g ur e  1 0. O v er e x pr essi o n  of Sl M X 1 e xt e n ds s h elf-lif e  of t o m at o fr uit. ( a)  A c c u m ul ati o n  of  a nt h o c y a ni ns i n Sl M X 1 O E t o m at o es ( S ol a n u m l yc o p ersic u m ) r e d u c es
s us c e pti bilit y t o B otr ytis ci n er e a . S y m pt o ms of s pr a y e d t o m at o es fr uits of   W T, Sl M X 1 O E, a n d R N Ai li n es aft er i n o c ul ati o n   wit h B. ci n er e a B 0 5. 1 0. ( b)   Q u a ntit ati v e P C R
r e v e al e d   m or e B. ci n er e a gr o wi n g o n t h e r e gi o ns  of R N Ai fr uits t h a n r e gi o ns  o n   W T fr uits,   w h er e as f e w B. ci n er e a gr o wi n g  o n t h e r e gi o ns  of Sl M X 1 O E fr uits c o m-
p ar e d   wit h t h os e  o n   W T fr uits at  3- a n d  7- d a y  p ost-i n o c ul ati o n ( d pi). B. ci n er e a gr o wt h  h as  b e e n c al c ul at e d  b y c o m p ari n g t h e r ati o  of B. ci n er e a D N A t o t o m at o
D N A. Err or b ars  + st a n d ar d err or of t h e   m e a n ( S E M) ( n ≥ 3). * P < 0. 0 5; * * P < 0. 0 1, c o m p ar e d   wit h c o ntr ol   W T r e gi o ns u n d er n at ur al li g ht at   m at ur e ri p e ni n g st a g e.
( c)   O v er e x pr essi o n of Sl M X 1 d el a ys fr uit ri p e ni n g i n t o m at o. A v er a g e i niti ati o n ti m e of ri p e ni n g i n   W T, Sl M X 1 O E, a n d R N Ai li n es. ( d) Ri p e ni n g s p e e d ( d p br, d a ys p ost
br e a k er t o t h e ri p e ni n g) i n   W T, Sl M X 1 O E, a n d  R N Ai li n es.  V al u es ar e   m e a n v al u es  A E S D of t hr e e  bi ol o gi c al r e p etiti o ns. Si n gl e ( * P < 0. 0 5) a n d  d o u bl e ( * * P < 0. 0 1)
ast eris ks  d e n ot e  st atisti c all y  si g ni fi c a nt  di ff er e n c es  b et w e e n t h e tr a ns g e ni c  a n d   wil d-t y p e li n es. ( e)  Fr uit-ri p e ni n g  p h e n ot y p es, t h e ti m e  c o urs e  of t o m at o fr uit
ri p e ni n g, ( br  + d) i n   W T, Sl M X 1 O E,  a n d  R N Ai li n es.   D at a  ar e t h e   m e a n  v al u es  ± S D  of  at l e ast  1 0 i n di vi d u al fr uits.  T h e  ast eris ks i n di c at e  st atisti c all y si g ni fi c a nt
di ff er e n c es  b et w e e n tr a ns g e ni c  a n d   W T fr uits ( * P < 0. 0 5,  * * P < 0. 0 1).
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T F  h as  b e e n  i n di c at e d  as  tri c h o m e  r e g ul at or  t h at  dir e ctl y
m a ni p ul at es s e c o n d ar y   m et a b olis m i n t o m at o fr uit i n cl u di n g
c ar ot e n oi ds  a n d  t er p e n oi ds  ( E w as  et  al. 2 0 1 6 ;  E w as,   G a o,
et  al. 2 0 1 7 ).   O ur  c urr e nt  st u d y  r e v e al e d  t h e i nt ers e cti o n  of
p h e n yl pr o p a n oi d s y nt h esis   m e c h a nis m   wit h b ot h c ar ot e n oi d
a n d t er p e n oi d s y nt h esis i n t o m at o.   T h e i n cr e as e  or  d e cr e as e
i n t ot al  p ol y p h e n oli c a n d i n di vi d u al  p h e n oli c a ci ds c o nt e nts
d u e  t o  i n d u ci n g  or  sil e n ci n g Sl M X 1 T F,  r es p e cti v el y,  i n
t o m at o  l e a v es  a n d  fr uits  i nt er pr ets  t h e   m et a b oli c  s y nt h esis
ass o ci ati o n  of  p h e n yl pr o p a n oi ds,  a n d  b ot h  c ar ot e n oi ds  a n d
t er p e n oi ds.

I n  p ar all el,  s e v er al   M Y B   T Fs,  i n cl u di n g Sl M Y B 1 2 ,
V v M Y B 5 b , M d M Y B 1 , M d M Y B 1 0 , At M Y B 7 5 , At M Y B 1 1 4 ,
A m R O S 1 , A m R O S 2 , Sl A N T 1 ,  a n d Sl A N T 2 h a v e  b e e n
r e p ort e d  as  p ositi v e  r e g ul at ors  f or  s e c o n d ar y   m et a b olis m
a n d  c ell  d e v el o p m e nt  i n  t o m at o  ( C h e mi n a nt  et  al. 2 0 1 1 ;
A p p el h a g e n  et  al. 2 0 1 8 ;   C ol a n er o  et  al. 2 0 1 9 ).   T h e   M Y B
T Fs  t h us  pl a y  a  si g ni fi c a nt  r ol e  i n  r e wiri n g  t h e  pl a nt

m et a b ol o m e  b y  i n d u ci n g  tr a ns cri pti o n  of  t h e fl a v o n oi ds
l at e  bi os y nt h eti c  g e n es  ( L B Gs)  ( A p p el h a g e n  et  al. 2 0 1 8 ).
Als o, it is  c ert ai n t h at  p h e n yl pr o p a n oi d  c o m p o u n ds  ar e t h e
m ai n  cl ass es  of fl a v o n oi ds  c o m p o u n ds  s y nt h esi z e d  vi a  t h e
fl a v o n oi d  bi os y nt h eti c  p at h w a y  ( C h e mi n a nt  et  al. 2 0 1 1 ).
T his  is  als o  c o n fi r m e d  t hr o u g h  r es ults  o bt ai n e d  i n  o ur
st u d y   w hi c h s h o w t h at b y i n cr e asi n g t h e s y nt h esis of p h e n yl-
pr o p a n oi d,  t h e  t ot al  a n d  i n di vi d u al fl a v o n oi d  c o nt e nts
i n cr e as e i n   m et h a n oli c e xtr a cts  of Sl M X 1 O E fr uit c o m p ar e d
t o  t h os e  of   W T  fr uit,   w h er e as  d e cr e as e d  i n   R N Ai  li n es
(Fi g ur e  7 ( b); Fi g ur e  8 ( c)).  I n t h e  s a m e  c o nt e xt,  a n i n cr e as e
i n t h e a c c u m ul at e d fl a v o n oi ds,   w hi c h ar e t h e pr e c urs or c o m-
p o u n ds  f or  a nt h o c y a ni di ns  s y nt h esis  ( Li u  et  al. 2 0 1 8 ;  Ji a n
et al. 2 0 1 9 ), l e a d t o a si g nifi c a nt i n cr e as e i n t h e a nt h o c y a ni ns
s y nt h esis  i n  fr uits  a n d  l e a v es  of Sl M X 1 O E li n es  ( Fi g ur e  8
( d)). S e v er al  p h e n oli c c o m p o u n ds ar e cl assifi e d as  n o n- e n z y-
m ati c a nti o xi d a nts ( S h o e v a et al. 2 0 1 6 ). I n li n e   wit h t his f a ct,
o ur r es ults c o n fi r m e d t h at i m pr o v e d   m et a b olis m of  p h e n oli c

Fi g ur e 1 1. O v er e x pr essi o n of Sl M X 1 m o di fi e d c uti cl e a n d   w a x i n t o m at o fr uit. ( a) Fr uit c uti cl e   w a x cl ass c o m p ositi o n of n or m al ri p e ni n g t o m at o c ulti v ar A C as   wil d-
t y p e, Sl M X 1 O E, a n d R N Ai li n es. ( b) R el ati v e e x pr essi o n of Sl WI N 1 a n d Sl S HI N 2 t h e p ositi v e r e g ul at ors of   w a x a n d c uti n f or m ati o n i n t o m at o fr uit.   W a x a n d c uti n h a v e
b e e n s a m pl e d at ri p e ni n g st a g e.   M e a n v al u es ( μ g d m − 2 ) of i n di vi d u al   w a x cl ass a m o u nts ar e pr es e nt e d   wit h S E (n = 3). ( c) R el ati v e e x pr essi o n of c ell si z e r e g ul at ors
C S Rs a n d r el at e d  g e n es i n t o m at o fr uit. Si n gl e ( * P < 0. 0 5) a n d  d o u bl e ( * * P < 0. 0 1) ast eris ks  d e n ot e st atisti c all y si g ni fi c a nt  di ff er e n c es  b et w e e n t h e tr a ns g e ni c a n d
wil d-t y p e li n es.  V erti c al  b ars r e pr es e nt  S D, t h e   m e a n  v al u es  of t hr e e  bi ol o gi c all y i n d e p e n d e nt  e x p eri m e nts.
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c o m p o u n ds  h as  b e e n  r e fl e ct e d  i n  a  si g ni fi c a ntl y  e n h a n c e d
a nti o xi d a nt  c a p a cit y  of Sl M X 1 O E  fr uit   w hil e  d e cr e as e d i n
R N Ai fr uits ( Fi g ur e  8 ( e)).

Si n c e s n a p dr a g o n   R 2 R 3 M Y B   T F h as b e e n i d e nti fi e d as t h e
fi rst   MI X T A  g e n e,   m a n y  h o m ol o gs   MI X T A  h a v e  b e e n
c h ar a ct eri z e d  i n  s e v er al  s p e ci es,  i n cl u di n g  ar a bi d o psis,
m ai z e,  c ott o n,  ri c e,  p ot at o,  a n d  t o m at o  ( D u  et  al. 2 0 1 2 ;
A m b a w at  et  al. 2 0 1 3 ;   Os hi m a  et  al. 2 0 1 3 ;   Y a n g  et  al. 2 0 1 5 ;
E w as  et  al. 2 0 1 6 ).   M a n y   m e m b ers  of  t h e   MI X T A  gr o u p
pl a y  di v ers e  r ol es  i n  pl a nt  s p e ci es  r el at e d  t o  d e v el o p m e nt,
gr o wt h, a n d r esist a n c e as   w ell as sti m ul ati n g t h e bi os y nt h esis
m e c h a nis m  of  pri m ar y  a n d  s e c o n d ar y   m et a b olit es  ( E w as
et al. 2 0 1 6 ;  E w as,   G a o, et al. 2 0 1 7 ).  Fr o m  o ur tr a ns cri pt o mi c
r es ults, it  is  cl e ar  t h at Sl M X 1 T F  pl a ys  v ari o us  r ol es  at  t h e
m ol e c ul ar  a n d   m et a b oli c l e v els  t o  r e g ul at e  c ell  gr o wt h  a n d
d e v el o p m e nt as   w ell as bi os y nt h esis.   T h e   R N A S e q d at a i n di-
c at e d  t h at Sl M X 1 m o d ul at es  p h e n yl pr o p a n oi d  p at h w a y  b y
a cti v ati n g   m ost  of t h e  r el at e d  bi os y nt h eti c  g e n es.   T h e   R N A
S e q  d at a i n di c at e d t h at Sl M X 1 m o d ul at es  p h e n yl pr o p a n oi d
p at h w a y  b y  a cti v ati n g   m ost  of  t h e  r el at e d  bi os y nt h eti c
g e n es ( Fi g ur e 9 ( a, b)).   T his   m o d ul ati o n st arts fr o m t h e sti m u-
l ati o n of pri m ar y g e n es r es p o nsi bl e f or g e n er al p h e n yl pr o p a-
n oi ds  s y nt h esis,  i n cl u di n g  P A L,   C 4 H,  a n d  4 C L,  t h e n  t his
alt er ati o n  e xt e n ds  t o  a cti v at e  t h e  e x pr essi o n  l e v els  of  s u b-
s e q u e nt  g e n es  i n fl a v o n oi ds  p at h w a y,  s u c h  as   C H S,   C HI,
F 3 H,  F 3 ′5 ′H,  F L S,  a n d   D F R  u ntil  t his   m o d ul ati o n  e n ds
wit h i n d u ci n g a nt h o c y a ni n  bi os y nt h eti c g e n es ‘A N S ’ (Fi g ur e
8 ).   M o d ul ati o n  of  p h e n yl pr o p a n oi d  p at h w a y  i n   R N A  S e q
d at a  h as  b e e n  v ali d at e d  t hr o u g h  t h e  r es ults  of  tr a ns cri pt
a n al ysis,   w hi c h i n di c at es t h at Sl M X 1 r e g ul at es t h e e x pr essi o n
of   G T,  P A L,  4 C L,   C H S,   C HI,  F 3 H,   D F R,  a n d   A N S  g e n es i n
t o m at o  (Fi g ur e  8 (f)).   T h e  alt er ati o n i n  t h e  e x pr essi o n l e v el
of  p h e n yl pr o p a n oi d  bi os y nt h eti c  g e n es  is  c orr el at e d   wit h
alt er ati o n  i n  t h e  s y nt h esis  of  p h e n oli c  a ci ds, fl a v o n oi ds,
a n d  a nt h o c y a ni n  c o m p o u n ds ( Fi g ur es  8 a n d 9 ).

R ol e  of  Sl M X 1 i n f u n g al r e si st a n c e

T h e  r es ults  of  pr es e nt  st u d y  str o n gl y  c o n fi r m  t h e  p ositi v e
r ol e  of Sl M X 1 e x pr essi o n  i n  f u n g al  r esist a n c e. Sl M X 1 O E
fr uits s h o w e d   m or e r esist a n c e t o t h e  n e cr otr o p hi c  p at h o g e n
B. ci n er e a ,   w h er e as   R N Ai fr uits s h o w e d a si g nifi c a nt i n cr e as e
i n t h e l esi o n ar e a c a us e d b y t his f u n g us c o m p ar e d t o t h os e i n
W T fr uits ( Fi g ur e  1 0 ( a)).   A d diti o n all y, t h e r es ults  of  q u a nti-
t ati v e  P C R   wit h   D N A  e xtr a ct e d fr o m i nf e ct e d t o m at o fr uits
c o n fi r m e d  a  si g nifi c a nt  i n cr e as e  i n B.  ci n er e a gr o wt h  r at e
o n   R N Ai  fr uits  t h a n  o n   W T  fr uits,   w h er e as  a  si g ni fi c a nt
r e d u cti o n  i n  f u n g us  gr o wt h  r at e  o n Sl M X 1 O E  fr uit  c o m-
p ar e d  t o   W T  fr uit  ( Fi g ur e  1 0 ( b)).   T h es e  r es ults  c a n  b e
e x pl ai n e d  b as e d  o n t h e  p ositi v e  c orr el ati o n  b et w e e n Sl M X 1

o v er e x pr essi o n  a n d  t h e  i n cr e as e d  a nt h o c y a ni ns  a c c u m u-
l ati o n  a n d  c uti c ul ar   w a x  bi os y nt h esis i n t o m at o fr uits.

I n g e n er al, a g o o d b al a n c e b et w e e n b ot h pri m ar y a n d s e c-
o n d ar y   m et a b olit e  s y nt h esis  pr o vi d es  a  b ett er  pl a nt  gr o wt h
a n d  d e v el o p m e nt  as   w ell  as  f or  a d a pt ati o n  t o  a d v ers e
e n vir o n m e nt al  c o n diti o ns  ( E w as  et  al. 2 0 1 6 ;  E w as,   G a o,
et  al. 2 0 1 7 ;  E w as,   K h a m es,  et  al. 2 0 1 7 ;  S h a h z a d,  E w as,  et  al.
2 0 2 1 ).   T h e  eff e ct  of  c uti c ul ar   w a x  bi os y nt h esis  o n  pl a nt
or g a ns  si z e  h as  b e e n  r e p ort e d  pr e vi o usl y  ( S hi  et  al. 2 0 1 1 ;
Nits c h et  al. 2 0 1 2 ). It c a n  b e s u m m ari z e d t h at t h e i n d u cti o n
of Sl M X 1 r es ults i n  a  si g nifi c a nt i n cr e as e i n   w a x  a n d  c uti n
a c c u m ul ati o n,  h e n c e  t his  i n cr e as e  i n   w a x  a n d  c uti n  d e p o-
siti o n  r e q uir es  a n  i n cr e as e  i n  b ot h  t h e  c ell  e x p a nsi o n  a n d
c ell  si z e,   w hi c h  pr o m ot e d  a  si g ni fi c a nt  e n h a n c e m e nt  i n
fr uit  si z e, fr uit   w ei g ht,  a n d  c o ns e q u e ntl y  a   m ar k e d i n cr e as e
i n t o m at o  yi el d.

I n t h e Ar a bi d o psis t h ali a n a g e n o m e s e q u e n c e, At M Y B 1 6
a n d At M Y B 1 0 6 g e n es  ar e  hi g hl y  si mil ar  t o Sl M X 1 ( E w as
et al. 2 0 1 6 ). At M Y B 1 6 a n d At M Y B 1 0 6 h a v e  b e e n  r e p ort e d
t o  r e g ul at e  c uti cl e  d e v el o p m e nt  t hr o u g h  t h e  i n d u cti o n  of
S H N 1 a n d   WI N 1,   w hi c h  pr o m ot e c uti n a n d   w a x f or m ati o n,
r es p e cti v el y  ( Os hi m a  et  al. 2 0 1 3 ;  E w as  et  al. 2 0 1 6 ).   O ur
r es ults  i n di c at e d  t h at   WI N 1  a n d  S HI N 2  tr a ns cri pts  h a v e
b e e n  i n d u c e d  i n Sl M X 1 o v er e x pr essi o n  a n d  r e pr ess e d  i n
Sl M X 1- sil e n c e d  li n es.   T his  r e g ul ati o n  l e d  t o  i n cr e as e d   w a x
a n d  c uti n i n Sl M X 1 O E fr uit.  Pr e vi o us  r e p orts  s h o w e d t h at
w a x a n d c uti n a ff e cts pl a nt d e v el o p m e nt es p e ci all y e pi d er m al
c ell  s h a p e,  c ell  el o n g ati o n,  a n d  c ell  si z e ( S hi  et  al. 2 0 1 1 ;   C ai
et  al. 2 0 1 7 ).   T h e  si g nifi c a nt  r ol e  of  S H N  cl a d e   m e m b ers i n
r e g ul ati n g t h e  bi os y nt h esis of c uti c ul ar li pi ds f or s urf a c e f or-
m ati o n  h as  als o  b e e n r e p ort e d ( S hi  et  al. 2 0 1 1 ).   T his  alt er a-
ti o n  i n  t h e  c ell  str u ct ur e  a n d  c o m p ositi o n  h as  b e e n
a c c o m p a ni e d  b y  a  c h a n g e i n  t h e  c ell  s h a p e  a n d  el o n g ati o n
of t h e  c ells ( S hi  et  al. 2 0 1 1 ).

D e cr e as e  or  i n cr e as e  i n   A B A  c o n c e ntr ati o n  t hr o u g h
i n d u cti o n  or  r e d u cti o n  of Sl M X 1 ,  r es p e cti v el y,  c a n  alt er
c uti c ul ar   w a x  bi os y nt h esis  a n d  h e n c e  a ff e ct  fr uit  t ol er a n c e
t o  bi oti c  a n d  a bi oti c str ess es.

It h as b e e n cl e arl y pr o v e n t h at t h e i n cr e as e d a c c u m ul ati o n
of  c uti n,   w a x  ( B e m er  et  al. 2 0 1 2 ), fl a v o n oi ds  ( Z h a n g  et  al.
2 0 1 5 ),  a n d  a nt h o c y a ni n  ( Z h a n g  et  al. 2 0 1 3 )  c o m p o u n ds i n
t h e  p e el  of  t o m at o  fr uits l e d  t o  a  r el ati v e  d el a y i n  ri p e ni n g
a n d  r e d u c e d  p ost- h ar v est  s oft e ni n g  a n d  t h us  pr ol o n gi n g
t h e  s h elf-lif e.   T h e  a c c u m ul ati o n  of  c uti n,   w a x, fl a v o n oi ds,
a n d  a nt h o c y a ni n  i n  t h e  t hi c k  s ki n  of Sl M X 1 O E  t o m at o
e xt e n ds  t h e  fr uit  s h elf-lif e  c o m p ar e d  t o   W T  t o m at o  h as
b e e n  s h o w e d.  I n  c o ntr ast, Sl M X 1 R N Ai  t o m at o   wit h  t hi n
s ki n  a n d  l ess  a c c u m ul ati o n  of  c uti n,   w a x, fl a v o n oi ds,  a n d
a nt h o c y a ni n  h a d  a  s h ort lif e  c o m p ar e d t o   W T fr uit ( Fi g ur e
5 ; Fi g ur e  7 ; Fi g ur e  8 ; T a bl e  5 ).  F urt h er m or e,  t h e  c urr e nt

T a bl e  5. C uti n   m o n o m er  a ci d  c o m p ositi o n i n Sl M X 1 O E,  R N Ai,  a n d   W T t o m at o fr uits.

C uti n   m o n o m er  a ci d  c o m p ositi o n   W T O E 2 O E 5 O E 1 1 R N Ai 2 R N Ai 7

H e x a d e c a n oi c  a ci d 2. 5 2  ± 1. 2 4. 1  ± 1. 8  4. 4 2  ± 1. 2 2  3. 9 8  ± 0. 8 9  1. 8 2  ± 0. 6 2  1. 2 7  ± 0. 4 7
1 6- O H  h e x a d e c a n oi c 3 2  ± 1. 1 5 6  ± 2 6 0. 2  ± 2. 4 3  5 3. 5 1  ± 2. 5 4  1 7  ± 0. 8 7  2 1  ± 0. 8 2
9( 1 0), 1 6- di O H  h e x a d e c a n oi c a  1 0 0 6. 2  ± 1 6  1 8 8 2. 2  ± 2 1. 2 1  1 7 9 9. 9  ± 2 0. 0 3  1 8 1 0. 2 1  ± 2 0. 3 3  5 0 2. 4  ± 1 1  5 0 1  ± 1 2. 3
H e x a d e c a n e- 1, 1 6- di oi c 1 1. 7  ± 4. 2  2 3. 3  ± 3. 6 2 2  ± 4. 5 3  2 4. 0 5  ± 3. 3 5  6. 2 2  ± 0. 3 6  5. 4 8  ± 0. 6 5
O ct a d e c a n oi c  a ci d 2. 6  ± 1. 0 2  4. 1 1  ± 1. 2 4. 8  ± 1. 2 2  5. 1 3  ± 1. 3 4  1. 6 2  ± 0. 4  1. 2 3  ± 0. 2 4
1 8- O H  o ct a d e c a n oi c 9 4  ± 2. 5  1 8 6. 6 2  ± 1 1. 3  1 8 2. 2 3  ± 1 0. 0 4  1 9 6  ± 1 1. 2  4 1. 1  ± 1. 3 4  4 3  ± 1. 3 2
9, 1 8- di O H  o ct a d e c a n oi c 1 8. 2  ± 0. 9 9  3 7. 6 1  ± 2. 7  3 6. 6  ± 3. 1  3 7. 9 2  ± 2. 2 3  8. 6 7  ± 0. 4 2  9. 4 3  ± 0. 9 1
9, 1 0, 1 8-tri O H  o ct a d e c a n oi c 3. 8  ± 0. 8 1  5. 5 2  ± 0. 7 7  4. 8 2  ± . 7 8  5. 8 3  ± 1. 2  1. 7 2  ± 0. 1 1  1. 8 2  ± 0. 2 3
9, 1 0, 1 8-tri O H  o ct a d e c e n oi c b 3. 2  ± 0. 5  6. 0 6  ± 1. 4  5. 0 9  ± 1. 1  6. 3 2  ± 0. 9 1  1. 4 2  ± 0. 4 1  1. 5 2  ± 0. 4 5
p - C o u m ari c  a ci d 2. 2  ± 0. 3 2  4. 0 6  ± 0. 6 7  4. 9 5  ± 0. 7 2  4. 8 9  ± 0. 8 2  1. 3 2  ± 0. 4 3  0. 9 3  ± 0. 0 4 1
m - C o u m ari c  a ci d 3 2. 1  ± 1. 0 3  6 1. 2 3  ± 2. 7  6 3. 0 2  ± 4  6 0. 9 3  ± 3. 4  1 5. 6 1  ± 2. 6  1 6. 2 4  ± 3. 2
T ot al i d e nti fi e d 1 1 7 8. 8 2  ± 1 0. 2 4  2 2 7 0. 8 1  ± 2 3  2 1 8 8. 0 3  ± 2 2  2 2 0 8. 7 7  ± 2 0  5 9 8. 9  ± 6. 2  6 0 2. 9 2  ± 4. 3 2
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st u d y s h o w e d t h at t h e a nt h o c y a ni n- e nri c h e d fr uits of Sl M X 1
O E t o m at o  ar e l ess  s us c e pti bl e t o B.  ci n er e a i nf e cti o n  c o m-
p ar e d t o   W T fr uit ( Fi g ur e  1 0 ( a, b))  a n d t his is  c orr el at e d t o
t h e  hi g h er  a nti o xi d a nt  c a p a cit y  of Sl M X 1 O E  fr uit  ( Fi g ur e
8 ( e)).   C o ntr ar y,  a  r e c e nt  r e p ort  r e v e al e d t h at i n hi biti n g t h e
a nti o xi d a nt  a cti viti es i n cr e as e  t h e B.  ci n er e a i nf e cti o n  ( S h u
et  al. 2 0 2 1 ).

T h e i n cr e as e d   w a x  a n d  c uti n  d e p ositi o n i n t h e t hi c k  p e el
of Sl M X 1 O E t o m at o fr uits  p ositi v el y a ff e cts t h e r e d u cti o n of
w at er l oss a n d t h us pr ol o n gi n g t h e s h elf-lif e of t h e fr uits aft er
h ar v esti n g.   At   m ol e c ul ar l e v el,  o v er e x pr essi o n  of Sl M X 1 T F
s u p pr ess es t h e t w o   m ost i m p ort a nt e n z y m es i n et h yl e n e bi o-
s y nt h esis  p at h w a y,   A C S  ( 1- a mi n o c y cl o pr o p a n e- 1- c ar b o x y-
l at e  s y nt h as e)  a n d   A C O  ( 1- a mi n o c y cl o pr o p a n e- 1-
c ar b o x yl at e  o xi d as e)  ( Y o k ot a ni  et  al. 2 0 0 9 ),   w hi c h  aff e ct
t h e  fr uit’s  s h elf-lif e  of Sl M X 1 O E  t o m at o  pl a nts  ( Fi g ur e  5
( c); Fi g ur e  6 ( a, b)).   B as e d  o n   m ulti- o mi cs  a n al ysis,  t his
st u d y  r e v e al e d  t h e  i nt ers e cti o n  b et w e e n  t hi c k  t o m at o  s ki n
a n d   m o di fi c ati o n  of  p at h w a ys  r el at e d  t o  q u alit y  a n d  yi el d
of t o m at o t hr o u g h r e g ul ati o n  of   T F Sl M X 1 .

P ost- h ar v est  i nf e cti o n   wit h  v ari o us  p at h o g e ns  a n d  fr uit
s oft e ni n g  ar e  t h e   m ost  i m p ort a nt  c h all e n g es  s o  f ar  f a ci n g
b y  t o m at o  pr o d u c ers.  E xt e n di n g  fr uit  s h elf-lif e  is  oft e n  at
t h e  e x p e ns e  of  ar o m a, fl a v or,  a n d  t e xt ur e  as   w ell  as  fr uit
si z e  t hr o u g h  t h e  a d o pt e d  bi ot e c h n ol o gi c al  str at e gi es  ( B al d-
wi n  et  al. 2 0 1 1 ).   T o  o ur  k n o wl e d g e,  t his  st u d y  is  t h e fi rst
r es e ar c h  s h e d di n g  li g ht  o n  t h e  i nt ers e cti o n  b et w e e n  c ell
si z e  a n d str u ct ur e   wit h fr uit ri p e ni n g  a n d s h elf-lif e.

C o n cl u si o n

T h e i m p ort a n c e  of t his st u d y is s u m m ari z e d i n  u n d erst a n d-
i n g  t h e  n e w  i nsi g hts  i nt o  t o m at o  ess e nti al  g e n es  b as e d  o n
i nt e gr at e d   m ulti- o mi cs  a n al ysis.   Tr a ns cri pt o mi c  a n al ysis
ill ustr at e d  t h at Sl M X 1 m o d ul at es  fr uit   m et a b olis m  of  c ell
w alls,  c ar b o h y dr at es,  vit a mi ns,  p h yt o h or m o n es,  p h e n yl pr o-
p a n oi ds,  c ar ot e n oi ds,  a n d  t er p e n es,  as   w ell  as  b o osti n g
t o m at o  yi el d,  q u alit y,  h e alt h- pr o m oti n g c o m p o n e nts, f u n g al
r esist a n c e, a n d e xt e n d e d fr uit s h elf-lif e t hr o u g h r e g ul ati o n of
k e y  str u ct ur al  a n d  r e g ul at or y  g e n es  of  t h e  c orr es p o n di n g
p at h w a ys.   T his  st u d y  p a v es  t h e   w a y  t o w ar d f urt h er t o m at o
i m pr o v e m e nt  a n d  f or  d e ci p h eri n g  t h e   m e c h a nis ms  u n d er-
l yi n g   m yri a d  of  ot h er a gr o n o mi c tr aits t h at c a n  b e i m pr o v e d
wit h Sl M X 1 T F.   T his   w or k  c a n  b e  a  disti n cti v e  str at e g y  t o
i m pr o v e  ot h er  e c o n o mi c all y i m p ort a nt  cr o ps.

A c k n o wl e d g e m e nt s

T h e a ut h ors   w o ul d li k e t o t h a n k Pr of.   Dr Ji e L u o,   Dr Li a n g h u a n   Q u, a n d
Dr   Y a n qi a n   G a o  f or  t h eir  s u g g esti o ns  a n d  t e c h ni c al  s u p p ort  t o  t h e
r es e ar c h  a n d f or  a d vi c e  o n st atisti cs.

F u n di n g

T his   w or k  h as  b e e n  f u n d e d  b y   X u nt a  d e   G ali ci a  t hr o u g h   Cl ust er  of
A gri c ult ur al   R es e ar c h a n d   D e v el o p m e nt   CI T A C A Str at e gi c  P art n ers hi p
[ gr a nt  n u m b er  E D 4 3 1 E  2 0 1 8/ 0 7])  a n d ‘R e d  d e   Us o  S ost e ni bl e  d e l os
R e c urs os   N at ur al es  y   A gr o ali m e nt ari os ’ [ gr a nt  n u m b er  E D 4 3 1 D 2 0 1 7/
1 8];  a n d  b y   M CI N/ A EI/  1 0. 1 3 0 3 9/ 5 0 1 1 0 0 0 1 1 0 3 3  a n d  b y ‘E R D F   A
w a y  of   m a ki n g  E ur o p e ’ b y  t h e ‘E ur o p e a n   U ni o n ’,  [ gr a nt  n u m b er
E Q C 2 0 1 9- 0 0 6 1 7 8- P] t o  P.  P.   G all e g o, a n d als o  b y t h e I nt er n al  F u n di n g
B at c h  II  of   U ni v ersit as  P a dj a dj ar a n  [ gr a nt  n u m b er   R P L K,   N o.  4 8 9 5/
U N 6. 3. 1/ P T. 0 0/ 2 0 2 1] t o  P.   W.   H arli n a).

N ot e s  o n  c o ntri b ut or s

M o h a m e d  E w as w or ks  at   D e p art m e nt  of   G e n eti c   R es o ur c es,   D es ert
R es e ar c h   C e nt er,   C air o,  E g y pt.   His   w or k f o c us es o n   m ol e c ul ar a n d g e n-
eti c   m e c h a nis ms  of str ess t ol er a n c e i n  pl a nts.

P utri   Wi d y a nti   H arli n a is a n assist a nt pr of ess or at   D e p art m e nt of F o o d
T e c h n ol o g y,   U ni v ersit as  P a dj a dj ar a n, I n d o n esi a. S h e f o c us es  o n li pi d o-
mi cs  a n d  a nti o xi d ati o n f u n cti o ns i n f o o ds.

R a h e el  S h a h z a d is a n assist a nt  pr of ess or at   D e p art m e nt  of   Bi ot e c h n ol-
o g y,   U ni v ersit as   M u h a m m a di y a h   B a n d u n g.   His   w or k f o c us es  o n   m ol-
e c ul ar   m e c h a nis ms  of  pl a nt  t ol er a n c e  /  a d a pt ati o ns  t o  v ari o us
e n vir o n m e nt al str ess es.

E m a n   K h a m es w or ks  at   D e p art m e nt  of   Bi o c h e mistr y,  F a c ult y  of  P h ar-
m a c y,   T a nt a   U ni v ersit y,   T a nt a,  E g y pt.

F ar h a n   Ali w or ks  as  a  r es e ar c h er  i n   C er e al   Cr o ps   R es e ar c h  I nstit ut e
( C C RI),   N o ws h er a,  P a kist a n.

Els a y e d   Nis h a w y w or ks  at   D e p art m e nt  of   G e n eti c   R es o ur c es,   D es ert
R es e ar c h   C e nt er,   C air o,  E g y pt.   His   w or k f o c us es o n   m ol e c ul ar a n d g e n-
eti c   m e c h a nis ms  of str ess t ol er a n c e i n  pl a nts.

N a g w a  Els aft y w or ks  at  Pl a nt   G e n eti cs   R es o ur c es   D e p art m e nt,   D es ert
R es e ar c h   C e nt er,   C air o,  E g y pt.

H a m d y   M.  I br a hi m w or ks  at   Tiss u e   C ult ur e   U nit,  Pl a nt   G e n eti cs
R es o ur c es   D e p art m e nt,   D es ert   R es e ar c h   C e nt er,   C air o,  E g y pt.

P e dr o  P.   G all e g o is a f ull  pr of ess or at   D e p art m e nt  of  Pl a nt   Bi ol o g y a n d
S oil  S ci e n c e,  F a c ult y  of   Bi ol o g y,   U ni v ersit y  of   Vi g o,   Vi g o,  S p ai n.   H e
f o c us es  o n  pl a nt  bi ot e c h n ol o g y  a n d  p h ysi ol o g y  of   w o o d y  pl a nts,  p ar-
ti c ul arl y   wit h  e c o n o mi c i m p ort a n c e.

D at a  a v ail a bilit y  st at e m e nt

All t h e  d at a  s u p p orti n g t h e fi n di n gs  of t his  st u d y  ar e  a v ail a bl e   wit hi n
m a n us cri pt  or s u p pl e m e nt ar y fi l e.

R ef er e n c e s

A m b a w at S, S h ar m a  P,   Y a d a v   N R,   Y a d a v   R C. 2 0 1 3 .   M Y B tr a ns cri pti o n
f a ct or  g e n es  as  r e g ul at ors f or  pl a nt  r es p o ns es:  a n  o v er vi e w.  P h ysi ol
M ol   Bi ol  Pl a nts.  1 9: 3 0 7 – 3 2 1.

A p p el h a g e n I,   W ul ff - V est er   A K,   W e n d ell   M,   H v osl ef- Ei d e   A K,   R uss ell
J,   O ert el   A,   M art e ns S,   M o c k   H P,   M arti n   C,   M atr os   A. 2 0 1 8 .   C ol o ur
bi o-f a ct ori es: t o w ar ds s c al e- u p  pr o d u cti o n  of  a nt h o c y a ni ns i n  pl a nt
c ell  c ult ur es.   M et a b  E n g.  4 8: 2 1 8 – 2 3 2.

[ A O A C]   Ass o ci ati o n  of   Offi ci al   A n al yti c al   C h e mists. 2 0 0 3 . Offi ci al
m et h o ds  of  a n al ysis  of  t h e   Ass o ci ati o n  of   O ffi ci al ’s   A n al yti c al
C h e mists.   H elri c h   K,  e dit or.  1 7t h  e d.   Arli n gt o n  ( V A):   Ass o ci ati o n
of   O ffi ci al   A n al yti c al   C h e mists.

B al d wi n  E A,  Pl ott o   A,   N ar cis o J,   B ai J. 2 0 1 1 . Eff e ct  of  1- m et h yl c y cl o-
pr e n e  o n  t o m at o fl a v or  c o m p o n e nts,  s h elf  lif e  a n d  d e c a y  as
i nfl u e n c e d  b y  h ar v est   m at urit y  a n d st or a g e t e m p er at ur e. J  S ci  F o o d
A gri c.  9 1: 9 6 9 – 9 8 0.

B e m er   M,   K arl o v a   R,   B all est er   A R,   Ti k u n o v   Y M,   B o v y   A G,   W olt ers-
Arts   M,   R oss ett o  P d e   B,   A n g e n e nt   G C,  d e   M a a g d   R A. 2 0 1 2 .   T h e
t o m at o  F R UI T F U L L  h o m ol o gs   T D R 4/ F U L 1 a n d   M B P 7/ F U L 2 r e g u-
l at e  et h yl e n e-i n d e p e n d e nt  as p e cts  of  fr uit  ri p e ni n g.  Pl a nt   C ell.
2 4: 4 4 3 7 – 4 4 5 1.

B ut elli  E,   Titt a  L,   Gi or gi o   M,   M ar k   H P,   M atr os   A,  P et er e k  S,  S c hijl e n
E G W M,   H all   R D,   B o v y   A G, L u o J, et al. 2 0 0 8 .  E nri c h m e nt of t o m at o
fr uit   wit h  h e alt h- pr o m oti n g  a nt h o c y a ni ns  b y  e x pr essi o n  of  s el e ct
tr a ns cri pti o n f a ct ors.   N at   Bi ot e c h n ol.  2 6: 1 3 0 1– 1 3 0 8.

C ai S,   C h e n   G,   W a n g   Y,   H u a n g   Y,   M ar c h a nt   B,   W a n g   Y,   Y a n g   Q,   D ai F,
Hills   A, Fr a n ks PJ, et al. 2 0 1 7 .  E v ol uti o n ar y c o ns er v ati o n of   A B A si g-
n ali n g f or st o m at al  cl os ur e i n f er ns.  Pl a nt  P h ysi ol.  1 7 4( 2): 7 3 2 – 7 4 7.

C ar n eir o   A K,   M o nt ess or o  P F,  F us ar o   A F,   Ar a uj o   B G,   H e m erl y   A S.
2 0 2 1 .  Pl a nt   C D Ks- dri vi n g  t h e  c ell  c y cl e  t hr o u g h  cli m at e  c h a n g e.
Pl a nts.  1 0( 9): 1 8 0 4.

C a nt u   D,   Bl a n c o- Ul at e   B,   Y a n g  L,  L a b a vit c h  J M,   B e n n ett   A B,  P o w ell
A L T. 2 0 0 9 .   Ri p e ni n g-r e g ul at e d  s us c e pti bilit y  of  t o m at o  fr uit  t o
B otr ytis  ci n er e a r e q uir es   N O R  b ut  n ot   RI N  or  et h yl e n e.  Pl a nt
P h ysi ol.  1 5 0: 1 4 3 4 – 1 4 4 9.
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C h al vi n   C,   Dr e v e ns e k  S,   Dr o n   M,   B e n d a h m a n e   A,   B o u al e m   A. 2 0 2 0 .
G e n eti c  c o ntr ol  of  gl a n d ul ar  tri c h o m e  d e v el o p m e nt.   Tr e n ds  Pl a nt
S ci.  2 5( 5): 4 7 7 – 4 8 7.

C h a v e z  FJ,   B err y  P M,  F o ul k es   MJ,  S u k u m ar a n  S,   R e y n ols   M P. 2 0 2 0 .
I d e ntif yi n g  q u a ntit ati v e  tr ait  l o ci  f or  l o d gi n g- ass o ci at e d  tr aits  i n
t h e   w h e at  d o u bl e d- h a pl oi d  p o p ul ati o n   A v al o n  ×   C a d e n z a.   Cr o p
S ci.  6 1: 2 3 7 1 – 2 3 8 6.

C h e mi n a nt  S,   Wil d   M,   B o u vi er  F,  P ell eti er  S,   R e n o u  J P,  Er h ar dt   M,
H a y es  S,   T err y   MJ,   G e ns c hi k  P,   A c h ar d  P. 2 0 1 1 .   D E L L As  r e g ul at e
c hl or o p h yll  a n d  c ar ot e n oi d  bi os y nt h esis  t o  pr e v e nt  p h ot o o xi d ati v e
d a m a g e  d uri n g  s e e dli n g  d e eti ol ati o n  i n   Ar a bi d o psis.  Pl a nt   C ell.
2 3: 1 8 4 9 – 1 8 6 0.

C h e ni cl et   C,   R o n g   W Y,   C a uss e   M,  Fr a n g n e   N,   B olli n g  L,   C ar d e  J P,
R e n a u di n  J P. 2 0 0 5 .   C ell  e x p a nsi o n  a n d  e n d or e d u pli c ati o n  s h o w  a
l ar g e  g e n eti c  v ari a bilit y  i n  p eri c ar p  a n d  c o ntri b ut e  str o n gl y  t o
t o m at o fr uit  gr o wt h.  Pl a nt  P h ysi ol.  1 3 9: 1 9 8 4– 1 9 9 4.

C ol a n er o  S,   T a gli a ni   A,  Pi er d o m e ni c o  P,   G o n z ali  S. 2 0 1 9 .   Alt er n ati v e
s pli ci n g i n t h e a nt h o c y a ni n fr uit g e n e e n c o di n g a n   R 2 R 3   M Y B tr a n-
s cri pti o n  f a ct or  aff e cts  a nt h o c y a ni n  bi os y nt h esis  i n  t o m at o  fr uits.
Pl a nt   C o m m u n.  1: 1 0 0 0 0 6.

C o n es a   A,   G öt z S,   G ar cí a- G ó m e z J M,   T er ol J,   T al ó n   M,   R o bl es   M. 2 0 0 5 .
Bl ast 2 G O: a  u ni v ers al t o ol f or a n n ot ati o n, vis u ali z ati o n a n d a n al ysis
i n f u n cti o n al  g e n o mi cs r es e ar c h.   Bi oi nf or m ati cs.  2 1: 3 6 7 4– 3 6 7 6.

C z er e d ni k   A,   B uss c h er   M,   A n g e n e nt   G C,  d e   M a a g d   R A. 2 0 1 5 .   T h e c ell
si z e distri b uti o n of t o m at o fr uit c a n b e c h a n g e d b y o v er e x pr essi o n of
C D K A 1.  Pl a nt   Bi ot e c h n ol J.  1 3( 2): 2 5 9 – 2 6 8.

D att a  S,  Si n h a   B K,   B h att a c h arj e e  S,  S e al   T. 2 0 1 9 .   N utriti o n al  c o m p o-
siti o n,   mi n er al  c o nt e nt,  a nti o xi d a nt  a cti vit y  a n d  q u a ntit ati v e  esti-
m ati o n  of   w at er  s ol u bl e  vit a mi ns  a n d  p h e n oli cs  b y   R P- H P L C  i n
s o m e l ess er  us e d   wil d  e di bl e  pl a nts.   H eli y o n.  5( 3): e 0 1 4 3 1.

D e n g   Y, L u S. 2 0 1 7 .   Bi os y nt h esis a n d r e g ul ati o n of p h e n yl pr o p a n oi ds i n
pl a nts.   Crit   R e v  Pl a nt  S ci.  3 6: 2 5 7 – 2 9 0.

D u   H,  F e n g   B R,   Y a n g  S S,   H u a n g   Y B,   T a n g   Y X. 2 0 1 2 .   T h e   R 2 R 3- M Y B
tr a ns cri pti o n f a ct or  g e n e f a mil y i n   m ai z e.  P L o S   O n e.  7: e 3 7 4 6 3.

D ur g b a ns hi   A,   Ar b o n a   V,  P o z o   O,   Mi ers c h   O,  S a n c h o  J V,   G ó m e z-
C a d e n as   A. 2 0 0 5 . Si m ult a n e o us d et er mi n ati o n of   m ulti pl e p h yt o h or-
m o n es i n  pl a nt e xtr a cts  b y li q ui d c hr o m at o gr a p h y – el e ctr os pr a y t a n-
d e m   m ass s p e ctr o m etr y. J   A gri c  F o o d   C h e m.  5 3: 8 4 3 7 – 8 4 4 2.

E w as   M,   G a o   Y,   Ali  F,   Nis h a w y  E M,  S h a h z a d   R,  S u bt h ai n   H,   A m ar   M,
M arti n   C,  Ji e  L. 2 0 1 7 .   R N A-s e q  r e v e als   m e c h a nis ms  of Sl M X 1 f or
e n h a n c e d c ar ot e n oi ds a n d t er p e n oi ds a c c u m ul ati o n al o n g   wit h str ess
r esist a n c e i n t o m at o.  S ci   B ull.  6 2: 4 7 6 – 4 8 5.

E w as   M,   G a o   Y,   W a n g S, Li u   X,   Z h a n g   H,   Nis h a w y E M E,   Ali F, S h a h z a d
R,   Zi af   K, S u bt h ai n   H, et al. 2 0 1 6 .   M a ni p ul ati o n of t o m at o Sl M Xl f or
e n h a n c e d  c ar ot e n oi ds  a c c u m ul ati o n  a n d  dr o u g ht  r esist a n c e  i n
t o m at o.  S ci   B ull.  6 1: 1 4 1 3– 1 4 1 8.

E w as   M,   K h a m es  E,   Zi af   K,  S h a h z a d   R,   Nis h a w y  E,   Ali  F,  S u bt h ai n   H,
A m ar   M H,   A y a a d   M,   G h al y   O,  et  al. 2 0 1 7 .   T h e t o m at o   D O F  d ail y
fl u ct u ati o ns  1,   T D D F 1  a cts  as fl o w eri n g a c c el er at or  a n d  pr ot e ct or
a g ai nst  v ari o us str ess es.  S ci   R e p.  7: 1 0 2 9 9.

G all e g o  P P,   Z arr a I. 1 9 9 8 .   C ell   w all  a ut ol ysis  d uri n g  ki wifr uit  d e v el o p-
m e nt.   A n n   B ot.  8 1: 9 1 – 9 6.

G a n L, S o n g   M,   W a n g   X,   Y a n g   N, Li   H, Li u   X, Li   Y. 2 0 2 2 .   C yt o ki ni ns ar e
i n v ol v e d  i n  r e g ul ati o n  of  t o m at o  p eri c ar p  t hi c k n ess  a n d  fr uit  si z e.
H orti c   R es.  9: u h a b 0 4 1.

G ar cí a- P ér e z  P,   B arr e al   M E,   R oj o- D e   Di os  L,   C a m es ell e- T eij eir o  J F,
G all e g o  P P. 2 0 1 9 .   Bi o a cti v e  n at ur al  pr o d u cts  fr o m  t h e  g e n us
K al a n c h o e  as  c a n c er  c h e m o pr e v e nti v e  a g e nts:  a  r e vi e w.  I n:
R a h m a n   A,  e dit or.  St u di es  i n  n at ur al  pr o d u cts  c h e mistr y,  v ol.  6 1.
A mst er d a m:  Els e vi er;  p.  4 9 – 8 4.   D OI: 1 0. 1 0 1 6/ B 9 7 8- 0- 4 4 4- 6 4 1 8 3- 0.
0 0 0 0 2- 6 .

G ar cí a- P ér e z  P,   G all e g o  P P. 2 0 2 2 .  Pl a nt  p h e n oli cs  as  di et ar y  a nti o xi-
d a nts:  i nsi g hts  o n  t h eir  bi os y nt h esis,  s o ur c es,  h e alt h- pr o m oti n g
e ff e cts,  s ust ai n a bl e  pr o d u cti o n,  a n d  e ff e cts  o n  li pi d  o xi d ati o n.  I n:
Br a v o- Di a z   C, e dit or. Li pi d o xi d ati o n i n f o o d a n d bi ol o gi c al s yst e ms.
C h a m:  S pri n g er;  p.  4 0 5 – 4 2 6.   D OI: 1 0. 1 0 0 7/ 9 7 8- 3- 0 3 0- 8 7 2 2 2- 9 _ 1 8 .

G ar cí a- P ér e z  P,  L os a d a- B arr eir o  S,   Br a v o- Dí a z   C,   G all e g o  P P. 2 0 2 0 .
E x pl ori n g  t h e  us e  of   Br y o p h yll u m  as  n at ur al  s o ur c e  of  bi o a cti v e
c o m p o u n ds   wit h  a nti o xi d a nt  a cti vit y  t o  pr e v e nt li pi d  o xi d ati o n  of
fi s h  oil-i n- w at er  e m ulsi o ns.  Pl a nts.  9: 1 0 1 2.

G ar cí a- P ér e z  P,  L o z a n o- Mil o  E,   G all e g o  P P,   T oj o   C,  L os a d a- B arr eir o S,
Br a v o- Dí a z   C. 2 0 1 8 .  Pl a nt a nti o xi d a nts i n f o o d e m ulsi o ns. I n:   Mil a ni
J,  e dit or.  S o m e  n e w  as p e cts  of  c oll oi d al  s yst e ms  i n  f o o ds.   Rij e k a:
I nt e c h O p e n;  p.  1 1– 2 9.   D OI: 1 0. 5 7 7 2/i nt e c h o p e n. 7 9 5 9 2 .

G e b e y e   A H. 2 0 1 8 . S h elf lif e a n d q u alit y of t o m at o (L yc o p ersic o n esc ul e n-
t u m Mill.) fr uits as a ff e ct e d b y  di ff er e nt p a c k a gi n g   m at eri als.   Afri c a n
J  F o o d  S ci.  1 2( 2): 2 1– 2 7.

G u o   M,  Si m m o ns   C R. 2 0 1 1 .   C ell  n u m b er c o u nts – t h e f w 2. 2 a n d   C N R
g e n es  a n d  i m pli c ati o ns  f or  c o ntr olli n g  pl a nt  fr uit  a n d  or g a n  si z e.
Pl a nt  S ci.  1 8 1: 1 – 7.

H o v a v   R,   C h e h a n o vs k y   N,   M o y   M,  J ett er   R,  S c h a ff er   A A. 2 0 0 7 .   T h e
i d e ntifi c ati o n  of a  g e n e ( C w p 1), sil e n c e d  d uri n g s ol a n u m  e v ol uti o n,
w hi c h c a us es c uti cl e   mi cr o fi ss uri n g a n d d e h y dr ati o n   w h e n e x pr ess e d
i n t o m at o fr uit.  Pl a nt J.  5 2: 6 2 7– 6 3 9.

H u   H, S c h e b e n   A,  E d w ar ds   D. 2 0 1 8 .   A d v a n c es i n i nt e gr ati n g g e n o mi cs
a n d  bi oi nf or m ati cs i n t h e  pl a nt  br e e di n g  pi p eli n e.   A gri c ult ur e.  8: 7 5.

Is a   H M,   M a n g a   A A,   H uss ai ni   M A. 2 0 1 7 . C orr el ati o n a n d c o ntri b uti o n
of  s o m e  gr o wt h  a n d  yi el d  c o m p o n e nts  t o  fr uit  yi el d  of  t o m at o
(S ol a n u m l yc o p ersic u m L.). J   Dr yl a n d   A gri.  3( 1): 9 4 – 9 8.

I w as e   A,   M ats ui   K,   O h m e- T a k a gi   M. 2 0 0 9 .   M a ni p ul ati o n of pl a nt   m et a-
b oli c  p at h w a ys  b y tr a ns cri pti o n f a ct ors.  Pl a nt   Bi ot e c h.  2 6( 1): 2 9 – 3 8.

Ji a n   W,   C a o   H,   Y u a n S, Li u   Y, L u J, L u   W, Li   N,   W a n g J,   Z o u J,   T a n g   N,
X u   C. 2 0 1 9 . Sl M Y B 7 5 ,  a n   M Y B-t y p e tr a ns cri pti o n f a ct or,  pr o m ot es
a nt h o c y a ni n  a c c u m ul ati o n  a n d  e n h a n c es  v ol atil e  ar o m a  pr o d u cti o n
i n t o m at o fr uits.   H orti c   R es.  6: 2 2.

Ji a n   W,   Z h e n g   Y X,   Y u   T T,   C a o   H H,   C h e n   Y,   C ui   Q Y,   X u   C,  Li   Z G.
2 0 2 1 .  Sl N A C 6,   A   N A C tr a ns cri pti o n f a ct or, is i n v ol v e d i n  dr o u g ht
str ess  r es p o ns e  a n d  r e pr o d u cti v e  pr o c ess  i n  t o m at o.  J  Pl a nt
P h ysi ol.  2 6 4: 1 5 3 4 8 3.

L ar a I,   H er e di a   A,   D o mi n g u e z  E. 2 0 1 9 .  S h elf lif e  p ot e nti al a n d t h e fr uit
c uti cl e: t h e  u n e x p e ct e d  pl a y er.  Fr o nt  Pl a nt  S ci.  1 0: 7 7 0.

Li   R,  S u n  S,   W a n g   H,   W a n g   K,   Y u   H,   Z h o u   Z,   Xi n  P,   C h u J,   Z h a o   T,
W a n g   H,  et  al. 2 0 2 0 .  FI S 1  e n c o d es  a   G A 2- o xi d as e  t h at  r e g ul at es
fr uit fi r m n ess i n t o m at o.   N at   C o m m u n.  1 1: 5 8 4 4.

Li u   D D,   Z h o u  LJ,  F a n g   MJ,   D o n g   Q L,   A n   X H,   Y o u   C X,   H a o   YJ. 2 0 1 6 .
P ol y c o m b- gr o u p  pr ot ei n  Sl M SI 1  r e pr ess es  t h e  e x pr essi o n  of  fr uit-
ri p e ni n g  g e n es t o  pr ol o n g s h elf lif e i n t o m at o.  S ci   R e p.  6: 3 1 8 0 6.

Li u   Y,   Ti k u n o v   Y,  S c h o ut e n   R E,   M ar c elis  L F M,   Viss er   R G F,   B o v y   A.
2 0 1 8 .   A nt h o c y a ni n  bi os y nt h esis  a n d  d e gr a d ati o n   m e c h a nis ms  i n
s ol a n a c e o us  v e g et a bl es:  a r e vi e w.  Fr o nt   C h e m.  6: 5 2.

Li v a k   KJ,  S c h mitt g e n   T D. 2 0 0 1 .   A n al ysis  of  r el ati v e  g e n e  e x pr essi o n
d at a  usi n g  r e al-ti m e  q u a ntit ati v e  P C R  a n d t h e  2(- d elt a  d elt a   C( T))
m et h o d.   M et h o ds.  2 5: 4 0 2 – 4 0 8.

L o z a n o- Mil o  E,   G ar cí a- P ér e z  P,   G all e g o  P P. 2 0 2 0 .   N arr ati v e r e vi e w  of
pr o d u cti o n  of  a nti o xi d a nts  a n d  a nti c a n c er  c o m p o u n ds  fr o m
Br y o p h yll u m s p p.  ( K al a n c h o e)  usi n g  pl a nt  c ell  tiss u e  c ult ur e.
L o n g h u a   C hi n   M e d.  3: 1 8.

M eli   V S,   G h os h  S,  Pr a b h a   T N,   C h a kr a b ort y   N,   D att a   A. 2 0 1 0 .
E n h a n c e m e nt  of fr uit s h elf lif e  b y  s u p pr essi n g   N- gl y c a n  pr o c essi n g
e n z y m es.  Pr o c   N atl   A c a d  S ci   U S A.  1 0 7: 2 4 1 3 – 2 4 1 8.

Nits c h  L,   K o hl e n   W,   O pl a at   C,   C h ar ni k h o v a   T,   Crist es c u S,   Mi c hi eli  P,
W olt ers- Arts   M,   B o u w m e est er   H,   M ari a ni   C,   Vri e z e n   W H,   Ri e u I.
2 0 1 2 .   A B A- d efi ci e n c y  r es ults  i n  r e d u c e d  pl a nt  a n d  fr uit  si z e  i n
t o m at o. J  Pl a nt  P h ysi ol.  1 6 9: 8 7 8– 8 8 3.

O g at a   H,   G ot o  S,  F uji b u c hi   W,   K a n e his a   M. 1 9 9 8 .   C o m p ut ati o n   wit h
t h e   K E G G  p at h w a y  d at a b as e.   Bi os yst e ms.  4 7: 1 1 9– 1 2 8.

Os hi m a   Y,  S hi k at a   M,   K o y a m a   T,   O hts u b o   N,   Mits u d a   N,   O h m e-
T a k a gi   M. 2 0 1 3 .   MI X T A-li k e  tr a ns cri pti o n  f a ct ors  a n d   W A X
I N D U C E R 1/ S HI N E 1  c o or di n at el y  r e g ul at e  c uti cl e  d e v el o p m e nt  i n
Ar a bi d o psis  a n d   T or e ni a f o ur ni eri.  Pl a nt   C ell.  2 5: 1 6 0 9 – 1 6 2 4.

Os ori o  S,   C ar n eir o   R T,  L yt o v c h e n k o   A,   M c Q ui n n   R,  S or e ns e n  I,
V all ari n o  J G,   Gi o v a n n o ni  JJ,  F er ni e   A R,   R os e  J K C. 2 0 2 0 .   G e n eti c
a n d   m et a b oli c  e ff e cts  of  ri p e ni n g   m ut ati o ns  a n d  vi n e  d et a c h m e nt
o n t o m at o fr uit  q u alit y.  Pl a nt   Bi ot e c h n ol J.  1 8( 1): 1 0 6 – 1 1 8.

P a n d e y   A,   Misr a  P,   C h o u d h ar y   D,   Y a d a v   R,   G o el   R,   B h a m b h a ni  S,
S a n y al   R,   Tri v e di   R,   Tri v e di  P K. 2 0 1 5 .   At M Y B 1 2  e x pr essi o n  i n
t o m at o l e a ds t o l ar g e s c al e  diff er e nti al   m o d ul ati o n i n tr a ns cri pt o m e
a n d fl a v o n oi d  c o nt e nt i n l e af  a n d fr uit tiss u es.  S ci   R e p.  5: 1 2 4 1 2.

R aj a   V,   W a ni   U M,   W a ni   Z A, J a n   N,   K ott a k ot a   C,   R e d d y   M K,   K a ul   T,
J o h n   R. 2 0 2 1 .  P yr a mi di n g  as c or b at e– gl ut at hi o n e  p at h w a y  i n
L yc o p ersic u m  esc ul e nt u m c o nf ers  t ol er a n c e  t o  dr o u g ht  a n d  s ali nit y
str ess.  Pl a nt   C ell   R e p.  4 1: 6 1 9 – 6 3 7.

R o m er o  P,   R os e J K C. 2 0 1 9 .   A r el ati o ns hi p b et w e e n t o m at o fr uit s oft e n-
i n g,  c uti cl e  pr o p erti es  a n d   w at er  a v ail a bilit y.  F o o d   C h e m.  2 9 5: 3 0 0–
3 1 0.

R e n a u- M or at a   B,   M oli n a   R V,   C arrill o  L,   C e b oll a- C or n ej o  J,  S a n c h e z-
P er al es   M,  P oll m a n n  S,   D o mi n g u e z- Fi g u er o a J,   C or al es   A R,  Fl e x as
J,   Vi n c e nt e- C ar b aj os a  J,  et  al. 2 0 1 7 .  E ct o pi c  e x pr essi o n  of   C D F 3
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g e n es i n t o m at o  e n h a n c es  bi o m ass  pr o d u cti o n  a n d  yi el d  u n d er s al-
i nit y str ess  c o n diti o ns.  Fr o nt  Pl a nt  S ci.  8: 6 6 0.

S h a h z a d   R,  E w as   M,   H arli n a  P W,   K h a n  S U,   Z h e n y u a n  P,   Ni e   X,
Nis h a w y  E. 2 0 2 1 . β - Sit ost er ol  diff er e nti all y r e g ul at es k e y   m et a b olit es
f or  gr o wt h i m pr o v e m e nt  a n d  str ess t ol er a n c e i n  ri c e  pl a nts  d uri n g
pr ol o n g e d   U V- B str ess. J   G e n et  E n g   Bi ot e c h n ol.  1 9: 7 9.

S h a h z a d   R,   H arli n a P W,  E w as   M,   Z h e n y u a n P,   Ni e   X,   G all e g o P P,   K h a n
S U,   Nis h a w y  E,   K h a n   A M, Ji a   H. 2 0 2 1 .  F oli ar  a p pli e d  2 4- e pi br assi-
n oli d e  all e vi at es  s alt  str ess i n  ri c e  ( Or y z a  s ati v a L.)  b y  s u p pr essi o n
of   A B A  l e v els  a n d  u pr e g ul ati o n  of  s e c o n d ar y   m et a b olit es.  J  Pl a nt
I nt er a ct.  1 6: 5 3 3– 5 4 9.

S h ar m a   A, S h a h z a d   B,   R e h m a n   A,   B h ar d w aj   R, L a n di   M,   Z h e n g  B. 2 0 1 9 .
R es p o ns e  of  p h e n yl pr o p a n oi d  p at h w a y  a n d t h e r ol e  of  p ol y p h e n ols
i n  pl a nts  u n d er  a bi oti c str ess.   M ol e c ul es.  2 4: 2 4 5 2.

S hi  J X,   M alits k y  S,   Oli v eir a  S D,   Br a ni g a n   C,  Fr a n k e   R,  S c hr ei b er  L,
A h ar o ni   A. 2 0 1 1 .  S HI N E  tr a ns cri pti o n  f a ct ors  a ct  r e d u n d a ntl y  t o
p att er n  t h e  ar c h et y p al  s urf a c e  of   Ar a bi d o psis fl o w er  or g a ns.  P L o S
G e n et.  7: e 1 0 0 1 3 8 8.

S h o e v a   O Y,   M o c k   H P,   K u k o e v a   T V,   B ör n er   A,   K hl est ki n a  E K. 2 0 1 6 .
R e g ul ati o n  of  t h e fl a v o n oi d  bi os y nt h esis  p at h w a y  g e n es  i n
p ur pl e  a n d  bl a c k  gr ai ns  of H or d e u m  v ul g ar e .  P L o S   O N E.  1 1:
e 0 1 6 3 7 8 2.

S h u  P,   Z h a n g  S,  Li   Y,   W a n g   X,   Y a o  L,  S h e n g  J,  S h e n  L. 2 0 2 1 .   O v er-
e x pr essi o n  of  Sl W R K Y 4 6  i n  t o m at o  pl a nts  i n cr e as es  s us c e pti bilit y
t o   B otr ytis  ci n er e a  b y   m o d ul ati n g   R O S  h o m e ost asis  a n d  S A  a n d J A
si g n ali n g  p at h w a ys.  Pl a nt  P h ysi ol   Bi o c h e m.  1 6 6: 1 – 9.

St ef a n at o F L,   A b o u- M a ns o ur  E,   B u c h al a   A,   Kr ets c h m er   M,   M os b a c h   A,
H a h n   M,   B o c h et   C G,   M etr a u x J P,  S c h o o n b e e k   HJ. 2 0 0 9 .   T h e   A B C
tr a ns p ort er   B c atr B  fr o m   B otr ytis  ci n er e a  e x p orts  c a m al e xi n  a n d  is
a  vir ul e n c e f a ct or  o n Ar a bi d o psis t h ali a n a .  Pl a nt J.  5 8: 4 9 9– 5 1 0.

V a n  d er   K n a a p  E,   C h a kr a b arti   M,   C h u   Y H,   Cl e v e n g er  J P,  Ill a-
B er e n g u er  E,   H u a n g   Z,   K e y h a ni n ej a d   N,   M u   Q,  S u n  L,   W a n g   Y,
W u  S. 2 0 1 4 .   W h at li es  b e y o n d  t h e  e y e:  t h e   m ol e c ul ar   m e c h a nis ms
r e g ul ati o n t o m at o fr uit   w ei g ht  a n d s h a p e.  Fr o n  Pl a nt  S ci.  5: 2 2 7.

V o gt   T. 2 0 1 0 .  P h e n yl pr o p a n oi d  bi os y nt h esis.   M ol  Pl a nt.  3: 2– 2 0.
Y a n g   C,   G a o   Y,   G a o  S,   Y u   G,   Xi o n g   C,   C h a n g  J,  Li   H,   Y e   Z. 2 0 1 5 .

Tr a ns cri pt o m e  pr o fi l e  a n al ysis  of  c ell  pr olif er ati o n   m ol e c ul ar  pr o-
c ess es  d uri n g   m ulti c ell ul ar  tri c h o m e f or m ati o n i n d u c e d  b y t o m at o
W o v  g e n e i n t o b a c c o.   B M C   G e n o mi cs.  1 6: 8 6 8.

Y o k ot a ni   N,   N a k a n o   R,  I m a nis hi  S,   N a g at a   M,  I n a b a   A,   K u b o   Y.
2 0 0 9 .   Ri p e ni n g- ass o ci at e d  et h yl e n e  bi os y nt h esis  i n  t o m at o  fr uit  is
a ut o c at al yti c all y  a n d  d e v el o p m e nt all y  r e g ul at e d.  J  E x p   B ot.
6 0: 3 4 3 3 – 3 3 4 2.

Z h a n g  L,  P a n  J,   W a n g   G,   D u   H,   H e   H,  P a n  J,   C ai   R. 2 0 1 9 .
C u c u m b er   Cs T R Y  n e g ati v el y  r e g ul at es  a nt h o c y a ni n  bi os y nt h esis
a n d  tri c h o m e  f or m ati o n   w h e n  e x pr ess e d  i n  t o b a c c o.  Fr o nt  Pl a nt
S ci.  1 0: 1 2 3 2.

Z h a n g   N,   D e St ef a n o   R,   R o bi n e   M,  B ut elli E,  B ulli n g   K,   Hill L,   R ej z e k   M,
M arti n   C,  S c h o o n b e e k   HJ. 2 0 1 5 . Diff er e nt  r e a cti v e  o x y g e n  s p e ci es
s c a v e n gi n g  pr o p erti es  of fl a v o n oi ds  d et er mi n e  t h eir  a biliti es  t o
e xt e n d t h e s h elf lif e  of t o m at o.  Pl a nt  P h ys ol.  1 6 9: 1 5 6 8 – 1 5 8 3.

Z h a n g Y,   B ut elli  E,   D e  St ef a n o   R,  S c h o o n b e e k   HJ,   M a g usi n   A,
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