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Pr o gr a m,  Mill e n ni u m I n stit ut e f or I nt e gr ati v e  Bi ol o g y (i Bi o), S a nti a g o,  C hil e, 6 D e p art a m e nt o  d e
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Br e e di n g I n n o v ati o n s  Pl atf or m, I nt er n ati o n al  Ri c e  R e s e ar c h I n stit ut e, L o s  B a ñ o s, L a g u n a,  P hili p pi n e s

Nitr o g e n ( N) a n d  W at er ( W) - t w o r e s o ur c e s criti c al f or cr o p  pr o d u cti vit y – ar e

b e c o mi n g i n cr e a si n gl y li mit e d i n s oil s gl o b all y.  T o a d dr e s s t hi s i s s u e,  w e ai m t o

u n c o v er t h e g e n e r e g ul at or y  n et w or k s ( G R N s) t h at r e g ul at e  nitr o g e n  u s e

ef fi ci e n c y ( N U E) - a s a f u n cti o n  of  w at er a v ail a bilit y - i n  Or y z a s ati v a, a st a pl e

f or 3. 5  billi o n  p e o pl e. I n t hi s st u d y,  w e i nf er a n d v ali d at e  G R N s t h at c orr el at e

wit h ri c e  N U E  p h e n ot y p e s aff e ct e d  b y  N - b y - W a v ail a bilit y i n t h e fi el d.  W e  di d

t hi s  b y e x pl oiti n g  R N A - s e q a n d cr o p  p h e n ot y p e  d at a fr o m 1 9 ri c e v ari eti e s

gr o w n i n a 2 x 2  N - b y - W  m atri x i n t h e fi el d. Fir st, t o i d e ntif y g e n e -t o - N U E fi el d

p h e n ot y p e s,  w e a n al y z e d t h e s e  d at a s et s  u si n g  w ei g ht e d g e n e c o - e x pr e s si o n

n et w or k a n al y si s ( W G C N A).  T hi s i d e nti fi e d t w o  n et w or k  m o d ul e s (" s k y bl u e"  &

" gr e y 6 0")  hi g hl y c orr el at e d  wit h  N U E gr ai n yi el d ( N U E g).  N e xt,  w e f o c u s e d  o n

9 0  T F s c o nt ai n e d i n t h e s e t w o  N U E g  m o d ul e s a n d  pr e di ct e d t h eir g e n o m e -

wi d e t ar g et s  u si n g t h e  N - a n d/ or - W r e s p o n s e  d at a s et s u si n g a r a n d o m f or e st

n et w or k i nf er e n c e a p pr o a c h ( G E NI E 3).  N e xt, t o v ali d at e t h e  G E NI E 3  T F ! t ar g et

g e n e  pr e di cti o n s,  w e  p erf or m e d  Pr e ci si o n/ R e c all  A n al y si s ( A U P R)  u si n g  ni n e

d at a s et s f or t hr e e  T F s v ali d at e d i n  pl a nt a.  T hi s a n al y si s s et s a  pr e ci si o n t hr e s h ol d

of  0. 3 1,  u s e d t o " pr u n e" t h e  G E NI E 3  n et w or k f or  hi g h - c o n fi d e n c e  T F ! t ar g et

g e n e e d g e s, c o m pri si n g  8 8  T F s a n d 5, 7 1 6  N - a n d/ or - W r e s p o n s e g e n e s.  N e xt,

w e r a n k e d t h e s e  8 8  T F s  b a s e d  o n t h eir si g ni fi c a nt i n fl u e n c e  o n  N U E g t ar g et

g e n e s r e s p o n si v e t o  N a n d/ or  W si g n ali n g.  T hi s r e s ult e d i n a li st  of 1 8  pri oriti z e d

T F s t h at r e g ul at e 5 5 1  N U E g t ar g et g e n e s r e s p o n si v e t o  N a n d/ or  W si g n al s.  W e

v ali d at e d t h e  dir e ct r e g ul at e d t ar g et s  of t w o  of t h e s e c a n di d at e  N U E g  T F s i n a

pl a nt c ell - b a s e d  T F a s s a y c all e d  T A R G E T, f or  w hi c h  w e al s o  h a d i n  pl a nt a d at a

f or c o m p ari s o n.  G e n e  o nt ol o g y a n al y si s r e v e al e d t h at  6 / 1 8  N U E g  T F s -

O s b ZI P 2 3 ( L O C _ O s 0 2 g 5 2 7 8 0),  O s h o x 2 2 ( L O C _ O s 0 4 g 4 5 8 1 0), L O B 3 9
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( L O C _ O s 0 3 g 4 1 3 3 0),  O s h o x 1 3 ( L O C _ O s 0 3 g 0 8 9 6 0), L O C _ O s 1 1 g 3 8 8 7 0, a n d

L O C _ O s 0 6 g 1 4 6 7 0 - r e g ul at e g e n e s a n n ot at e d f or  N a n d/ or  W si g n ali n g.  O ur

r e s ult s s h o w t h at  O s b ZI P 2 3 a n d  O s h o x 2 2, k n o w n r e g ul at or s  of  dr o u g ht

t ol er a n c e, al s o c o or di n at e  W -r e s p o n s e s  wit h  N U E g.  T hi s v ali d at e d  n et w or k

c a n ai d i n  d e v el o pi n g/ br e e di n g ri c e  wit h i m pr o v e d yi el d  o n  m ar gi n al, l o w  N -

i n p ut,  dr o u g ht - pr o n e s oil s.

K E Y W O R D S

ri c e,  d r o u g h t,  ni t r o g e n, g e n e r e g ul a t o r y  n e t w o r k,  n e t w o r k v ali d a ti o n,  N U E,

G E NI E 3,  W G C N A

I ntr o d u cti o n

Nitr o g e n ( N) a n d  w at er ( W) ar e ess e nti al r es o ur c es f or pl a nt

pr o d u cti vit y t h at ar e b e c o mi n g i n cr e asi n gl y li mit e d i n  m ar gi n al

s oils  w orl d- wi d e (Gi b bs a n d S al m o n, 2 0 1 5 ; Hsi e h et al., 2 0 1 8 ).

M or e o v er, a p pli c ati o ns of  N a n d  W i n a gri c ult ur e ar e c ostl y

r es o ur c es t o s o ci et y (Willi a ms o n, 2 0 1 1 ; K e el er et al., 2 0 1 6 ;

D' O d ori c o et al., 2 0 2 0 ).  M ost st u di es i n  m aj or cr o ps li k e ri c e,

e x a mi n e t h e eff e cts of  N a n d dr o u g ht s e p ar at el y ( A n a nt h a et al.,

2 0 1 6 ; Li et al., 2 0 1 7 ; V ol a nt e et al., 2 0 1 7 ; Z h a o et al., 2 0 1 7 ).  M or e

r e c e ntl y, st u di es t h at e x a mi n e h o w t h e i nt er a cti o n b et w e e n  N

a n d  W a v ail a bilit y aff e cts ri c e p h e n ot y p es a n d g e n e r e g ul ati o n

h a v e b e e n e x a mi n e d ( S wift et al., 2 0 1 9 ; Ar a us et al., 2 0 2 0 ; Pl ett

et al., 2 0 2 0 ; S e v a nt hi et al., 2 0 2 1 ).

S e v er al st u di es h a v e s h o w n t h at g e n es criti c al t o  N- u pt a k e,

s e nsi n g a n d  m et a b olis m h a v e b e e n ass o ci at e d  wit h a dr o u g ht

p h e n ot y p e. F or e x a m pl e,  N R T 1. 1/ C H L 1/ N P F 6. 3 t h e a d u al-

affi nit y nitr at e tr a ns p ort er ( Li u et al., 1 9 9 9 ) is e x pr ess e d i n t h e

g u ar d c ells i n  Ar a bi d o psis.  M or e o v er, nrt 1. 1/c hl 1 m ut a nt is  m or e

dr o u g ht t ol er a nt c o m p ar e d t o  wil d-t y p e.  T h e l oss of  N R T 1. 1/

C H L 1 r e d u c e d t h e st o m at al o p e ni n g a n d tr a ns pir ati o n r at es

w hi c h c o ntri b ut e t o its dr o u g ht-t ol er a nt p h e n ot y p e ( G u o et al.,

2 0 0 3 ).  N e xt,  m ut a nts i n nitr at e r e d u ct as e i n b ot h  Ar a bi d o psis

( NI A 1 a n d  NI A 2) a n d ri c e ( Os N R 1. 2) e x hi bit a dr o u g ht-t ol er a nt

p h e n ot y p e  wit h r e d u c e d  w at er l oss ( L o z a n o-J ust e a n d L e o n,

2 0 1 0 ; H a n et al., 2 0 2 2 ).  Tr a ns cri pti o n f a ct ors ( T Fs) ar e als o at t h e

c e nt er of  N- b y- W r es p o ns e.  N L P 7 is a  m ast er r e g ul at or of

nitr o g e n si g n ali n g i n  Ar a bi d o psis ( Al v ar e z et al., 2 0 2 0 ).  T h e

nl p 7 m ut a nt s h o ws dr o u g ht r esist a nt p h e n ot y p e, si mil ar t o

nrt 1. 1/ c hl 1 (C ast ai n gs et al., 2 0 0 9 ). P utti n g t h es e fi n di n gs

t o g et h e r, it h a s b e e n h y p ot h e si z e d t h at  N L P 7 r e g ul at e s

N R T 1. 1/ C H L 1 e x pr essi o n i n g u ar d c ells a n d f urt h er c o ntr ols

st o m at al o p e ni n g a n d h e n c e dr o u g ht t ol er a n c e.  A n ot h er  T F i n

ri c e, dr o u g ht a n d s alt t ol er a n c e ( D S T), als o bri d g es b et w e e n  N-

assi mil ati o n a n d st o m at a  m o v e m e nt t h at pr o vi d es a p at h t o cr o p

i m p r o v e m e nt u n d e r  m a r gi n al s oil (l o w N -l o w W ) (H a n

et al., 2 0 2 2 ).

O n t h e g e n o m e- wi d e l e v el, o ur c urr e nt  m a n us cri pt e x pl or es

o n t h e g e n e r e g ul at or y n et w or ks ( G R N) i n v ol v e d i n  N- b y- W

i nt er a cti o ns b y  mi ni n g t h e  N- b y- W r es p o ns e  R N A-s e q a n d

p h e n ot y p e d at as et fr o m fi el d gr o w n ri c e ( S wift et al., 2 0 1 9 ). I n

o ur pr e vi o us S wift et al 2 0 1 9 st u d y,  w e us e d li n e ar  m o d els t o

dis c o v er t h at  N- b y- W si g n ali n g ( N/ W,  m ol arit y a n d/ or  N x W

s y n er gisti c i nt er a cti o ns) si g nifi c a ntl y c orr el at e  wit h ri c e fi el d

p h e n ot y p es, c o m p ar e d t o g e n es t h at r es p o n d o nl y t o  W- d os e

or  N- m ol es ( S wift et al., 2 0 1 9 ).  T h at d at as et – w hi c h w e us e i n

o ur c urr e nt a n al ysis i n cl u d es tr a ns cri pt o mi c a n d p h e n ot y pi c

d at a f or 1 9 ri c e v ari eti es t h at v ar y i n t h eir dr o u g ht a n d  N-

r es p o ns e.  T h es e 1 9 ri c e v ari eti es  w er e tr e at e d i n a 2 x 2  N- b y- W

m atri x of t w o  N- d os es (f ertili z e d vs.  wit h o ut  N) a n d  W- d os es

( hi g h vs. l o w  w at er) i n fi el d e x p eri m e nts c o n d u ct e d at t h e

I nt er n ati o n al  Ri c e  R es e ar c h I nstit ut e (I R RI) i n t h e P hili p pi n es

(S wift et al., 2 0 1 9 ) (Fi g ur e 1 ).  W hil e o ur S wift et al., 2 0 1 9 st u d y

d et er mi n e d t h e i m p ort a n c e of t h e  N- b y- W g e n e r es p o ns es ( e. g.,

N/ W a n d  N x W) t o p h e n ot y pi c fi el d o ut c o m es i n ri c e, t h e g o al of

o u r p r e s e nt st u d y i s t o d et e r mi n e t h e G R N s u n d e rl yi n g

T F ! t ar g et g e n e! p h e n ot y p e i nt er a cti o ns t h at c orr el at e  wit h

N U E p h e n ot y p es i n t h e ri c e  N- b y- W fi el d st u d y.

T o d e v el o p s ust ai n a bl e a gri c ult ur al s ol uti o ns t o f e e d a

gr o wi n g p o p ul ati o n, i n t his st u d y  w e e x pl oit a s yst e ms bi ol o g y

a p pr o a c h t o u n c o v er a n d v ali d at e t h e g e n e r e g ul at or y n et w or ks

( G R Ns) b y  w hi c h ri c e (Or y z a s ati v a ) pl a nts s e ns e a n d r es p o n d t o

t h e c o m bi n ati o n of  N- a n d  W- a v ail a bilit y t o pr o m ot e cr o p

p r o d u cti vit y.  T o t hi s e n d,  w e c o n n e ct e d g e n e -t o - N U E

p h e n ot y p e usi n g  w ei g ht e d g e n e c orr el ati o n a n al ysis ( W G C N A)

(L a n gf el d er a n d  H or v at h, 2 0 0 8 ).  N e xt, f or t h e t ar g et g e n es t h at

c orr el at e  wit h  N U E p h e n ot y p es,  w e i d e nti fi e d  T F-t o-t ar g et g e n e

r el ati o ns hi ps i n a g e n e r e g ul at or y n et w or k ( G R N) usi n g  G E NI E 3

(H u y n h- T h u et al., 2 0 1 0 ).  W e t h e n v ali d at e d t h e  T F-t o-t ar g et

g e n e n et w or k pr e di cti o ns vi a pr e cisi o n/r e c all ( A U P R) a n al ysis

usi n g v ali d at e d  T F-t ar g et g e n e d at a o bt ai n e d i n pl a nt a usi n g t h e

C o n n e c T F pl atf or m ( htt ps://ri c e. c o n n e ctf. or g ).  A d diti o n all y,  w e

a p pli e d t h e pl a nt c ell- b as e d  Tr a nsi e nt  Ass a y  R e p orti n g  G e n o m e-

wi d e  Eff e ct s of  T r a n s c ri pti o n f a ct o r s ( T A R G E T) s y st e m

S h a n k s et al. 1 0. 3 3 8 9 /f pl s. 2 0 2 2. 1 0 0 6 0 4 4
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(B ar g m a n n et al., 2 0 1 3 ; Br o o ks et al., 2 0 1 9 ),  w hi c h  w e a d a pt e d i n

ri c e t o v ali d at e t h e hi g h- c o n fi d e n c e  T F-t o- g e n e n et w or k f or t h e

N- b y- W r es p o ns e g e n e s  w h o s e e x p r e s si o n l e v el c or r el at e

wit h  N U E.

O v er all,  w e i d e nti fi e d si x  T Fs t h at r e g ul at e g e n es i n v ol v e d i n

b ot h  N a n d/ or  W si g n ali n g:  Os b ZI P 2 3 ( L O C _ Os 0 2 g 5 2 7 8 0),

Os h o x 2 2 ( L O C _ Os 0 4 g 4 5 8 1 0) , L O B 3 9 ( L O C _ Os 0 3 g 4 1 3 3 0),

O s h o x 1 3 ( L O C _ O s 0 3 g 0 8 9 6 0 ),  L O C _ O s 1 1 g 3 8 8 7 0,

L O C _ Os 0 6 g 1 4 6 7 0.  T w o of t h es e  T Fs ar e k n o w n r e g ul at ors of

dr o u g ht t ol er a n c e -  Os b ZI P 2 3 a n d  Os h o x 2 2 – (Xi a n g et al., 2 0 0 8 ;

Z h a n g et al., 2 0 1 2 ; D e y et al., 2 0 1 6 ; Z o n g et al., 2 0 1 6 ).  O ur pr es e nt

st u d y s h o ws t h at t h es e  T Fs i n v ol v e d i n dr o u g ht r es p o ns es ar e als o

r es p o nsi v e t o  N- b y- W i nt er a cti o ns.  M or e o v er,  w e s h o w t h at t h es e

si x  T Fs c o ntr ol  N- a n d/ or- W r es p o ns e g e n es t h at c orr el at e  wit h

N U E g.  T his i nf or m ati o n c a n n o w b e a p pli e d t o d e v el o p/ br e e d

ri c e pl a nts  wit h i m pr o v e d yi el d, o n  m ar gi n al, l o w  N-i n p ut,

dr o u g ht- pr o n e s oils a n d o n fi el ds  w h er e  w at er a n d  N ar e

li mit e d d u e t o cli m at e c h a n g e.

FI G U R E 1

Fl o w - c h art f or g e n er ati o n  of a  hi g h - c o n fi d e n c e  G R N  of  T F ! t ar g et g e n e! N U E g  p h e n ot y p e fr o m ri c e fi el d  d at a.  G e n e e x pr e s si o n a n d

p h e n ot y p e  d at a fr o m fi el d gr o w n ri c e  u s e d t o g e n er at e t h e  W G C N A  m o d ul e s a n d  G R N  w er e  o bt ai n e d fr o m 1 9 ri c e v ari eti e s  of v ar yi n g  dr o u g ht

r e si st a n c e, gr o w n  u n d er a 2 x 2  N - b y - W  m atri x  wit h f o ur c o m bi n ati o n s  of  N a n d  W c o n diti o n s ( L o w v s  Hi g h) fr o m S wift et al., 2 0 1 9 (S wift et al.,

2 0 1 9 )1 . St e p 1.  N - b y - W  m atri x:  R N A - s e q a n d fi el d  p h e n ot y p e  d at a:  T h e  diff er e nti all y e x pr e s s e d ( D E) ri c e g e n e s t h at r e s p o n d e x cl u si v el y t o eit h er

N: W,  W a n d  N  w er e i d e nti fi e d  u si n g  D E S e q 2 a n al y si s fr o m fi el d g e n e e x pr e s si o n  d at a ( S wift et al., 2 0 1 9 ). St e p 2.  W G C N A a n al y si s:  n et w or k

m o d ul e s -t o - p h e n ot y p e:  T h e g e n e s/ T F s  hi g hl y c orr el at e d  wit h fi el d  p h e n ot y p e s  w er e i d e nti fi e d  u si n g t h e fi el d g e n e e x pr e s si o n c o u nt s  of t h e

2 2, 4 3 6  n or m ali z e d g e n e s a n d 1 0 fi el d  p h e n ot y p e s a s i n p ut s i nt o  w ei g ht e d g e n e c o - e x pr e s si o n  n et w or k a n al y si s ( W G C N A). St e p 3.  G E NI E 3

a n al y si s:  T F ! t ar g et g e n e  pr e di cti o n s:  T h e  T F! t ar g et g e n e  pr e di cti o n s  b et w e e n  9 0  T F s  hi g hl y c orr el at e d  wit h t h e  N U E gr ai n yi el d ( N U E g) fr o m

W G C N A a n al y si s ( St e p 2) a n d t h e t ot al 1 0, 8 1 5  N - a n d/ or - W r e s p o n s e g e n e s fr o m S wift et al., 2 0 1 9 ( St e p 1)  d et er mi n e d  u si n g t h e  n et w or k

i nf er e n c e  pr o gr a m  G E NI E 3 r e s ult e d i n (( 9 0  T F s * 1 0, 8 1 5  D E g e n e s) -  9 0  T F s)  =  9 7 3, 2 6 0 e d g e s  or  T F! t ar g et g e n e  pr e di cti o n s) St e p  4.  N et w or k

v ali d ati o n ( A U P R) a n d " pr u ni n g":  V ali d ati o n  d at a f or 3  T F s i n t h e  G E NI E 3  n et w or k  w a s l o c at e d  u si n g ri c e. c o n n e ctf. or g ( Br o o k s et al., 2 0 2 0 ),  w hi c h

c o n si st e d  of  9  R N A - s e q/ C hI P - s e q i n  pl a nt a d at a s et s.  T hi s ri c e v ali d ati o n  d at a c o n fi r m e d 5, 6 8 3  pr e di ct e d e d g e s f or t h e 3  T F s  w a s  u s e d t o

c al c ul at e t h e ar e a  u n d er t h e  pr e ci si o n/r e c all c ur v e ( A U P R)  u si n g a ut o m at e d f u n cti o n s i n  C o n n e c T F ( Br o o k s et al., 2 0 2 0 ).  T hi s  A U P R  w a s t h e n

u s e d t o s el e ct a  pr e ci si o n c ut - off a n d " pr u n e" t h e  n et w or k f or  hi g h - c o n fi d e n c e e d g e s  of t h e  G E NI E 3 g e n e r e g ul at or y  n et w or k ( G R N), a g ai n

u si n g a ut o m at e d f u n cti o n s i n  C o n n e c T F.  T h e " pr u n e d"  G E NI E 3  n et w or k c o n si st s  of  8, 8 2 6  hi g h - c o n fi d e n c e e d g e  pr e di cti o n s f or  8 8  T F s a n d

5, 7 1 6 g e n e s li n k e d t o t h e  N U E g  p h e n ot y p e fr o m  W G C N A. St e p 5.  Hi g h - c o n fi d e n c e  G R N:  T h er e ar e 1 8/ 8 8  T F s i n t h e  pr u n e d  n et w or k t h at

r e g ul at e d a si g nifi c a nt  n u m b er  of t h e g e n e s  hi g hl y c orr el at e d  wit h  N U E g a s i d e nti fi e d i n t h e  W G C N A  m o d ul e s, f or a t ot al  of 5 5 1  D E  N - a n d/ or - W

R e s p o n s e  G e n e s ( St e p 2). * S e e T a bl e 1 a n d S u p pl e m e nt ar y Fi g ur e 3 f or  T F  pri oriti z ati o n r e s ult s a n d  pi p eli n e.

S h a n k s et al. 1 0. 3 3 8 9 /f pl s. 2 0 2 2. 1 0 0 6 0 4 4

Fr o nti er s i n Pl a nt S ci e n c e fr o nti er si n. or g0 3

https://doi.org/10.3389/fpls.2022.1006044
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


T A B L E 1  R a n k e d li st  of 1 8  pri oriti z e d  T F s t h at c orr el at e  wit h  N U E g  b a s e d  o n  hi g h - c o n fi d e n c e e d g e s t o  N - a n d / or - W  D E  g e n e s i n  W G C N A  m o d ul e s ( gr e y 6 0 a n d s k y bl u e).

R a n k.  T F  N a m e Si g ni fi c a nt o v e rl a p of p r u n e d  G E NI E 3 t a r g et g e n es  w/
1, 0 9 9  N- a n d/ o r- W  D E g e n es i n  W G C N A  m o d ul es

( g r e y 6 0 &s k y bl u e) # T F2 s / # g e n es ( Z s c o r e)

R el e v a nt  N a n d/ o r  W  G O t e r ms ass o ci at e d  wit h  T F-t a r g et
g e n es t h at o v e rl a p  wit h  N- a n d/ o r- W  D E g e n es i n

W G C N A  m o d ul es ( g r e y 6 0 &s k y bl u e)

T Fs  wit h  Hi g h  G S
a n d  M M f o r  N U E g

&/ o r  W U E i n
W G C N A

P u blis h e d  T F
F u n cti o n

( R ef e r e n c e)

1.  Os b ZI P 2 3 1 7  T F 2 s/ 1 5 9 g e n es ( 5 2. 2) " R es p o ns e t o  w at er d e pri v ati o n" N U E g  &

W U E

Dr o u g ht t ol er a n c e

(Xi a n g 2 0 0 8 ; D e y

2 0 1 6 ; Z o n g 2 0 1 6 )

2.  Os h o x 2 2 1 1  T F 2 s/ 9 3 g e n es ( 3 9. 3) " R es p o ns e t o  w at er d e pri v ati o n"  & " R es p o ns e t o a bs cisi c a ci d" N U E g  &

W U E

Dr o u g ht t ol er a n c e

(Z h a n g et al., 2 0 1 2 )

3. L O B 3 9 5  T F 2 s/ 5 3 g e n es ( 3 0. 9) " Nitr at e assi mil ati o n" N U E g  &

W U E

N-r es p o nsi v e g e n e

(O b ert ell o 2 0 1 5 ;

Y a n g 2 0 1 7 )

4.  Os h o x 1 3 5  T F 2 s/ 5 2 g e n es ( 2 7. 6) " R es p o ns e t o  w at er d e pri v ati o n" N U E g  &

W U E

U n k n o w n/ N o v el

5. L O C _ Os 1 1 g 3 8 8 7 0 0  T F 2 s/ 3 7 g e n es ( 2 5. 9) " Nitr at e assi mil ati o n" N U E g  &

W U E

U n k n o w n/ N o v el

6. L O C _ Os 0 6 g 1 4 6 7 0 4  T F 2 s/ 4 9 g e n es ( 2 4. 2) " R es p o ns e t o  w at er d e pri v ati o n"  & " A m m o ni a assi mil ati o n c y cl e" N U E g  &

W U E

U n k n o w n/ N o v el

7. E R F 6 5 7  T F 2 s/ 5 3 g e n es ( 3 2. 1) N o  N a n d/ or  W  G O t er ms f o u n d N U E g  &

W U E

U n k n o w n/ N o v el

8.  Os E R F 4 8 6  T F 2 s/ 5 7 g e n es ( 2 7. 3) N o  N a n d/ or  W  G O t er ms f o u n d N U E g  &

W U E

Dr o u g ht t ol er a n c e

(J u n g 2 0 1 7)

9.  OsI R O 3 2  T F 2 s/ 2 4 g e n es ( 1 6. 4) N o  N a n d/ or  W  G O t er ms f o u n d N U E g  &

W U E

Ir o n h o m e ost asis

(W a n g 2 0 2 0 )

1 0. L O C _ Os 0 3 g 0 8 4 7 0 1  T F 2 / 2 0 g e n e ( 1 5. 2) N o  N a n d/ or  W  G O t er ms f o u n d N U E g  &

W U E

U n k n o w n

1 1.  Os E R F 1 4  T F 2 s/ 2 5 g e n es ( 1 5. 2) N o  N a n d/ or  W  G O t er ms f o u n d N U E g  &

W U E

Et h yl e n e r es p o ns e

(H u 2 0 0 8 )

1 2.  Os A B F 1 5  T F 2 s/ 6 1 g e n es ( 1 3. 6) N o  N a n d/ or  W  G O t er ms f o u n d N U E g  &

W U E

Dr o u g ht t ol er a n c e

(Z h a n g 2 0 1 7 )

1 3.  OsI R O 2 1  T F 2 / 1 5 g e n es ( 1 3. 3) N o  N a n d/ or  W  G O t er ms f o u n d N U E g  &

W U E

Ir o n h o m e ost asis/

N-si g n ali n g

(O g o 2 0 0 7 ; U e d a

2 0 2 0 )

1 4.  O S B Z 8 1  T F 2 / 1 9 g e n es ( 1 2. 8) N o  N a n d/ or  W  G O t er ms f o u n d N U E g  &

W U E

A B A r es p o ns e

(R o y C h o u d h ur y

2 0 0 8 )

1 5.  R S R 1 4  T F 2 s/ 1 8 g e n es ( 1 0. 2) N o  N a n d/ or  W  G O t er ms f o u n d N U E g  &

W U E

St ar c h bi os y nt h esis

(F u 2 0 1 0 )

( C o nti n u e d)
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M at eri al s a n d  m et h o d s

S o ur c e  of  N - b y - W r e s p o n s e  d at a
(tr a n s cri pt o m e a n d  p h e n ot y p e)
f or 1 9 ri c e v ari eti e s

Fi el d p h e n ot y pi c d at a c oll e cti o n a n d c o n diti o ns f or 1 9 ri c e

v ari eti es (I n di c a a n d J a p o ni c a) c a n b e f o u n d i n S wift et al., 2 0 1 9

(S wift et al., 2 0 1 9 ).  T h e d et ails of t h e tr e at m e nts ar e i n S wift

et al., 2 0 1 9 , b ut as a n o v er vi e w: F or t h e + N tr e at m e nt, 1 5 0 k g/ h a

d os e of ( N H 4) 2 S O 4  w as a p pli e d at 2 3 d a ys aft er s o wi n g ( D A S).

T h e - N tr e at m e nt h a d n o a d diti o n of f ertili z er. Pl a nts i n t h e - W

c o n diti o n  w er e c o v er e d fr o m r ai n  wit h a r ai n o ut s h elt er

(i nt er mitt e nt  w at eri n g  w as a p pli e d t o e ns ur e gr o wt h),  w hil e

pl a nts i n t h e  + W c o n diti o n r e c ei v e d r ai nf all a n d n or m al

w at eri n g.  W at er- us e- ef fi ci e n c y ( W U E)  w as d et er mi n e d fr o m

l e a v es  wit h c ar b o n is ot o p e dis cri mi n ati o n as o utli n e d i n S wift

et al., 2 0 1 9 (S wift et al., 2 0 1 9 ).  T h e nitr o g e n us a g e d at a  w as

c al c ul at e d u si n g t h e  Kj el d a hl  N ( KJ  N )  m et h o d  w hi c h

d et er mi n e d t h e nitr o g e n c o nt e nt fr o m 1 gr a m of l e af s a m pl es.

T h e t ot al  KJ  N is d et er mi n e d as i n ( Br e m n er a n d  M ul v a n e y,

1 9 8 2 ; Br e m n er, 1 9 9 6 ) b y c o n v erti n g or g a ni c nitr o g e n f or ms t o

N H 4
3 + a n d t h e n  m e as uri n g t h e c o n c e ntr ati o n.  T o c al c ul at e  N-

u pt a k e,  w e us e d t h e  Kj el d a hl  N p er c e nt ( KJ  N %) a n d v e g et ati v e

s h o ot dr y  w ei g ht ( S D W)  m e as ur e m e nts fr o m S wift et al., 2 0 1 9

c oll e ct e d fr o m l e af s a m pl es.  W e t h e n us e d t h e  N u pt a k e

m e as ur e m e nt t o c al c ul at e  N U E g a n d  N U E bi o m ass ( N U E b).

N  u pt a k e   g = m 2ð Þ = KJ  N % ∗ S D W g = pl a ntð Þ ∗ pl a nts = m 2

N U E g =
Gr ai n  yi el d  g = m 2

N  u pt a k e  g = m 2

N U E b =
Bi o m ass  g = m 2

N  u pt a k e  g = m 2

T h e fi el d tr a ns cri pt o mi c d at a c o nsist e d of 1 9 ri c e v ari eti es

(I n dic a a n d J a p o nic a) of v ar yi n g dr o u g ht t ol er a nt p h e n ot y p es,

gr o w n u n d er f o ur  N- b y- W tr e at m e nt c o n diti o ns,  wit h t hr e e

r e pli c at e l e af s a m pl es f or  R N A-s e q f or a t ot al of 2 2 8  R N A-s e q

s a m pl es. E x pr essi o n c o u nts f or 2 2 8  R N A-s e q s a m pl es  w er e

n or m ali z e d  wit h t h e  D E S e q 2 p a c k a g e ( L o v e et al., 2 0 1 4 ).  T h e

T Fs a n d  T F f a mili es fr o m t h e  N- a n d/ or- W  D E g e n e lists  w er e

i d e ntifi e d b as e d o n t h e Pl a nt  Tr a ns cri pti o n F a ct or  D at a b as e v 4. 0

c at e g ori z ati o n ( Ji n et al., 2 0 1 7). S e e d at a a v ail a bilit y i n S wift

et al., 2 0 1 9 (S wift et al., 2 0 1 9 ) f or s o ur c e p h e n ot y p es a n d

tr a ns cri pt o m e d at a.

P ot e nti al i n d e x (I P O ) c al c ul ati o n  of  N U E
u n d er l o w v s.  hi g h  N a n d  W c o n diti o n s

T o c o m p ar e  N U E g a m o n g t h e 1 9 ri c e v ari eti es,  w e c al c ul at e d

t h e p ot e nti al i n d e x (IP O ) as si mil ar t o  N di a y e et al, 2 0 1 9T
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(N di a y e et al., 2 0 1 9 ). F or t h e c al c ul ati o n, e a c h v ari et y's  N U E g

w a s c o m p a r e d  wit h t h e c o n diti o n al a v e r a g e, u si n g t h e

f or m ul a b el o w.

IP O   =  
Y ij  −  Y j   

Y j

T h e I P O is t h e p ot e nti al i n d e x of v ari et y i; Y ij is t h e  N U E g of

v ari et y i f or t h e c o n diti o n j w h er e j is  H W H N,  H W L N, L W H N

or L W L N; Y j is t h e c o n diti o n al  m e a n of all 1 9 v ari eti es u n d er

c o n diti o n j.  T h e IP O is a r el ati v e v al u e t h at s h o ws t h e i n cr e as e or

d e cr e as e of a s p e ci fi c v ari et y's  N U E g, o v er t h e  m e a n v al u es.  A n

IP O > 0 i n di c at es b ett er  N U E g,  w h er e as I P O < 0 i n di c at es  w ors e

N U E g ( Fi g ur e 2 ).  T h e  N U E g p h e n ot y p e d at a  w as d o w nl o a d e d

fr o m S wift et al, 2 0 1 9 (S wift et al., 2 0 1 9 ).

W G C N A a n al y si s:  G e n e -t o - fi el d
p h e n ot y p e c orr el ati o n

T h e n or m ali z e d c o u nts fi l es f or e a c h tr e at m e nt a n d g e n ot y p e

w er e a v er a g e d as i n p uts i nt o  W G C N A t o  m at c h t h e a v er a g e d

fi el d p h e n ot y p es f or e a c h bi ol o gi c al r e pli c at e.  T his r es ult e d

i n 7 6 tr a ns cri pt o mi c a n d p h e n ot y pi c v al u es ( 1 9 v ari eti es

a n d 4 tr e at m e nts) as i n p uts i nt o  W G C N A.  T h e tr a ns cri pt o m e

c o u nts fi l e c o nsists of c o u nts f or 2 2, 4 3 6 g e n es i n 7 6 s a m pl es.

T h e  R p a c k a g e,  W G C N A,  w as us e d t o p erf or m t h e  w ei g ht e d

c o r r el ati o n n et w o r k a n al y si s u si n g st e p - b y - st e p n et w o r k

c o nstr u cti o n a n d  m o d ul e d et e cti o n ( L a n gf el d er a n d  H or v at h,

2 0 0 8 ).  W e s el e ct e d a  M E Di s s T h r e s of 0. 5 t o c o m bi n e

m o d ul e s c o r r el at e d  wit h e a c h ot h e r.  W e a v e r a g e d t h e

a b s ol ut e v al u e of t h e  N U E g  G S,  W U E  G S, a n d  m o d ul e

m e m b ers hi p ( M M) s c or es f or t h e g e n es i n e a c h  m o d ul e t o

s el e ct a c ut- off v al u e f or hi g hl y c orr el at e d g e n es. ( Fi g ur e 3 C

a n d S u p pl e m e nt al Fi g ur e 1 ).  O v erl a p pi n g  m o d ul e g e n e lists

a n d  N- a n d/ or- W  D E g e n e lists  w er e  m a d e  wit h  V e n n y 2. 1

w e b t o ol ( Oli v er os, 2 0 1 5 ).  T o d et er mi n e t h e  Z s c or e a n d p-

v al u e of t h e  N U E g a n d  W U E g e n es t h at o v erl a p  wit h  N- a n d/ or-

r es p o nsi v e  D E g e n e lists,  w e us e d t h e  G e n es e ct f u n cti o n i n

Virt u al Pl a nt 1. 3 ( K at ari et al., 2 0 1 0 ) (Fi g ur es 3 B , D a n d

S u p pl e m e nt ar y Fi g ur e 1 ).

G E NI E 3 a n al y si s  of  G R N s a n d v ali d ati o n
of  T F ! t ar g et  g e n e  pr e di cti o n s  b y  A U P R
a n d " n et w or k  pr u ni n g"

T h e  G E NI E 3 p a c k a g e i n  R ( H u y n h- T h u et al., 2 0 1 0 )  w as

us e d f or n et w or k i nf er e n c e a n al ysis.  T h e g e n e e x pr essi o n d at a

us e d t o  m a k e t h e  G E NI E 3 n et w or k c o nsist e d of t h e n or m ali z e d

c o u nts of 2 2 8  R N A-s e q s a m pl es f or 1 0, 8 1 5  N- a n d/ or- W  D E

g e n es fr o m S wift et al., 2 0 1 9 (S wift et al., 2 0 1 9 ) (Fi g ur e 1 St e p 3).

T h e 9 0  T Fs f or  G E NI E 3  w er e s el e ct e d fr o m t h e t w o  W G C N A

m o d ul es ( gr e y 6 0 a n d s k y bl u e) t h at ar e hi g hl y c orr el at e d  wit h

N U E g a n d ar e als o  N- a n d/ or- W r es p o nsi v e ( Fi g ur e 3 D a n d

S u p pl e m e nt ar y  D at a 4 ).  T h e t ot al u n pr u n e d n et w or k of 9 7 3, 2 6 0

e d g es  w er e u pl o a d e d t o  C o n n e c T F- Ri c e (ri c e. c o n n e ctf. or g) f or

n et w or k pr u ni n g a n d  A U P R a n al ysis ( Br o o ks et al., 2 0 2 0 ).  T his

a n al ysis is b as e d o n t h e i n pl a nt a T F-t ar g et g e n e v ali d ati o n d at a

A B

FI G U R E 2

T h e  N U E g  p h e n ot y p e f or 1 9 ri c e v ari eti e s  m e a s ur e d  u n d er f o ur  N - b y - W c o n diti o n s.  W e  u s e d t h e  P ot e nti al i n d e x (I P O ) (N di a y e et al., 2 0 1 9 ) o n 1 9

ri c e v ari eti e s  w hi c h  diff er i n t h eir  dr o u g ht r e si st a n c e t o a s s e s s t h e  N U E g v al u e s  u n d er ( A) hi g h  w at er a n d ( B) l o w  w at er c o n diti o n s  wit h v ar yi n g

N - d o s e s. ( A) D H W H N,  hi g h - W/ hi g h - N;  H W L N,  hi g h - W/l o w  N; ( B) L W H N, l o w - W/ hi g h  N; L W L N, l o w - W/l o w - N.
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f or  Os b ZI P 2 3,  Os A B F 1, a n d  Os N A C 1 4 t h at is h o us e d i n t h e

C o n n e c T F d at a b a s e ( B r o o k s et al., 2 0 2 0 ) (Fi g u r e 4 a n d

S u p pl e m e nt ar y Fi g ur e 2 ).  G e n e  O nt ol o g y ( G O) bi ol o gi c al

pr o c ess a n al ysis  w as c o n d u ct e d usi n g g: Pr o fi l er (htt ps:// biit. cs.

ut. e e/ g pr o fi l er/ g ost)  wit h s etti n gs f or o nl y a n n ot at e d g e n es a n d a

si g ni fi c a n c e t h r e s h ol d of 0. 0 5 c al c ul at e d  wit h  B e nj a mi ni-

H o c h b er g F D R ( R a u d v er e et al., 2 0 1 9 ) (T a bl e 1 ). F or t his

a n al ysis t h e g e n e I Ds f or t ar g et g e n es a n d g e n es ass o ci at e d

wit h  G O t er ms  w er e c o n v ert e d b et w e e n  M S U 7 a n d  R A P D B

g e n e d esi g n ati o ns.  C yt os c a p e v 3. 9. 1  w as us e d f or n et w or k

vis u ali z ati o n ( P a ul S h a n n o n et al., 1 9 7 1 ) (Fi g ur e 5 ).

Pl a s mi d c o n str u cti o n f or  T F - p ert ur b ati o n
e x p eri m e nt s  u si n g T A R G E T a s s a y i n
pl a nt c ell s

T h e c o di n g s e q u e n c es of  Os A B F 1 a n d  Os b ZI P 2 3  w er e

d et er mi n e d as list e d i n P h yt o z o m e 1 3 ( G o o dst ei n et al., 2 0 1 2 )

a n d  w er e s y nt h esi z e d b y  G E N E WI Z ( S o ut h Pl ai n fi el d,  NJ)

wit h t h e  G A T E W A Y c ass ett e f or cl o ni n g i nt o t h e p 1 1 0 7

d esti n ati o n pl as mi d ( S u p pl e m e nt ar y Fi g ur e 4 ). E ntr y v e ct ors

w er e cl o n e d i nt o t h e p 1 1 0 7 pl as mi d usi n g t h e L R  Cl o n as e II

r e a cti o n a c c or di n g t o  m a n uf a ct ur er's i nstr u cti o ns (I n vitr o g e n).

A B

C D

FI G U R E 3

W G C N A  m o d ul e s  n a m e d " gr e y 6 0" a n d " s k y bl u e" ar e  hi g hl y c orr el at e d  wit h  N U E g i n fi el d gr o w n ri c e. ( A) H e at m a p  of t h e c orr el ati o n v al u e s f or

t h e  M o d ul e Ei g e n g e n e ( M E) v al u e s  wit h fi el d  p h e n ot y p e s fr o m  W G C N A.  R e d a n d  bl u e c ol or s  n ot e  p o siti v e a n d  n e g ati v e c orr el ati o n, r e s p e cti v el y,

f or t h e  M E f or e a c h  m o d ul e  of c o - e x pr e s s e d g e n e s.  M o d ul e s si g nifi c a ntl y a s s o ci at e d  wit h tr ait s  h a v e a  p v al u e <  0. 0 5,  d e n ot e d  b y a n a st eri s k *.

( B,  D) N - a n d/ or - W  D E g e n e s a n d  T F s f or  N: W,  W a n d  N -r e s p o n s e g e n e s  d eri v e d fr o m  A N O V A a n al y si s i n S wift et al., 2 0 1 9 (S wift et al., 2 0 1 9 ).

H e at m a p  of t h e  Z - s c or e f or e a c h  o v erl a p ( Z - s c or e ≥ 1 0).  T h e  p - v al u e <  0. 0 0 1 i s  d e n ot e d  wit h a n a st eri s k *.  Z - s c or e a n d  p - v al u e s  w er e c al c ul at e d

u si n g t h e  G e n e s e ct f u n cti o n i n  Virt u al Pl a nt 1. 3 ( K at ari et al., 2 0 1 0 ). ( B) Si g ni fi c a n c e  of i nt er s e cti o n  b et w e e n t h e g e n e s i n e a c h c o - e x pr e s si o n

m o d ul e fr o m  W G C N A ( S u p pl e m e nt ar y  D at a 1 ) a n d t h e  N,  W, a n d  N: W  D E g e n e s, i d e ntifi e d  u si n g  G e n e s e ct f u n cti o n i n  Virt u al Pl a nt 1. 3. ( C)

S c att er pl ot s  of t h e  W G C N A  G e n e Si g ni fi c a n c e ( G S) f or  N U E g, v er s u s t h e  M o d ul e  M e m b er s hi p ( M M) f or t h e gr e y 6 0 a n d s k y bl u e  m o d ul e s e x hi bit

a si g ni fi c a nt c orr el ati o n  p - v al u e <  0. 0 0 1  wit h  N U E g.  T h e g e n e s  wit h a  G S a n d  M M c ut - off s c or e s a b o v e t h e a v er a g e s c or e f or t h e g e n e s i n e a c h

m o d ul e  w er e s el e ct e d f or f urt h er a n al y si s ( 1, 2 0 9 gr e y 6 0  + 2 8 2 s k y bl u e g e n e s  = 1, 4 9 1 g e n e s). ( D) Si g ni fi c a n c e  of g e n e i nt er s e cti o n ( u si n g

G e n e s e ct)  b et w e e n t h e  u ni o n  of t h e g e n e s a n d  T F s  wit h a n a b o v e - a v er a g e  G S a n d  M M s c or e fr o m t h e  W G C N A gr e y 6 0 a n d s k y bl u e  m o d ul e s

( gr e y 6 0 & s k y bl u e) a n d t h e  N: W,  W,  or  N - r e s p o n si v e  D E g e n e s.  U ni o n  of t h e g e n e s i n gr e y 6 0 a n d s k y bl u e  m o d ul e s:  N - a n d/ or - W r e s p o n s e  D E

T F s ( 2 9  +  6 1  =  9 0 t ot al)  u s e d f or  G E NI E 3  n et w or k a n al y si s a n d  N - a n d/ or - W r e s p o n s e  D E g e n e s ( 3 2 2  + 7 7 7  = 1, 0 9 9 t ot al)  u s e d t o  pri oriti z e  T F s

fr o m t h e  pr u n e d  G E NI E 3  n et w or k (S u p pl e m e nt ar y  D at a 2 ).
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T h e p 1 1 0 7 pl as mi d f or ri c e  T A R G E T h as a p B e a c o n R F P _ G R

( B a r g m a n n et al., 2 0 1 3 ) b a c k b o n e  wit h t h e f oll o wi n g

m o di fi c ati o n.  T h e 3 5 S pr o m ot ers  w er e r e pl a c e d  wit h  m ai z e

U bi q uiti n pr o m ot er s u b cl o n e d fr o m p T D M- C ( W u et al.,

2 0 1 6 ).  A bi oti n li g a s e r e c o g niti o n p e pti d e ( B L R P)  w a s

f us e d at t h e  N-t er mi n al of t h e  G A T E W A Y c ass ett e,  w hi c h is

f oll o w e d b y t h e  G R pr ot ei n.  All j u n cti o ns  w er e s e q u e n c e d

a n d v e ri fi e d f o r i n f r a m e T F - G R f u si o n p r ot ei n s. T h e

pl a s mi d  m a p a n d s e q u e n c e (. F A S T A ) a r e p r o vi d e d i n

S u p pl e m e nt al  D at a Fil e 1 .

T A R G E T t e m p or al  T F  p ert ur b ati o n
e x p eri m e nt i n ri c e l e af c ell s a n d
R N A - s e q u e n ci n g

T h e ri c e p r ot o c ol  w a s a d a pt e d f r o m o u r  A r a bi d o p si s

T A R G E T pr ot o c ol ( B ar g m a n n et al., 2 0 1 3 ; Br o o ks et al., 2 0 1 9 )

wit h s o m e  m o di fi c ati o n s.  Ri c e s e e d s ( Ni p p o n b a r e)  w e r e

st e rili z e d b y 7 0 % et h a n ol f o r 3  mi n s f oll o w e d b y 5 0 %

c o m m er ci al bl e a c h f or 3 0  mi n  wit h r ot ati o n.  T h e ri c e s e e ds

w er e g er mi n at e d i n t h e d ar k f or 4 d a ys.  T h e g er mi n at e d ri c e

FI G U R E  4

V ali d ati o n  of  G E NI E 3  n et w or k  u si n g ri c e  T F - p ert ur b ati o n  d at a s et s i n  Ar e a  U n d er t h e  Pr e ci si o n  R e c all ( A U P R) c ur v e a n al y si s.  4. 1.  G E NI E 3:  T h e

G E NI E 3  n et w or k r a n k e d  T F ! t ar g et g e n e  pr e di cti o n s f or  9 0  N - a n d/ or - W  D E  T F s (fr o m t h e gr e y 6 0 a n d t h e s k y bl u e  m o d ul e s, Fi g ur e 3 D ), a n d

1 0, 8 1 5  D E g e n e s - e a c h  T F ! t ar g et g e n e e d g e i s gi v e n a  w ei g ht.  4. 2  T h e v ali d at e d  T F! t ar g et g e n e  d at a  u s e d t o " pr u n e" t h e  n et w or k  pr e di cti o n s

w a s i d e nti fi e d  u si n g t h e ri c e  T F  d at a  h o u s e d i n t h e  C o n n e c T F  d at a b a s e ( htt p s://ri c e. c o n n e ctf. or g ) (Br o o k s et al., 2 0 2 0 ) (S u p pl e m e nt ar y Fi g ur e 2 ).

D at a f or t hr e e  T F s,  O s b ZI P 2 3,  O s A B F 1, a n d  O s N A C 1 4  w er e t h e n  u s e d t o v ali d at e t h e  pr e di ct e d  G E NI E 3 e d g e s  wit h a t ot al  of 1 0, 9 4 1 v ali d at e d

e d g e s  b et w e e n all t hr e e  T F s.  4. 3.  Ar e a  U n d er t h e  Pr e ci si o n - R e c all ( A U P R) c ur v e  w a s c al c ul at e d  wit h t h e ri c e s h o ot i n  pl a nt a v ali d ati o n  d at a f or

t h e t hr e e  T F s.  A U P R a n al y si s s h o w s t h at t h e r a n ki n g f or t h e v ali d at e d  T F ! t ar g et g e n e e d g e s  of t h e  G E NI E 3  n et w or k ( bl u e li n e) i s si g ni fi c a ntl y

b ett er ( p - v al u e < 0. 0 0 1,  p er m ut ati o n t e st), t h a n a s et  of r a n d o ml y v ali d at e d e d g e s ( N ot e: gr a y  d a s h e d li n e s ar e f or t h e  hi g h e st a n d l o w e st  A U P R

t h at r e s ult e d fr o m r a n d o m v ali d at e d e d g e s).  A  pr e ci si o n c ut - off  of  0. 3 1 (r e d  d a s h e d li n e)  w a s s el e ct e d a s t h e  hi g h e st  pr e ci si o n v al u e  b ef or e t h e

c ur v e fl att e n s, a n d t h e " pr u n e d"  n et w or k e d g e s  w er e e x p ort e d a s a n a ut o m at e d f u n cti o n i n  C o n n e c T F ( Br o o k s et al., 2 0 2 0 ).  4. 4  T h e  pr u n e d

G E NI E 3  n et w or k c o n si st s  of  8, 8 2 6 e d g e s f or  8 8  T F s a n d 5, 7 1 6 g e n e s t h at  p a s s a n e d g e s c or e t hr e s h ol d  of  0. 0 5 8 1. S o ur c e  d at a  of t h e  ori gi n al

G E NI E 3  n et w or k v s. t h e  hi g h - c o n fi d e n c e " pr u n e d"  G E NI E 3  n et w or k ar e s u p pli e d a s S u p pl e m e nt al  D at a  4 a n d 5 .  Pr e ci si o n a n d  R e c all ar e

c al c ul at e d a s i n Br o o k s et al., 2 0 1 9 , 2 0 2 0 (Br o o k s et al., 2 0 1 9 , 2 0 2 0 ).
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s e e ds  w er e tr a nsf err e d t o  ½  M S pl at es  wit h o ut s u g ar f or 1 3 d a ys

i n t h e gr o wt h c h a m b er, u n d er 1 6 h li g ht/ 8 h d ar k di ur n al c y cl e,

at t e m p er at ur es 2 7 a n d 2 5° C r es p e cti v el y a n d 7 0 % h u mi dit y.  O n

t h e d a y of t h e  T A R G E T e x p eri m e nt, ri c e s h o ot tiss u e  w as c ut

i nt o s m all ( 1  m m) pi e c es a n d stirr e d  wit h c ell- w all di g esti o n

s ol uti o n ( 1. 5 % c ell ul as e  R S, 0. 3 %  m a c er o z y m e  R 1 0 ( Y a k ult

H o ns h a), 0. 6 M  m a n nit ol, 1 0  m M  M E S ( p H 5. 7), 1  m M  C a Cl 2 ,

5  m M b- m er c a pt o et h a n ol, a n d 0. 1 %  B S A) i n a fl as k.  T h e fl as k

w as v a c u u m e d i n fi ltr at e d f or 2 0  mi n ut es a n d s h a k e n at 5 0 r p m

i n t h e d ar k f or 4 h o urs.  Ri c e s h o ot pr ot o pl asts  w er e fi lt er e d

t hr o u g h a 4 0 μ m c ell str ai n er ( B D F al c o n,  U S A) a n d s p u n d o w n

f or 5  mi n at 5 0 0 g.  T h e ri c e s h o ot pr ot o pl asts  w er e t h e n  w as h e d

wit h 1 0  m L  W 5 s ol uti o n ( 1 5 0  m M  N a Cl, 1 M  C a Cl 2 , 1 M  K Cl, 2 0 0

m M  M E S p H 5. 7) t hr e e ti m es, t h e n r es us p e n d e d i n  M M G

s ol uti o n ( 4 0 0  m M  D- m a n nit ol, 1 0  m M  M g Cl 2 , 4  m M  M E S

p H 5. 7) t o 1. 0 x 1 0 6 c ells/ m L. F or pr ot o pl ast tr a nsf e cti o n  wit h

v e ct or, 1. 0 x 1 0 5 c ells  w er e  mi x e d  wit h 4 0 μ g pl as mi d  D N A a n d

1 1 0 μ L 4 0 % P E G s ol uti o n ( 4 0 % 4 0 0 0 P E G ( Si g m a, 8 1 2 4 2), 4 0 0

m M  D- m a n nit ol, 5 0  m M  C a Cl 2 ).  T h e  mi xt ur e  w as i n c u b at e d at

r o o m t e m p e r at u r e f o r 1 0  mi n ut e s.  Aft e r i n c u b ati o n, t h e

pr ot o pl asts  w er e  w as h e d  wit h  W 5 s ol uti o n t hr e e ti m es a n d

r es us p e n d e d i n 1  m L  WI s ol uti o n ( 4 0 0  m M  D- m a n nit ol, 1 M

K Cl, 2 0 0  m M  M E S p H 5. 7).  T h e tr a nsf e ct e d pr ot o pl asts  w er e

st o r e d i n t h e d a r k o v e r ni g ht.  T h e n e xt d a y, t r a n sf e ct e d

pr ot o pl asts  w er e tr e at e d  wit h 3 0 μ M c y cl o h e xi mi d e ( C H X)

f or 2 0  mi n ut es (t o bl o c k tr a nsl ati o n of s e c o n d ar y  T F2 t ar g ets

g e n es), b ef or e a t hr e e- h o ur 1 0  m M d e x a m et h as o n e ( D E X)

tr e at m e nt (t o i n d u c e  T F- G R n u cl e ar i m p ort).  Aft er 3 h o urs,

T F v e ct or a n d c o ntr ol e m pt y v e ct or tr a nsf e ct e d pr ot o pl asts

w er e F A C S s ort e d f or  R F P si g n als i nt o 1 5 0 μ L  T RI r e g e nt

f or  R N A e xtr a cti o n ( Z y m o,  R 2 0 6 1) (S u p pl e m e nt ar y Fi g ur e 5 ).

W e us e d L e x o g e n  Q u a nt S e q 3'  m R N A- S e q Li br ar y Pr e p  Kit

F W D f or Ill u mi n a ( L e x o g e n, 0 1 5. 2 x 9 6) f or  m a ki n g  R N A- S e q

li br ari es.  T h e li br ari es  w er e p o ol e d a n d s e q u e n c e d o n t h e

Ill u mi n a  N e xt S e q 5 0 0 pl atf or m at  N Y U- C G S B  G e n o mi cs

C or e f a cilit y.

FI G U R E 5

Hi g h - c o n fi d e n c e  G R N  of ri c e  T F s  T ar g eti n g  N - a n d/ or  W r e s p o n s e  D E g e n e s c orr el at e d  wit h  N U E g c o n n e ct e d t o  nitr o g e n a n d  dr o u g ht  G O

t er m s.  T hi s  n et w or k c o n si st s  of t h e  T F s fr o m T a bl e 1 t h at r e g ul at e t ar g et g e n e s a s s o ci at e d  wit h t h e g e n e  o nt ol o g y ( G O) t er m s, " nitr at e

a s si mil ati o n" ( G O: 0 0 4 2 1 2 8), " a m m o ni a a s si mil ati o n c y cl e" ( G O: 0 0 1 9 6 7 6), "r e s p o n s e t o  w at er  d e pri v ati o n" ( G O: 0 0 0 9 4 1 4), a n d "r e s p o n s e t o

a b s ci si c a ci d" ( G O: 0 0 0 9 7 3 7).  T h e s e  G O t er m s  w er e s el e ct e d  b a s e d  u p o n t h e e nri c h m e nt  of t h e s e t er m s i n t h e  T F -t ar g et g e n e s f or e a c h  T F

c a n di d at e fr o m T a bl e 1 u si n g g: Pr o fi l er (R a u d v er e et al., 2 0 1 9 ).  T h e f ull li st  of  G O t er m s f or e a c h  T F i s i n S u p pl e m e nt ar y  D at a  8 .  T o cr e at e t hi s

n et w or k t h e 5 5 1 t ot al t ar g et g e n e s fr o m T a bl e 1 w er e e x a mi n e d f or t h e g e n e s a s s o ci at e d  wit h t h e s el e ct e d  G O t er m s.  T hi s l eft 2 3/ 5 5 1 t ar g et

g e n e s a n d 1 4/ 1 8  T F s fr o m T a bl e 1 t h at r e g ul at e t h e m. F or si m pli cit y a n d si g nifi c a n c e,  w e  hi g hli g ht t h e  6  T F s i n r e d a n d t h eir t ar g et g e n e s

b e c a u s e t h e y r e g ul at e g e n e s r el at e d t o  b ot h  nitr o g e n a n d  w at er, eit h er  dir e ctl y  or i n dir e ctl y.  All  6  T F s  w er e al s o a s s o ci at e d  hi g hl y  wit h  N U E g

a n d  W U E ( T a bl e 1 ). E d g e s f or t hi s  n et w or k i n cl u d e eit h er  hi g h - c o nfi d e n c e  G E NI E 3 e d g e s,  or v ali d at e d  G E NI E 3 e d g e s f or  O s b ZI P 2 3 a n d  O s A B F 1

f or  w hi c h  w e  h a d  T A R G E T  d at a, a n d i n  pl a nt a d at a.  T h e t ot al  n et w or k i s i n li st i n S u p pl e m e nt al  D at a 7 .
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R N A - s e q a n al y si s  of  T A R G E T a s s a y f or
v ali d ati o n  of  T F -t ar g et  dir e ct
r e g ul at e d  g e n e s

T h e  U MI-i n c or p or at e d  R N A- S e q li br ari es of  T F-tr a nsf e ct e d

a n d e m pt y v e ct or c o ntr ol  w er e a n al y z e d f oll o wi n g L e x o g e n's

g ui d a n c e ( htt p s: / / w w w.l e x o g e n. c o m / q u a nt s e q - 3 m r n a -

s e q u e n ci n g/).  T h e r e a ds'  U MI  w er e e xtr a ct e d fr o m r a w f ast q

fi l es usi n g `e xtr act ` c o m m a n d fr o m  U MI-t o ols v 1. 1. 1 ( S mit h

et al., 2 0 1 7 ).  T h e n t h e f ast q fi l es  w er e tri m m e d b y f ast p 0. 2 1. 0

(C h e n et al., 2 0 1 8 ).  T h e cl e a n f ast q fi l es  w er e ali g n e d t o  M S U 7

( K a w a h ar a et al., 2 0 1 3) g e n o m e usi n g S T A R 2. 7. 6 a ( D o bi n et al.,

2 0 1 3 ).  T h e ali g n e d r e a d s  wit h t h e i d e nti c al  U MI  w e r e

d e d u pli c at e d usi n g ` d e d u p ` c o m m a n d fr o m  U MI-t o ols v 1. 1. 1

(S mit h et al., 2 0 1 7 ).  T h e g e n e c o u nts  m atri x  w as g e n er at e d b y

f e at ur e C o u nts v 2. 0. 1 (Li a o et al., 2 0 1 4 ) fr o m t h e d e d u pli c at e d

b a m fi l es.  T h e  T A R G E T  D E g e n es f or  Os A B F 1 a n d  Os b ZI P 2 3

w er e i d e nti fi e d usi n g  D E S e q 2 p a c k a g e ( L o v e et al., 2 0 1 4 ) b y

c o m p ari n g  T F vs E m pt y  V e ct or  wit h a  B e nj a mi n  &  H o c h b er g

a dj ust e d p- v al u es < 0. 0 5.  Diff er e nti all y e x pr ess e d ( D E) g e n es

i d e n tifi e d f o r  O s A B F 1 a n d  O s b Z I P 2 3 a r e li st e d i n

S u p pl e m e nt a r y  D at a 9 .  O v e rl a p b et w e e n i n pl a nt a a n d

T A R G E T d at a  w as c o n d u ct e d  wit h  V e n n y 2. 1 ( Oli v er os, 2 0 1 5 )

a n d t h e si g ni fi c a n c e  w as d et er mi n e d  wit h  G e n es e ct i n  Virt u al

Pl a nt 1. 3 ( K at ari et al., 2 0 1 0 ).  T h e c al c ul ati o ns f or pr e cisi o ns,

r e c all a n d F-s c or e f or t h e  G E NI E 3 n et w or k  w as t h e s a m e as i n

Br o o ks et al., 2 0 1 9 (Br o o ks et al., 2 0 1 9 ) (S u p pl e m e nt ar y Fi g ur e 6 ).

R e s ult s

P h e n ot y pi c v ari ati o n i n  N U E g i n 1 9 ri c e
v ari eti e s  gr o w n i n  N - b y - W  m atri x
fi el d

T h e  N- b y- W r es p o ns e fi el d d at a s et us e d i n o ur c urr e nt

st u d y c o nsist e d of 1 9 ri c e v ari eti es tr e at e d i n a 2 x 2  m atri x of f o ur

N- a n d/ or- W tr e at m e nt c o n diti o ns ( Fi g ur e 1 ) (S wift et al., 2 0 1 9 ),

c o m prisi n g:  w ell- w at er e d ( H W)  wit h l o w- or- hi g h  N ( H W L N,

H W H N) ( Fi g ur e 2 A ) vs. L o w- W ( L W)  wit h l o w- or- hi g h  N

( L W H N, L W L N) (Fi g u r e 2 B ) ( F o r t r e at m e nt d et ail s s e e

M at eri als  &  M et h o ds, a n d S wift et al., 2 0 1 9 . T o r efi n e o ur

f o c us t o  N U E g,  w e e x a mi n e d h o w e a c h of t h e 1 9 ri c e v ari eti es

p erf or m e d f or  N U E g i n t h e fi el d ( Fi g ur e 2 ).  T o i d e ntif y t h e ri c e

v ari eti es  wit h hi g h er  N U E g i n t h e f o ur diff er e nt  N- b y- W fi el d

c o n diti o ns,  w e a d a pt e d t h e P ot e nti al I n d e x (I P O ) (N di a y e et al.,

2 0 1 9 ) of  N U E g f or o ur  N- b y- W fi el d d at as et ( Fi g ur e 2 ).  T h e IP O

f or  N U E g i n di c at e d t h e r el ati v e p erf or m a n c e of e a c h of t h e 1 9

ri c e v ari eti es, c o m p ar e d t o t h e c o n diti o n al a v er a g e ( d ott e d li n es).

U n d er t h e  w ell- w at er e d ( H W) c o n diti o n, n o n e of t h e ri c e

v ari eti es p erf or m e d  w ell u n d er b ot h L N a n d H N c o n diti o ns

(Fi g ur e 2 A ). F or e x a m pl e, I R 6 4 s h o w e d t h e hi g h est  N U E g v al u es

u n d er  H W L N, b ut o nl y a v er a g e  N U E g v al u es u n d er  H W H N

c o n diti o ns ( Fi g ur e 2 A ).  B y c o ntr ast,  T ai n u n g 6 7 s h o w e d t h e

hi g h est  N U E g v al u es u n d er  H W H N, b ut o nl y a v er a g e  N U E g

v al u es u n d er  H W L N c o n diti o ns ( Fi g ur e 2 A ).  H o w e v er, u n d er

L W tr e at m e nts, t h er e  w as o n e v ari et y, I R 1 0 8, t h at p erf or m e d

w ell u n d er b ot h L W L N a n d L W H N c o n diti o ns,  wit h t h e hi g h est

IP O - N U E g c o m p ar e d t o t h e ot h er 1 8 v ari eti es ( Fi g ur e 2 B ). I n li n e

wit h t his fi n di n g, t h e I R 1 0 8 v ari et y h as b e e n r el e as e d u n d er t h e

v ari et y n a m e " S u k h a d h a n 5" t o b e us e d i n t h e dr o u g ht- pr o n e

r e gi o ns of  N e p al (A n a nt h a et al., 2 0 1 6 ).  T h e IP O a n al ysis r e v e als

t h at t his p h e n ot y pi c d at as et c o v ers a r a n g e of ri c e  N U E g v al u es.

T h er ef or e,  w e us e d t his  N U E g p h e n ot y p e d at a fr o m t h e 2 0 1 6

gr o wi n g s e as o n d at a a n d t h e c orr es p o n di n g tr a ns cri pt o m e d at a

of S wift et al 2 0 1 9, f or t h e e ns ui n g n et w or k-t o- N U E p h e n ot y p e

a n al ysis ( Fi g ur e 1 ).

I d e ntifi c ati o n  of  N - a n d / or - W r e s p o n si v e
D E  g e n e s  hi g hl y c orr el at e d  wit h  N U E g

T o dis c o v er t h e r el ati o ns hi ps b et w e e n g e n es a n d fi el d

p h e n ot y p es i n cl u di n g  N U E g,  w e us e d  W G C N A ( L a n gf el d er

a n d  H or v at h, 2 0 0 8 ) (Fi g ur e 1 , St e p 2, a n d Fi g ur e 3 ).  T h e

W G C N A a n al ysis i d e nti fi e d 1 1 c o- e x pr essi o n  m o d ul es f or t h e

2 2, 4 3 6 g e n es fr o m t h e ri c e tr a ns cri pt o m e d at a fr o m t h e  N- b y- W

fi el d pl ot ( Fi g ur e 1 , St e p 2, Fi g ur e 3 A ,  D at a i n S u p pl e m e nt al  D at a

1 ).  T h e g e n es i n e a c h of t h e  W G C N A c o- e x pr essi o n  m o d ul es

c o ntri b ut e t o a  M o d ul e Ei g e n g e n e ( M E) v al u e b as e d u p o n t h eir

M o d ul e  M e m b e r s hi p ( M M) s c o r e.  T h e  M M s c o r e i s t h e

c o ntri b uti o n of t h e i n di vi d u al g e n e t o t h e  M E v al u e of t h e

m o d ul e ( L a n gf el d er a n d  H or v at h, 2 0 0 8 ).  W e us e d t h e  M E v al u e

t o d et e r mi n e  m o d ul e c o r r el ati o n  wit h e a c h of t h e ri c e

p h e n ot y p es fr o m t h e  N- b y- W fi el d pl ots ( Fi g ur e 3 A ).  T h e  M E

s c or e f or t w o  W G C N A  m o d ul es, gr e y 6 0 ( 3, 0 5 0 g e n es) a n d

s k y bl u e ( 7 4 4 g e n es)  w as si g ni fi c a ntl y a n d hi g hl y c orr el at e d

wit h t h e  N U E g a n d  W U E p h e n ot y p e d at a i n t h e  N- b y- W pl ot

(Fi g ur e 3 A ).  T h e  M E v al u e of t h e gr e y 6 0  m o d ul e  w as n e g ati v el y

c orr el at e d  wit h  N U E g (- 0. 7 1),  w hil e t h e  M E v al u e of t h e s k y bl u e

m o d ul e  w a s  p o siti v el y c o r r el at e d  wit h  N U E g ( + 0. 7 3 )

(Fi g ur e 3 A ).  H o w e v er, e a c h  W G C N A  m o d ul e c o nt ai ns s u bs ets

of g e n es t h at c a n b e eit h er p ositi v el y or n e g ati v el y c orr el at e d

wit h  N U E g. I n  W G C N A, t his g e n e e x pr essi o n-t o- p h e n ot y p e

c orr el ati o n is c all e d  G e n e Si g ni fi c a n c e ( G S), as s h o w n f or t h e

pl ot of  M M vs.  G S i n Fi g ur e 3 C .

T o i d e ntif y  w hi c h  W G C N A  m o d ul es h a d a si g ni fi c a nt

r e pr es e nt ati o n of g e n es r es p o n di n g t o  N- a n d/ or- W si g n als, t h e

g e n es c o m prisi n g e a c h  m o d ul e  w er e o v erl a p p e d  wit h t h e  N- a n d/

or- W r es p o nsi v e  D E g e n es fr o m S wift et al 2 0 1 9 ( S wift et al.,

2 0 1 9 ) (Fi g ur e 3 B ).  T his a n al ysis u n c o v er e d a si g nifi c a nt o v erl a p

of t h e  N: W- a n d  W- r es p o nsi v e g e n e lists  wit h t h e g e n es i n t h e

W G C N A  m o d ul es - gr e y 6 0 a n d s k y bl u e -  w hi c h ar e e a c h hi g hl y

c orr el at e d  wit h  N U E g a n d  W U E ( Fi g ur e 3 A ).  T his d e m o nstr at es

t h at t h e g e n es i n t h e  W G C N A  m o d ul es - gr e y 6 0 a n d s k y bl u e -

n ot o nl y c orr el at e  wit h t h e  N U E g p h e n ot y p es fr o m t h e  N- b y- W
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m atri x fi el d pl ots b ut ar e als o e nri c h e d i n g e n es r es p o nsi v e t o  N-

a n d/ or- W si g n als ( Fi g ur e 3 B ).  A d diti o n all y, t h e bl u e a n d

li g ht y ell o w  W G C N A  m o d ul es ar e e nri c h e d i n g e n es t h at

r es p o n d t o  N- m ol es, b ut n ot t o t h e i nt er a cti o n of  N a n d  W.

W hil e t h e  W G C N A  m o d ul es - bl u e a n d li g ht y ell o w - d o n ot

c orr el at e si g ni fi c a ntl y  wit h  N U E g, e a c h of t h es e  m o d ul es

c o r r el at e s si g ni fi c a ntl y  wit h c hl o r o p h yll c o n c e nt r ati o n

(Fi g ur e 3 A ), a tr ait k n o w n t o b e r e g ul at e d b y  N a n d us e d t o

d et er mi n e  N-st at us a n d t h e n e e d f or f ertili z er i n t h e fi el d

(F a g eri a et al., 2 0 1 0 ).

N e xt,  w e p e rf o r m e d t w o a n al y s es t h at e n a bl e d u s t o

pri oriti z e t h e  N- a n d/ or- W r es p o ns e  D E  T Fs a n d g e n es  wit hi n

e a c h of t h e t w o  W G C N A  m o d ul es - gr e y 6 0 a n d s k y bl u e - t h at

a r e  m o st  hi g hl y c o r r el at e d  wit h t h e  N U E g p h e n ot y p e

(Fi g ur es 3 C , D ).  T h e g e n es  wit h  M M s c or es cl os es t o - 1 or 1

ar e hi g hl y c o n n e ct e d t o t h eir  W G C N A  m o d ul e. I n a d diti o n,

g e n es  wit h  G S s c or es t h at h a v e a hi g h a bs ol ut e v al u e f or a s p e ci fi c

tr ait ar e als o  m or e bi ol o gi c all y si g nifi c a nt ( L a n gf el d er a n d

H or v at h, 2 0 0 8 ).  T h er ef or e, t o fi lt er g e n es i n e a c h  m o d ul e t h at

w er e hi g hl y c orr el at e d  wit h  N U E g,  w e i d e nti fi e d g e n es  wit h hi g h

a bs ol ut e v al u es f or b ot h t h eir  M M a n d  G S s c or es.  T o d o t his,  w e

fi rst pl ott e d t h e a bs ol ut e v al u es of t h e  M M vs.  G S s c or es f or e a c h

g e n e i n t h e  W G C N A  m o d ul es - gr e y 6 0 a n d s k y bl u e -  w hi c h ar e

hi g hl y c orr el at e d  wit h  N U E g ( Fi g ur e 3 C ).  N e xt,  w e c al c ul at e d

t h e a v er a g e  M M a n d  G S s c or es f or t h e g e n es i n e a c h of t h es e t w o

m o d ul es.  T his e n a bl e d us t o s et a c ut- off a n d i d e ntif y g e n es

w h os e a bs ol ut e  M M a n d  G S v al u es  w er e gr e at t h a n or e q u al t o

t h e a v er a g e of t h e g e n es i n e a c h  m o d ul e (Fi g ur e 3 C , u p p er

ri g ht q u a dr a nt).

T his a n al ysis i d e nti fi e d a c o m bi n e d t ot al of 1 3 1  T Fs a n d

1, 4 9 1 g e n es hi g hl y r el e v a nt t o  N U E g i n t h e t w o  W G C N A

m o d ul es: gr e y 6 0 ( 1 0 4  T Fs  & 1, 2 0 9 g e n es) a n d s k y bl u e ( 2 7  T Fs

& 2 8 2 g e n es) ( Fi g ur e 3 C ).  N e xt, t o i d e ntif y  w h et h er g e n es hi g hl y

r el e v a nt t o  N U E g ar e si g nifi c a ntl y e nri c h e d i n  N- a n d/ or- W

r es p o ns e g e n e,  w e p erf or m e d a  G e n es e ct a n al ysis ( K at ari et al.,

2 0 1 0 ) (Fi g ur e 3 D ).  T his a n al ysis r e v e al e d si g nifi c a nt o v erl a ps

b et w e e n t h e  N: W a n d  W r es p o nsi v e g e n e lists fr o m S wift et al

2 0 1 9 ( S wift et al., 2 0 1 9 ),  wit h t h e g e n es hi g hl y c orr el at e d  wit h

N U E g ( 1 3 1  T Fs a n d 1, 4 9 1 g e n es) fr o m t h e c o m bi n e d gr e y 6 0 a n d

s k y bl u e  W G C N A  m o d ul es (Fi g ur e 3 D ).  T h e r es ulti n g o v erl a p

c o nsist e d of 9 0  T Fs a n d 1, 0 9 9 g e n es t h at ar e hi g hl y ass o ci at e d

wit h  N U E g a n d  N- a n d/ or- W r es p o nsi v e ( S u p pl e m e nt ar y  D at a

2 ).  N e xt,  w e d et er mi n e d  w hi c h of t h es e  T Fs a n d g e n es c orr el at e d

N U E g  w er e als o hi g hl y ass o ci at e d  wit h t h e  W U E p h e n ot y p e.  T o

d o t his,  w e c o n d u ct e d t h e s a m e a n al ysis pi p eli n e as d es cri b e d

a b o v e f or  N U E g, i n  w hi c h  w e d et er mi n e a n e w  G S c ut off v al u e

f or  W U E (S u p pl e m e nt ar y Fi g ur e 1 A ).  T his r es ult e d i n 7 9  T Fs

a n d 9 7 6 g e n es t h at ar e hi g hl y c orr el at e d  wit h  W U E a n d ar e  N-

a n d/ or- W r es p o nsi v e ( S u p pl e m e nt ar y Fi g ur e 1 B , S u p pl e m e nt ar y

D at a 3 ).  W e fi n d t h at 7 2 ( 8 0 %)  N U E g  T Fs a n d 8 1 5 ( 7 4 %)  N U E g

g e n es ar e als o hi g hl y c orr el at e d  wit h  W U E, t h us s u g g esti n g a

d u al r ol e f o r t h e s e g e n e s/ T F s i n r e g ul ati n g b ot h  N a n d

W r es p o ns es.

F or f urt h er a n al ysis,  w e pri oriti z e d 9 0  T Fs fr o m t h e  G E NI E 3

a n al ysis t h at ar e; i)  N- a n d/ or- W r es p o nsi v e a n d ii) hi g hl y

c orr el at e d t o  N U E g fr o m t h e c o m bi n e d  W G C N A  m o d ul es -

gr e y 6 0 a n d s k y bl u e.  T his a n al ysis r es ult e d i n 2 9  T Fs t h at ar e  N:

W-r es p o nsi v e a n d 6 1  T Fs t h at ar e  W-r es p o nsi v e ( Fi g ur es 3 C , D ).

V ali d ati o n  of  T F ! t ar g et  G R N  pr e di cti o n s
i n  W G C N A  m o d ul e s a s s o ci at e d
wit h  N U E g

T o pr e di ct  T F ! t ar g et g e n e i nt er a cti o ns i n  G R Ns i m p ort a nt

f or  N U E g,  w e us e d  G E NI E 3, a r a n d o m f or est n et w or k i nf er e n c e

m et h o d ( H u y n h- T h u et al., 2 0 1 0 ).  T his a n al ysis  will i d e ntif y

p ot e nti al  m ast er  T F r e g ul at ors of t h e  N U E g r es p o ns e a m o n gst

t h e 9 0  T Fs ( 2 9  T Fs  N: W-r es p o nsi v e a n d 6 1  T Fs  W-r es p o nsi v e)

(Fi g ur e 3 D ) t h at ar e hi g hl y c orr el at e d  wit h  N U E g ( e. g.,  m e m b ers

of  W G C N A gr e y 6 0 a n d s k y bl u e  m o d els) ( Fi g ur es 3 A , C ).  T o

i d e ntif y a n d r a n k t h es e 9 0  T Fs fr o m t h es e  N U E g  m o d ul es,  w e

g e n er at e d a  G R N usi n g 9 0 p ot e nti al  T F-r e g ul at ors of 1 0, 8 1 5  D E

( N- a n d/ or- W r es p o ns e g e n es) fr o m t h e fi el d  N- b y- W  m atri x

(Fi g ur e 1 , St e p 1).  T h e o ut p ut of  G E NI E 3 r a n ks t h e  T F! t ar g et

g e n e pr e di cti o ns i n t h e or d er of c o n fi d e n c e f or e a c h of t h e 9 0  T Fs

a n d t h e 1 0, 8 1 5  D E g e n es  N- a n d/ or- W r es p o nsi v e ( Fi g ur e 4 ). I n

t ot al, t h e r es ulti n g  G E NI E 3 i nf err e d n et w or k r a n ks n u m eri c al

c o n fi d e n c e s c or es f or e a c h  T F a n d t ar g et g e n e, e x cl u di n g s elf-

r e g ul ati o n of t h e  T F (( 9 0  T F x 1 0, 8 1 5 g e n es) - 9 0  T Fs) = 9 7 3, 2 6 0

T F-t ar g et e d g es ( Fi g ur e 4 a n d S u p pl e m e nt al  D at a 4 ).

O ur n e xt g o al  w as t o v ali d at e t h e  T F-t ar g et g e n e i nt er a cti o ns

i n o ur pr e di ct e d  G R N, usi n g  T F-t ar g et g e n e d at a v ali d at e d i n

pl a nt a .  T o t his e n d,  w e us e d e x p eri m e nt all y v ali d at e d  T F-t ar g et

g e n e i nt er a cti o ns fr o m  T F p ert ur b ati o n d at a i n ri c e, h o us e d i n

t h e  C o n n e c T F pl atf or m (htt ps://ri c e. c o n n e ctf. or g ) (Br o o ks et al.,

2 0 2 0 ) (Fi g ur e 4 a n d S u p pl e m e nt ar y Fi g ur e 2 ).  T h e  C o n n e c T F

d at a b as e i n cl u d es p u blis h e d ri c e  R N A-s e q a n d  C hI P-s e q d at a

a v ail a bl e as of J u n e 2 0 2 0.  T o v ali d at e t h e  G R N,  w e u pl o a d e d t h e

T F ! t ar g et g e n e i nt er a cti o ns pr e di ct e d b y t h e  G E NI E 3 n et w or k

i nt o  C o n n e c T F a n d fi lt er e d f or v ali d at e d  T F-r e g ul ati o n ( R N A-

s e q) a n d  T F- bi n di n g ( C hI P-s e q) d at a fr o m ri c e i n pl a nt a

d at as ets ( Fi g ur e 4 a n d S u p pl e m e nt ar y Fi g ur e 2 , S u p pl e m e nt ar y

D at a 4 ).  W e f o c us e d o ur a n al ysis o n v ali d at e d  T F-t ar g et g e n e

d at as ets fr o m ri c e l e af tiss u e, gi v e n t h at t h e s o ur c e  R N A-s e q d at a

us e d t o  m a k e t h e  G E NI E 3 n et w or k  w as fr o m ri c e l e a v es

(S u p pl e m e nt ar y Fi g ur e 2 ).

O ur q u er y of t h e  C o n n e c T F ri c e  T F d at a b as e i d e nti fi e d

e x p eri m e nt al  T F-t ar g et g e n e v ali d ati o n d at as ets f or t hr e e  T Fs

i n ri c e l e af tiss u e fr o m o ur  G E NI E 3 n et w or k (Fi g ur e 4 a n d

S u p pl e m e nt al Fi g ur e 2 ). T h e t hr e e v ali d at e d ri c e  T Fs ar e

Os A B F 1 ( Z h a n g et al., 2 0 1 7 ),  Os b ZI P 2 3 (Z o n g et al., 2 0 1 6 ),

a n d  Os N A C 1 4 ( S hi m et al., 2 0 1 8 ).  T h es e t hr e e v ali d at e d ri c e  T Fs

i n cl u d e a t ot al of ni n e d at as ets  wit h 1 0, 9 4 1 v ali d at e d t ar g et g e n es

fr o m  T F-r e g ul ati o n a n d/ or  T F- bi n di n g d at a (Fi g ur e 4 a n d

S u p pl e m e nt ar y Fi g ur e 2 ).  W e t h e n us e d t his i n pl a nt a d at a as
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" g ol d-st a n d ar d" d at a t o v ali d at e t h e  T F! t ar g et g e n e pr e di cti o ns

fr o m o ur  G E NI E 3 n et w or k usi n g  Ar e a  U n d er t h e Pr e cisi o n

R e c all ( A U P R) c ur v e a n al ysis,  w hi c h is a n a ut o m at e d f u n cti o n i n

t h e  C o n n e c T F pl atf or m (Fi g ur e 4 ).  T h e r es ults s h o w t h at t h e

A U P R f or t h e  T F ! t ar g et g e n e pr e di cti o ns ( e d g es) i n t h e ri c e

G E NI E 3 n et w or k  w er e si g ni fi c a ntl y hi g h er t h a n t h e r a n d o m  T F-

t ar g et g e n e e d g es ( P- v al u e < 0. 0 0 1, p er m ut ati o n t est) (Fi g ur e 4 ).

Gi v e n t h e  A U P R c ur v e,  w e  w er e a bl e t o s el e ct a pr e cisi o n

t hr es h ol d of 0. 3 1 ( e. g.,  T F! t ar g et g e n e e d g e s c or e ≥ 0. 0 5 8 1).

T hi s c ut - off s c o r e i s e q ui v al e nt t o t h e  T F ! t a r g et g e n e

pr e di cti o ns b ei n g a c c ur at e 1/ 3 of t h e ti m e a n d t his l e v el of

a c c ur a c y is c o m p ar a bl e t o ot h er si mil ar n et w or k v ali d ati o n

A U P R st u di es ( V ar al a et al., 2 0 1 8 ; Br o o ks et al., 2 0 1 9 ).  T h e

G E NI E 3 n et w or k  w as t h e n pr u n e d f or o nl y t h e hi g h- c o n fi d e n c e

T F ! t ar g et g e n e pr e di cti o ns usi n g t his pr e cisi o n c ut- off s c or e.

T hi s n et w o r k p r u ni n g f o r p r e ci si o n, r e s ult e d i n a  G R N

c o nt ai ni n g 8, 8 2 6 hi g h c o n fi d e n c e e d g es c o n n e cti n g 8 8  T Fs a n d

5, 7 1 6 t ar g et  N- a n d/ or- W r es p o ns e  D E g e n es ( Fi g ur e 4 a n d

S u p pl e m e nt ar y  D at a 5 ).

Pri oriti z ati o n  of  m a st er  T F s t h at r e g ul at e
N U E g i n r e s p o n s e t o  N - a n d
/ or - W si g n ali n g

O ur n e xt g o al  w as t o pri oriti z e c a n di d at e  N- a n d/ or- W

r es p o ns e  T Fs  wit h a si g nifi c a nt i n fl u e n c e o n  N U E g fr o m t h e

pr u n e d  G E NI E 3 n et w or k.  T o t his e n d,  w e o v erl a p p e d t h e pr u n e d

hi g h c o n fi d e n c e  T F ! t ar g et e d g es f or t h e 8 8  T Fs i n t h e  G E NI E 3

n et w or k  wit h t h e 1, 0 9 9 g e n es fr o m t h e t w o  W G C N A  m o d ul es

t h at ar e hi g hl y c orr el at e d  wit h  N U E g - gr e y 6 0  & s k y bl u e -  N-

a n d/ or- W  D E g e n es = 3 2 2  N: W r es p o ns e g e n es + 7 7 7  W-

r es p o ns e g e n es) (S u p pl e m e nt ar y Fi g ur e 3 ).  W e c al c ul at e d t h e

si g nifi c a n c e of t h e o v erl a p pi n g  T F ! t ar g et g e n es  wit h t h e 1, 0 9 9

N U E g g e n es.  T o pri oriti z e t h e 8 8  T Fs,  w e r a n k e d t h e m b y t h e  Z-

s c or e f or t h e o v erl a p (S u p pl e m e nt ar y  D at a 6 ).  W e f o u n d 1 8  T Fs

w h os e hi g h c o n fi d e n c e  T F ! t ar g ets g e n e e d g es h a d t h e hi g h est

si g nifi c a nt o v erl a p ( P- v al u e < 0. 0 0 1,  Z s c or e ≥ 1 0)  wit h t h e 1, 0 9 9

g e n es i n t h e  N U E g  W G C N A  m o d ul es – gr e y 6 0 a n d s k y bl u e

(T a bl e 1 ).  T his a n al ysis li n ks 1 8  T Fs ! 5 5 1  N- a n d/ or- W

r es p o ns e t ar g et g e n es! N U E g.  A m o n g t h e 1 8  T Fs,  Os b ZI P 2 3

is pr e di ct e d t o r e g ul at e t h e  m ost of t h e  N U E g c orr el at e d g e n es,

c o m p ar e d t o t h e ot h er 1 7  T Fs ( T a bl e 1 ).  A d diti o n all y,  w e fi n d

t h at 1 6/ 1 8  T Fs ( all e x c e pt EI L 4 a n d I D E F 4) ar e als o hi g hl y

c or el at e d  wit h  W U E ( T a bl e 1 a n d S u p pl e m e nt al  D at a 3 ).

Of t h es e 1 8  T Fs,  m ulti pl e  T Fs h a v e p u blis h e d f u n cti o ns i n

dr o u g ht t ol er a n c e i n cl u di n g,  Os A B F 1 ( Z h a n g et al., 2 0 1 7 ),

Os b ZI P 2 3 ( Xi a n g et al., 2 0 0 8 ; D e y et al., 2 0 1 6 ; Z o n g et al.,

2 0 1 6 ),  Os h o x 2 2 (Z h a n g et al., 2 0 1 2 ), a n d  Os E R F 4 8 (J u n g et al.,

2 0 1 7 ).  Of n ot e,  Os A B F 1,  Os b ZI P 2 3, a n d  Os h o x 2 2 ar e  N: W-

r es p o nsi v e g e n es b as e d o n t h e  N- a n d/ or- W r es p o ns e  D E g e n e

lists fr o m S wift et al 2 0 1 9 (S u p pl e m e nt al  D at a 6 ), s u g g esti n g

t h eir n e w f u n cti o n i n r e g ul ati n g  N: W r es p o ns es, i n a d diti o n t o

dr o u g ht ( T a bl e 1 ). P u blis h e d f u n cti o ns f or ot h er c a n di d at e  T Fs

i n t h e 1 8  T F list i n cl u d e,  N-si g n ali n g ( L O B 3 9) (O b ert ell o et al.,

2 0 1 5 ; Y a n g e t al., 2 0 1 7 ),  A B A si g n ali n g ( O S B Z 8 )

(R o y C h o u d h ur y et al., 2 0 0 8 ), et h yl e n e si g n ali n g ( Os E R F 1) (H u

et al., 2 0 0 8 ), ir o n h o m e ost asis (I D E F 2,  OsI R O 3, a n d  OsI R O 2)

(O g o et al., 2 0 0 7 , 2 0 0 8 ; M as u d a et al., 2 0 1 9 ; W a n g et al., 2 0 2 0 ),

st ar c h bi os y nt h esis ( R S R 1) ( F u a n d  X u e, 2 0 1 0 ), a n d gr ai n yi el d

( Os S P L 9) (H u et al., 2 0 2 1 ) (T a bl e 1 ).  OsI R O 2  w as als o f o u n d t o

r e g ul at e  N U E i n a  N-r es p o ns e g e n e n et w or k i n ri c e ( U e d a

et al., 2 0 2 0 ).

G e n e  o nt ol o g y f or t ar g et  g e n e s f or
pri oriti z e d  T F s

T o f urt h er d et er mi n e t h e  m e c h a nis m of t h e pri oriti z e d  T Fs

i n r e g ul ati n g  N U E g,  w e p erf or m e d  G e n e  O nt ol o g y ( G O) a n al ysis

o n t h e  N U E g t ar g et g e n es fr o m T a bl e 1 r e g ul at e d b y e a c h  T F

usi n g g: Pr o fi l er (T a bl e 1 a n d S u p pl e m e nt al  D at a 7 ) (R a u d v er e

et al., 2 0 1 9 ). F or e a c h  T F,  w e f o c us e d o n t h e r el e v a nt bi ol o gi c al

pr o c ess  G O t er ms r el at e d t o  w at er a n d nitr o g e n si g n ali n g.  W e

f o u n d t h a t t h e t a r g e t g e n e s  o f t h e  T F s,  L O B 3 9,

L O C _ Os 1 1 g 3 8 8 7 0, a n d L O C _ Os 0 6 g 1 4 6 7 0,  w er e e nri c h e d f or

G O t er ms r el at e d t o nitr o g e n i n cl u di n g, " nitr at e assi mil ati o n,"

a n d " a m m o ni a assi mil ati o n c y cl e" ( T a bl e 1 ). F urt h er,  w e f o u n d

t h at t h e t ar g et g e n es of t h e  T Fs,  Os b ZI P 2 3,  Os h o x 2 2,  Os h o x 1 3,

L O C _ Os 0 6 g 1 4 6 7 0,  w er e e nri c h e d f or  G O t er ms r el at e d t o

d r o u g ht i n cl u di n g, " r e s p o n s e t o  w at e r d e p ri v ati o n," a n d

"r es p o ns e t o a bs cisi c a ci d" (T a bl e 1 ). L O C _ Os 0 6 g 1 4 6 7 0  w as

t h e o nl y  T F e nri c h e d f or nitr o g e n a n d dr o u g ht-r el at e d  G O

t er ms.  W e di d n ot i d e ntif y a n y  G O e nri c h m e nt f or t h e  T F-

t ar g et g e n es of  Os E R F 4 8,  OsI R O 3, L O C _ Os 0 3 g 0 8 4 7 0,  O S B Z 8,

R S R 1 a n d I D E F 2.  H o w e v er,  w e di d i d e ntif y s o m e ot h er  G O

t er ms of i nt er est f or t h e r e m ai ni n g  T Fs i n cl u di n g, "s ulf ur

c o m p o u n d  m et a b oli c pr o c ess" f or EI L 4, " c ell c o m m u ni c ati o n"

E R F 6 5, " r e s p o n s e t o t e m p e r at u r e sti m ul u s" f o r  O s A B F 1,

" p h o s p h o r u s  m et a b oli c p r o c e s s" f o r  O s E R F 1, "i r o n i o n

h o m e ost asis" f or  OsI R O 2, a n d " zi n c i o n h o m e ost asis" f or

Os S P L 9 ( S u p pl e m e nt al  D at a 8 ).  W hil e t h es e e nri c h e d  G O

t e r m s s u g g e st t h e r el e v a n c e of t h e s e  T F s i n ot h e r c ell

pr o c ess es,  w e f o c us o n t h e  T Fs t h at r e g ul at e t h e t ar g et g e n es

ass o ci at e d  wit h t h e nitr o g e n a n d  w at er r el at e d  G O t er ms.

Hi g h - c o n fi d e n c e  G R N  of  T F s t h at t ar g et
nitr o g e n a n d  dr o u g ht -r el at e d  g e n e s

T o i d e ntif y t h e  T Fs t h at r e g ul at e b ot h nitr o g e n a n d  w at er

r es p o ns e fr o m o ur list of pri oriti z e d  T Fs,  w e t o o k t h e s u bs et of

t h e  G E NI E 3 n et w or k t h at i n cl u d es 1 8  T Fs! 5 5 1  N- a n d/ or- W

r es p o ns e t ar g et g e n es ass o ci at e d  wit h  N U E g, a n d i d e nti fi e d t h e

t ar g et g e n es fr o m t his list of 5 5 1 t h at  w er e p art of t h e  G O t er ms

" nitr at e assi mil ati o n", " a m m o ni a assi mil ati o n c y cl e", "r es p o ns e t o
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w at e r  d e p ri v ati o n, " a n d " r e s p o n s e t o a b s ci si c a ci d "

(S u p pl e m e nt al  D at a 7 ).  T his r es ult e d i n a list of 2 3 t ar g et

g e n es r e g ul at e d b y 1 4  T Fs ( S u p pl e m e nt al  D at a 7 ).  W e f o u n d

si x  T Fs t h at r e g ul at e d b ot h nitr o g e n a n d  w at er r el at e d t ar g et

g e n es eit h er dir e ctl y ( Os b ZI P 2 3, L O B 3 9, L O C _ Os 1 1 g 3 8 8 7 0,

L O C _ Os 0 6 g 1 4 6 7 0, a n d  Os h o x 1 3) or i n dir e ctl y ( Os h o x 2 2 vi a

r e g ul ati o n of  Os b ZI P 2 3) (Fi g ur e 5 ).  W hil e  Os A B F 1 di d n ot

r e g ul at e g e n es r el at e d t o nitr o g e n, it is i n cl u d e d i n t h e n et w or k

vis u ali z ati o n b e c a us e it is a n n ot at e d f or t h e  w at er-r el at e d  G O

t er ms a n d is r e g ul at e d b y  Os b ZI P 2 3 a n d  Os h o x 2 2 (Fi g ur e 5 ).

T h e t a r g et g e n e s i n v ol v e d i n  nit r at e a n d a m m o ni a

a s si mil ati o n t h at a r e r e g ul at e d b y t h e  T F s i n o u r hi g h-

c o n fi d e n c e  G R N i n cl u d e v ali d at e d r e g ul at o r s of  N U E,

gl ut a m at e s y nt h et as e 1 ( Os G O G A T), a n d nitrit e r e d u ct as e

( Os Ni R) (L e e et al., 2 0 2 0 ; Y u et al., 2 0 2 1 ) (Fi g ur e 5 ).  W e als o

fi n d r e g ul ati o n of t h e p ut ati v el y e x pr ess e d nitr at e r e d u ct as e 1

( NI A 1) g e n e,  w hi c h i s n e c e s s a r y f o r nit r at e a s si mil ati o n

(S u b u d hi et al., 2 0 2 0 ).  T h e  T F s,  O s b ZI P 2 3, L O B 3 9 a n d

L O C _ Os 1 1 g 3 8 8 7 0 r e g ul at e nitr at e assi mil ati o n g e n es,  w hil e

O s b ZI P 2 3,  O s h o x 1 3, a n d L O C _ O s 0 6 g 1 4 6 7 0 r e g ul at e t h e

a m m o ni a assi mil ati o n g e n e. Os b ZI P 2 3 is t h e o nl y  T F t h at

r e g ul at es g e n es i n b ot h nitr at e a n d a m m o ni a assi mil ati o n

g e n es ( Fi g ur e 5 ).

F urt h er m or e, e a c h  T F r e g ul at es g e n es i n v ol v e d i n  w at er

d e pri v ati o n a n d/ or  A B A si g n ali n g ( Fi g ur e 5 ).  T h es e g e n es

i n cl u d e t h e  T Fs  Os b ZI P 4 6 a n d  Os b ZI P 7 2,  w hi c h ar e k n o w n

p o siti v e r e g ul at o r s of d r o u g ht t ol e r a n c e a n d f u n cti o n i n

c o o r di n ati o n  wit h  O s b Z I P 2 3 a n d  O s A B F 1, t w o ot h e r

pri oriti z e d  T Fs i n o ur n et w or k ( L u et al., 2 0 0 9 ; C h a n g et al.,

2 0 1 7 ; Z h a n g et al., 2 0 1 7 ; S o n g et al., 2 0 2 0 ).  W e als o fi n d

r e g ul ati o n of t h e ri c e a q u a p ori ns,  Os PI P 1; 1,  Os PI P 1; 2, a n d

PI P 2 A t h at f a cilit at e  w at er tr a ns p ort ( S a k ur ai et al., 2 0 0 5 ; X u

et al., 2 0 1 9 ). I n a d diti o n, t h er e ar e g e n es t h at r e g ul at e  m ulti pl e

c o m p o n e nts i n v ol v e d i n t h e  A B A si g n ali n g p at h w a y i n cl u di n g,

t h e  A B A dr o u g ht r e c e pt ors,  Os P Y L 1,  Os P Y L 6 (Li et al., 2 0 1 5 ;

S a nt os h  K u m ar et al., 2 0 2 1 a ), t h e cl a d e  A t y p e 2 C pr ot ei n

p h o s p h at a s e s,  O s P P 2 C 5 1,  O s P P 2 C 3 0 ( Z o n g et al., 2 0 1 6 ;

S a nt os h  K u m ar et al., 2 0 2 1 a ), a n d t h e  A B A- a cti v at e d pr ot ei n

ki n a s e, S A P K 6 ( C h a n g et al., 2 0 1 7 ).  O v e r all, t hi s r e s ult

d e m o nstr at es t h at a s u bs et of o ur pri oriti z e d c a n di d at e  T Fs

r e g ul at es b ot h nitr o g e n a n d  w at er g e n es.

N et w or k v ali d ati o n  wit h i n vi v o
T A R G E T a s s a y

T o f urt h er v ali d at e t h e nitr o g e n a n d dr o u g ht-r el at e d e d g es i n

o ur hi g h- c o n fi d e n c e  G R N ( Fi g ur e 5 ),  w e p erf or m e d i n vi v o

Tr a nsi e nt  Ass a y  R e p orti n g  G e n o m e- wi d e Eff e cts of  Tr a ns cri pti o n

f a ct ors (T A R G E T ) ass a ys t o i d e ntif y t h e direct T F-t ar g et g e n es f or

t h es e  T Fs.  W e s el e ct e d  Os b ZI P 2 3 a n d  Os A B F 1 f or  T A R G E T ass a ys

b e c a us e  w e c o ul d c o m p ar e t h e a c c ur a c y of o ur  T A R G E T r es ults

wit h t h e a v ail a bl e i n pl a nt a d at a f or t hes e T Fs i n C o n n e c T F ( Br o o ks

et al., 2 0 2 0 ).  T h e T A R G E T T F- p ert ur b ati o n ass a y i n is ol at e d pl a nt

c ells h as b e e n pr e vi o usl y us e d t o i d e ntif y dir e ct  T F ! r e g ul at e d

t ar g et g e n es i n  Ar a bi d o psis (B ar g m a n n et al., 2 0 1 3 ; V ar al a et al.,

2 0 1 8 ; Br o o ks et al., 2 0 1 9 ). I n t his p a p er,  w e a d a pt t h e v e ct ors a n d

t h e T A R G E T t e m p or al  T F- p ert ur b ati o n ass a y t o ric e s h o ot c ells

(S u p pl e m e nt ar y Fi g ur e 4 ).

T h e T A R G E T T F- p ert ur b ati o n ass a y i d e nti fi es t h e dir e ct

T F ! r e g ul at e d t ar g et g e n e i nt er a cti o ns b e c a us e; i) t h er e is

ti m e d n u cl e ar e ntr y of t h e  T F, a n d ii) tr a nsl ati o n of r e g ul at e d

s e c o n d a r y ( T F 2 ) t r a n s c ri pti o n f a ct o r s i s bl o c k e d b y

c y cl o h e xi mi d e tr e at m e nt.  T F-r e g ul at e d  D E g e n es ar e i d e nti fi e d

b y c o m p aris o n t o a n e m pt y v e ct or c o ntr ol.  T h e T A R G E T ass a y

i d e ntifi es dir e ct  T F ! t ar g et g e n es as f oll o ws: i) t h e  T F is f us e d t o

t h e gl u c o c orti c oi d r e c e pt or ( G R) pr ot ei n t h at  w h e n e x pr ess e d i n

t h e pl a nt c ells, ii) t h e  T F- G R f usi o n is r et ai n e d i n t h e c yt o pl as m

b y  H S P 9 0 bi n di n g, iii) u p o n d e x a m et h as o n e ( D E X) tr e at m e nt,

t h e  G R bi n di n g is r el e as e d a n d t h e  T F is i m p ort e d i nt o t h e

n u cl e us  w h er e it c a n r e g ul at e e x pr essi o n ( B ar g m a n n et al., 2 0 1 3 ;

Br o o ks et al., 2 0 1 9 ) (S u p pl e m e nt ar y Fi g ur e 5 ). i v)  A d diti o n all y,

c y cl o h e xi mi d e +  D E X tr e at m e nt i n hi bits tr a nsl ati o n of  m R N A

f or  T F2 s.  T h er ef or e o nl y t h e t ar g et g e n es of t h e o v er- e x pr ess e d

T F ar e i d e nti fi e d,  w h e n c o m p ar e d t o t h e e m pt y v e ct or c o ntr ol

(Br o o ks et al., 2 0 1 9 ).

B as e d o n o ur  T A R G E T ass a y,  Os b ZI P 2 3 dir e ctl y r e g ul at es

3, 0 9 5 t ar g et g e n es,  w hil e  Os A B F 1 dir e ctl y r e g ul at es 2, 1 5 1 t ar g et

g e n es i n ri c e s h o ot pr ot o pl asts ( S u p pl e m e nt ar y Fi g ur e 6 a n d

S u p pl e m e nt al  D at a 9 ).  T o d et er mi n e t h e a c c ur a c y of o ur

T A R G E T r es ults,  w e t o o k t h e o v erl a p b et w e e n t h e  T A R G E T

r es ults a n d t h e i n pl a nt a bi n di n g a n d e x pr essi o n d at a f or e a c h

T F fr o m  C o n n e c T F ( Z o n g et al., 2 0 1 6 ; Z h a n g et al., 2 0 1 7 ; Br o o ks

et al., 2 0 2 0 ).  W e f o u n d a si g nifi c a nt o v erl a p b et w e e n t h e  T A R G E T

a n d i n pl a nt a D E g e n es ( S u p pl e m e nt al Fi g ur e 6 A ).  T his si g nifi c a nt

o v erl a p s u g g ests t h at t h e pl a nt c ell- b as e d  T F-t ar g et d at a c a n

a c c ur at el y i d e ntif y i n pl a nt a T F-r e g ul at e d g e n es.  A d diti o n all y,

w e fi n d t he T A R G E T d at a is as a c c ur at e, if n ot e v e n b ett er, t h a n

t h e i n pl a nt a d at a at v ali d ati n g t h e pr e di ct e d  T F ! t ar g et g e n es i n

t h e  G E NI E 3 n et w or k,  wit h a hi g h er F-s c or e a n d si mil ar pr e cisi o n

a n d r e c all v al ues ( S u p pl e m e nt ar y Fi g ur e 6 B ).

Gi v e n t h at t h e  T A R G E T d at a  w as a c c ur at e i n i d e ntif yi n g

Os b ZI P 2 3 a n d  Os A B F 1 t ar g et g e n es,  w e us e d t h e  T A R G E T a n d

i n pl a nt a d at a t o v ali d at e t h e nitr o g e n a n d dr o u g ht-r el at e d e d g es

i n o ur hi g h- c o nfi d e n c e  G R N ( Fi g ur e 5 ).  W e c o nfi r m  wit h

T A R G E T t h at  Os b ZI P 2 3 dir e ctl y r e g ul at es g e n es i n v ol v e d i n

nitr o ge n a n d dr o u g ht res p o nses i ncl u di n g,  NI A 1 i n v ol ve d i n nitrate

assi mil ati o n ( S u b u d hi et al., 2 0 2 0 ),  A B C G 4 i n v ol ve d i n a bi otic stress

res p o nses (M ats u d a et al., 2 0 1 2 ), a n d t he rice a q u a p ori n,  Os PI P 1; 2, t h at

i m pr o ves yiel d i n rice (X u et al., 2 0 1 9 ).  A d diti o n all y,  we c o nfi r m  wit h

Os b ZI P 2 3 T A R G E T a n d i n pl a nt a d at a t h at  Os b ZI P 2 3 re g ul ates

dr o u g ht ass oci ate d ge nes  Os D h n 1 a n d  Os P P 2 C 3 0 ( Lee et al., 2 0 1 3 ;

S a nt os h  K u m ar et al., 2 0 2 1 b ). F urt her m ore,  we c o nfi r m t he r ole

of  Os A B F 1 i n r e g ul ati n g dr o u g ht si g n ali n g, as it r e g ul at es t h e

dr o u g ht- ass oci ate d ge ne  Os P P 2 C 5 1 i n b ot h T A R G E T a n d i n pla nt a

d at asets ( Fi g ure 5 ) (Z o n g et al., 2 0 1 6 ).
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O v er all, o ur  T A R G E T r es ults s h o w t h at t h e hi g h- c o n fi d e n c e

e d g es i nf err e d i n o ur  G E NI E 3 n et w or k a c c ur at el y pr e di ct

T F ! t a r g et g e n e s, t h u s f u rt h e r c o nfi r mi n g t h e r ol e of

Os b ZI P 2 3 i n r e g ul ati n g b ot h  N U E g a n d  W U E. I n a d diti o n,  w e

fi n d a  n e w f u n cti o n f o r  O s b ZI P 2 3 i n  m e di ati n g  N U E g

p h e n ot y p es, as p r e vi o us st u di es s h o w its r ol e i n dr o u g ht

r es p o ns es (Xi a n g et al., 2 0 0 8 ; D e y et al., 2 0 1 6 ; Z o n g et al.,

2 0 1 6 ).  T h us, o ur c o m bi n e d n et w or k i nf er e n c e a n d v ali d ati o n

a p pr o a c h r e v e als n e w  T Fs i n r e g ul ati n g  N U E g ( T a bl e 1 ).

Di s c u s si o n

I n t his st u d y,  w e s o u g ht t o i d e ntif y  G R Ns t h at c o ntr ol  N U E g

i n r es p o ns e t o t w o k e y i nt er a cti n g c o m p o n e nts t h at r e g ul at e ri c e

pr o d u cti vit y:  N a n d  W.  B y e x pl oiti n g tr a ns cri pt o mi c a n d

p h e n ot y pi c d at a c oll e ct e d fr o m 1 9 ri c e v ari eti es gr o w n i n a

2 x 2  N- b y- W  m atri x i n t h e fi el d ( S wift et al., 2 0 1 9 ),  w e i d e ntifi e d

a n d v ali d at e d t h e r ol e  G R Ns c o m pris e d of  N- a n d/ or- W r es p o ns e

g e n es f or t h eir r ol e i n  T F ! t ar g et g e n e! N U E g p h e n ot y p e

r el ati o ns hi ps.  T h e  T F t o  N- b y- W r es p o ns e g e n e i nf or m ati o n

n o w e n c o d e d i n t his hi g h- c o n fi d e n c e  G R N c orr el at e d t o  N U E g,

c a n n o w b e a p pli e d t o d e v el o p/ br e e d ri c e pl a nts  wit h i m pr o v e d

yi el d  m ar gi n al, l o w  N-i n p ut, dr o u g ht- pr o n e s oils – w hi c h ar e

i n cr e asi n g i n t h e f a c e of cli m at e c h a n g e.

Hi g h - c o n fi d e n c e  G R N i d e ntif yi n g  m a st er
r e g ul at or s  of  N U E g r e s p o n si v e t o
N - a n d / or - W si g n al s

W e  w e r e a bl e t o li n k t h e  T F ! t a r g et g e n e! N U E g

p h e n ot y p e u si n g a c o m bi n ati o n of f o u r a p p r o a c h e s ( i)

W G C N A - b a s e d g e n e -t o -t r ai t c o - e x p r e s si o n  n et w o r k

(L a n gf el d er a n d  H or v at h, 2 0 0 8 ), (ii)  G E NI E 3, a r a n d o m f or est

m a c hi n e l e ar ni n g a p pr o a c h t o  G R N i nf er e n c e f or pr e di cti n g  T F-

t ar g et i nt er a cti o ns (H u y n h- T h u et al., 2 0 1 0 ), (iii) E x p eri m e nt al

v ali d ati o n of  G R N pr e di cti o ns a n d  N et w or k " pr u ni n g" b y  A U P R

(V ar al a et al., 2 0 1 8 ; Br o o ks et al., 2 0 1 9 ), a n d (i v)  N et w or k

v ali d ati o n usi n g  T A R G E T, a n a p pr o a c h  w hi c h us es pl a nt c ells

t o i d e ntif y dir ect T F ! t ar g et g e n e i nt er a cti o ns (B ar g m a n n et al.,

2 0 1 3 ; Br o o ks et al., 2 0 1 9 ).  Usi n g t his pi p eli n e (Fi g ur e 1 ), t h e

W G C N A a p pr o a c h i d e nti fi e d t w o n et w or k  m o d ul es t h at  w er e

hi g hl y c orr el at e d t o  N U E g c all e d " gr e y" a n d "s k y bl u e".  N e xt,  w e

c o nstr u ct e d a  G R N f or t h e g e n es i n t his  m o d ul e, b as e d o n t h eir

N- a n d/ or- W r es p o ns e  D E g e n es. Fi n all y,  w e us e d e x p eri m e nt al

d at a f or  T F-t ar g et g e n es v ali d at e d i n pl a nt a (Z o n g et al., 2 0 1 6 ;

Z h a n g et al., 2 0 1 7 ; S hi m et al., 2 0 1 8 ) as  w ell as o n es  w e g e n er at e d

i n ri c e l e af c ells f or t his st u d y.  T h es e v ali d at e d ri c e  T F d at as ets

w er e us e d t o c o n d u ct pr e cisi o n/r e c all a n al ysis of o ur  G R N.

T his e n a bl e d us t o s et a pr e cisi o n c ut- off s c or e t o pr u n e t h e

n et w or k f or hi g h c o n fi d e n c e  T F-t ar g et pr e di cti o ns f or all T Fs i n

t h e  G R N.

O v e r all, o u r  G R N a n al y si s a n d v ali d ati o n i d e nti fi e d

Os b ZI P 2 3 a n d  Os h o x 2 2 as t o p c a n di d at e  m ast er r e g ul at ors of

N U E g i n r es p o ns e t o  N a n d  W si g n ali n g.  T h es e t w o  T Fs ar e

n et w or k h u bs, as t h e y r e g ul at e t h e l ar g est n u m b er of  D E g e n es

( N- a n d/ or- W r es p o nsi v e) t h at ar e hi g hl y c orr el at e d  wit h  N U E g

i n t h e gr e y 6 0 a n d s k y bl u e  W G C N A  m o d ul es (T a bl e 1 a n d

S u p pl e m e nt al  D at a 6 ). F urt h er v ali d ati n g t h eir k n o w n r ol e i n

dr o u g ht, t h es e t w o  T Fs h a v e p u blis h e d f u n cti o ns i n r e g ul ati n g

dr o u g ht t ol er a n c e t hr o u g h t h e pl a nt h or m o n e a bs cisi c a ci d

( A B A) si g n ali n g r es p o ns es (Xi a n g et al., 2 0 0 8 ; Z h a n g et al.,

2 0 1 2 , 2 0 1 7 ; P ar k et al., 2 0 1 5 ) (T a bl e 1 ).  O ur c urr e nt st u d y, n o w

li n ks t h es e t w o  w ell- k n o w n dr o u g ht  T Fs t o r e g ul ati o n b y  N- a n d/

or- W si g n ali n g a n d  N U E g.  O ur r es ults ar e als o i n li n e  wit h

pr e vi o us st u di es t h at s h o w  Os b ZI P 2 3 a cti vit y t o b e d e p e n d e nt

u p o n p h os p h or yl ati o n b y S A P K 2 ( Z o n g et al., 2 0 1 6 ), a n os m oti c

str ess/ A B A- a cti v at e d pr ot ei n ki n as e,  w hi c h pr o m ot es nitr at e

u pt a k e a n d assi mil ati o n u n d er dr o u g ht str ess ( L o u et al., 2 0 2 0 ).

I n a d diti o n t o t h e  T F h u bs ( Os b ZI P 2 3 a n d  Os h o x 2 2),  w e

i d e ntif y f o ur  T Fs  wit h n o v el f u n cti o ns  N U E g a n d  W U E g e n e

r e g ul ati o n i n o u r  G R N.  W e i d e nti fi e d f o u r  T F s ( L O B 3 9,

Os h o x 1 3, L O C _ Os 1 1 g 3 8 8 7 0, a n d L O C _ Os 0 6 g 1 4 6 7 0), t h at

r e g ul at e g e n es i n v ol v e d i n b ot h  N a n d/ or  W r es p o ns es usi n g

G O a n al ysis of t h eir pr e di ct e d  T A R G E T g e n es i n t h e hi g h-

c o n fi d e n c e  G R N ( T a bl e 1 a n d Fi g ur e 5 ).  U nli k e  Os b ZI P 2 3 a n d

O s h o x 2 2, t h e  T F s  O s h o x 1 3,  L O C _ O s 1 1 g 3 8 8 7 0, a n d

L O C _ Os 0 6 g 1 4 6 7 0 T Fs h a d u ntil n o w u n k n o w n f u n cti o ns i n

b ot h nit r o g e n a n d d r o u g ht r e g ul ati o n ( T a bl e 1 ). L O B 3 9

e x pr essi o n is r e g ul at e d b y nitr o g e n, h o w e v er it  w as pr e vi o usl y

n ot k n o w n t o b e i n v ol v e d i n dr o u g ht ( O b ert ell o et al., 2 0 1 5 ).

Os b ZI P 2 3, L O B 3 9 a n d L O C _ Os 1 1 g 3 8 8 7 0 r e g ul at e nitr at e

assi mil ati o n g e n es  NI A 1 a n d  Os Ni R,  w hi c h is a k n o w n t o

pr o m ot e nitr o g e n assi mil ati o n a n d  N U E i n c o or di n ati o n  wit h

Os N L P 4 ( Fi g ur e 5 ) (Y u et al., 2 0 2 1 ). F urt h er m or e,  Os b ZI P 2 3,

O s h o x 1 3 a n d  L O C _ O s 0 6 g 1 4 6 7 0 r e g ul at e t h e a m m o ni a

assi mil ati o n g e n e  Os G O G A T 1,  w hi c h i m pr o v es  N U E i n l o w  N

c o n diti o ns i n c o or di n ati o n  wit h t h e a m m o ni u m tr a ns p ort er

Os A M T 1; 2 ( L e e et al., 2 0 2 0 ).  W hil e it is k n o w n t h at ri c e

pr ef ers a m m o ni a u pt a k e c o m p ar e d t o nitr at e ( S as a k a w a a n d

Y a m a m ot o, 1 9 7 8 ; H a c hi y a a n d S a k a ki b ar a, 2 0 1 7 ),  w e fi n d t h e

T Fs i n t his n et w or k r e g ul at e b ot h p at h w a ys,  wit h  Os b ZI P 2 3

r e g ul ati n g g e n es i n v ol v e d i n b ot h.

W e al s o e x a mi n e d t h e  m e c h a ni s m of t r a n s c ri pti o n al

r e g ul ati o n b et w e e n t h es e  m ast er  T Fs i n t h e  N U E g  G R N b y

v ali d ati n g  T F ! t ar g et g e n e i nt er a cti o ns usi n g  T A R G E T, a pl a nt

c ell- b a s e d a s s a y t h at i d e nti fi es di r e ct T F ! T A R G E T g e n e

i nt er a cti o ns (B ar g m a n n et al., 2 0 1 3 ; V ar al a et al., 2 0 1 8 ; Br o o ks

et al., 2 0 1 9 ).  W e fi n d t h at  Os h o x 2 2 r e g ul at es nitr o g e n a n d  w at er

r es p o ns es i n dir e ctl y vi a c a n di d at e  T Fs  Os b ZI P 2 3, a n d  Os A B F 1

(Fi g ur e 5 ).  W e t h e n v ali d at e t h e  T F! t ar g et g e n e i nt er a cti o ns f or

Os b ZI P 2 3 a n d  Os A B F 1  T Fs  wit h t h e  T A R G E T ass a y.  W e

c o n fi r m t h at  Os b ZI P 2 3 r e g ul at es b ot h nitr o g e n a n d dr o u g ht

r es p o ns e g e n es, a n d  Os A B F 1 r e g ul at e d dr o u g ht r es p o ns e g e n es,

wit h  T A R G E T a n d i n pl a nt a d at a.
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O v er all, t h es e fi n di n g s u p p orts pr e vi o us st u di es t h at s h o w

t h e r e g ul ati o n of t h es e t w o ess e nti al si g n als  N- a n d- W ar e li n k e d

(S wift et al., 2 0 1 9 ; Ar a us et al., 2 0 2 0 ; Pl ett et al., 2 0 2 0 ).  O ur  w or k

pr es e nts a p at h of h o w  A B A/ dr o u g ht i n d u c e d si g n ali n g r e g ul at es

b ot h  N a n d  W r e s p o n s e s  w hi c h ulti m at el y aff e ct c r o p

p h e n ot y p es, s u c h as  N U E g, t h e tr ait of f o c us i n o ur st u d y.

V ali d ati o n  of  G R N s i n ri c e  u si n g
C o n n e c T F a s a  pl atf or m t o v ali d at e a n d
pr u n e f or  hi g h - c o n fi d e n c e  n et w or k s

I n o ur st u d y,  w e d e m o nstr at e t h e us ef ul n ess of  C o n n e c T F as

a pl atf or m - n o w a p pli e d t o ri c e - t o i nt e gr at e p u blis h e d  T F-

bi n di n g a n d  T F- e x pr essi o n d at as ets t o i d e ntif y a n d v ali d at e

t ar g et g e n es i n G R Ns (Br o o ks et al., 2 0 2 0 ) (Fi g ur e 4 a n d

S u p pl e m e nt ar y Fi g ur e 2 ).  W hil e s o m e  G R N st u di es us e a n

a r bit r a r y c ut- off v al u e f o r n et w o r k p r u ni n g a s i n ot h e r

n et w o r k st u di e s ( U e d a et al., 2 0 2 0 ),  w e s h o w h o w  T F-

p ert ur b ati o n d at a c a n b e us e d as a " g ol d-st a n d ar d" f or  G R N

v ali d ati o n a n d " n et w or k pr u ni n g", usi n g a ut o m at e d  A U P R

f u n cti o ns i n  C o n n e c T F (Br o o ks et al., 2 0 2 0 ) (Fi g ur e 4 ).  W e

p erf or m e d Pr e cisi o n/ R e c all a n al ysis of t h e  G R N f or  N U E g –

usi n g t h e  T F-t ar g et g e n e v ali d ati o n s ets f or ri c e h o us e d i n t h e

C o n n e c T F d at a b as e.  T his e n a bl e d us t o e m piri c all y s el e ct a

T F ! t ar g et pr e cisi o n c ut- off v al u e of 0. 3 1 fr o m t h e  A U P R

c ur v e.  T his  A U P R c ut- off r e pr es e nts t h at a p pr o xi m at el y 1/ 3 of

o ur  G E NI E 3 n et w or k pr e di cti o ns ar e v ali d at e d ( Fi g ur e 4 ).  T his

pr e cisi o n c ut- off is c o m p ar a bl e t o  w h at  w e fi n d i n ot h er n et w or k

st u di es i n  Ar a bi d o psis t h at us e  A U P R a n al ysis ( V ar al a et al.,

2 0 1 8 ; Br o o ks et al., 2 0 1 9 ).  O v er all, t h e a ut o m at e d  A U P R

f u n cti o n i n  C o n n e c T F pr o vi d es a n a c c ur at e, a n d f a cil e  m e a ns

t o v ali d at e  G R N pr e di cti o ns i n a n y ri c e  G R N t h at r es e ar c h ers

c a n l o a d o nt o t h e sit e. I m p ort a ntl y, t h es e c ut- off v al u es f or

T F ! t ar g et g e n e v ali d at e d e d g es est a blis h e d a c ut- off s c or e t h at

c a n b e a p pli e d t o all  T F ! t ar g et g e n e e d g es i n t h e n et w or k –

i n cl u di n g  T Fs  w hi c h h a v e n ot b e e n v ali d at e d.  T his e n a bl es t h e

g e n er ati o n of a hi g h- c o n fi d e n c e n et w or k f or all  T Fs i n t h e  G R N.

b ZI P f a mil y  T F s a s r e g ul at or s  of  N a n d
W si g n ali n g

I n o ur hi g h- c o nfi d e n c e  G R N  w e i d e ntif y ni n e b ZI P  T Fs as

r e g ul at ors i n o ur " pr u n e d" n et w or k ( S u p pl e m e nt ar y  D at a 6 ).

M e m b ers of t h e b ZI P f a mil y of  T Fs ar e k n o w n t o r e g ul at e

dr o u g ht str ess r es p o ns es i n  m ulti pl e cr o ps s p e ci es i n a d diti o n t o

ri c e, i n cl u di n g Gl yci n e  m a x , Z e a  m a ys a n d H or d e u m v ul g ar e

(J os hi et al., 2 0 1 6).  A d diti o n all y, b ZI P f a mil y  T Fs r e g ul at e  A B A

h or m o n e r es p o ns es,  w hi c h pl a y a cr u ci al r ol e i n r e g ul ati n g t h e

dr o u g ht r es p o ns e i n pl a nts i n g e n er al ( J os hi et al., 2 0 1 6; Z o n g

et al., 2 0 1 6 ; Z h a n g et al., 2 0 1 7 ; Ar a us et al., 2 0 2 0 ). I n o ur hi g h-

c o n fi d e n c e  G R N st u di es t h at f o c us o n g e n es c orr el at e d  wit h

N U E g,  w e fi n d t h at b ZI P  T Fs r e g ul at e  N-si g n ali n g as  w ell as

dr o u g ht r es p o ns es i n ri c e. I n li n e  wit h o ur fi n di n g, pr e vi o us

st u di e s e x a mi ni n g  N - r e s p o n s e s i n ri c e, i d e nti fi e d b ZI P

tr a ns cri pti o n f a ct ors t h at r e g ul at e  N U E (U e d a et al., 2 0 2 0 ).

W e i d e nti fi e d t hr e e b ZI P f a mil y  m e m b ers -  Os A B F 1,

Os b ZI P 2 3, a n d  O S B Z 8 - as t o p-r e g ul at ors of  N- a n d/ or- W

si g n ali n g i n r e g ul ati n g  N U E g (T a bl e 1 ).  A d diti o n all y,  w e fi n d

r e g ul ati o n of t w o ot h er b ZI P  T Fs,  Os b ZI P 7 2 a n d  Os b ZI P 4 6, i n

o u r  N U E g  G R N r e g ul at e d b y  O s h o x 2 2 a n d  O s b ZI P 2 3,

r e s p e cti v el y ( Fi g u r e 5 ).  T hi s fi n di n g i s si g ni fi c a nt, a s

O s b ZI P 2 3,  O s b ZI P 4 6,  O s b ZI P 7 2 a r e p a rt of t h e s a m e

s u b gr o u p-III of b ZI P  T Fs a n d ar e k n o w n t o b e c o or di n at e d i n

t h eir r e g ul ati o n of  A B A si g n ali n g a n d dr o u g ht r es p o ns es (L u

et al., 2 0 0 9 ; H oss ai n et al., 2 0 1 0 ; S o n g et al., 2 0 2 0 ).  A d diti o n all y,

O b ZI P 4 6 i m pr o v es dr o u g ht t ol er a n c e i n c o or di n ati o n  wit h t h e

A B A- a cti v at e d pr ot ei n ki n as e, S A P K 6,  w hi c h is a n ot h er t ar g et

g e n e i n o ur  N U E g  G R N ( Fi g ur e 5 ) (C h a n g et al., 2 0 1 7 ).  O v er all,

o ur  N U E g  G R N r es ults li n k b ZI P  T Fs i n ri c e as  m e di ati n g  N-

a n d/ or- W r es p o ns e g e n es t h at c o ntr ol  N U E g.  W e v ali d at e t h e

T F ! t ar g et g e n es pr e di cti o ns i n o ur hi g h- c o nfi d e n c e  G R N f or

N U E g f or t w o b ZI P  T Fs,  Os b ZI P 2 3 a n d  Os A B F 1, usi n g t h e

T A R G E T ass a y.

F u n cti o n al v ali d ati o n  of  T F s i n ri c e:
T A R G E T a s s a y t o i d e ntif y  dir e ct
T F ! t ar g et  g e n e i nt er a cti o n s i n ri c e c ell s

T h e  T A R G E T s yst e m all o ws r es e ar c h ers t o i d e ntif y t h e

v ali d at e d  T F-t ar g et g e n e i nt er a cti o ns f or a n y  T F of i nt er est

usi n g a r a pi d pl a nt c ell b as e d t e m p or al  T F p ert ur b ati o n ass a y

(B ar g m a n n et al., 2 0 1 3 ; Br o o ks et al., 2 0 1 9 ).  T h e k e y t o t his ass a y

is t h e i n d u ci bl e  T F n u cl e ar l o c ali z ati o n a n d its a bilit y t o i d e ntif y

dir ect T F-t ar g et g e n es b as e d o n  R N A-s e q d at a ( B ar g m a n n et al.,

2 0 1 3 ). Pr e vi o usl y, t h e  T A R G E T ass a y h as b e e n us e d t o i d e ntif y

dir e ct  T F ! t ar g et g e n e i nt er a cti o ns i n  Ar a bi d o psis r o ot or s h o ot

c ells ( B ar g m a n n et al., 2 0 1 3 ; V ar al a et al., 2 0 1 8 ; Br o o ks et al.,

2 0 1 9 ). I n t his st u d y  w e est a blis h t h e  T A R G E T s yst e m i n ri c e l e af

pr ot o pl asts (s e e  M et h o ds).  W e t h e n us e d t h e ri c e  T A R G E T ass a y

t o i d e ntif y t h e dir e ct r e g ul at e d t ar g et g e n es of t h e ri c e  T Fs

Os b ZI P 2 3 a n d  Os A B F 1 ( S u p pl e m e nt ar y  D at a 9 ).  O ur a n al ysis

s h o ws t h at t h e  T F t ar g et g e n es i d e nti fi e d i n ri c e l e af pr ot o pl asts

usi n g  T A R G E T, ar e c o m p ar a bl e a n d s h o w a si g ni fi c a nt o v erl a p

wit h g e n es i d e nti fi e d i n pl a nt a (S u p pl e m e nt ar y Fi g ur e 6 A ).

A d diti o n all y, i n t his st u d y,  w e d e m o nstr at e t h at t h e a c c ur a c y

of ri c e  T A R G E T d at a is c o m p ar a bl e t o i n pl a nt a d at a at

v ali d ati n g n et w or k pr e di cti o ns ( S u p pl e m e nt ar y Fi g ur e 6 B ).

T his fi n di n g s u g g ests t h at ri c e  T A R G E T d at a c a n b e us e d t o

v ali d at e  G R N pr e di cti o ns i n ri c e, as  w as s h o w n i n  Ar a bi d o psis

(V ar al a et al., 2 0 1 8 ; Br o o ks et al., 2 0 1 9 ; Br o o ks et al., 2 0 2 0 ;

Cirr o n e et al., 2 0 2 0 ). I n o ur st u d y,  w e v ali d at e d t h at  Os b ZI P 2 3

r e g ul at es b ot h nitr o g e n a n d  w at er-r el at e d g e n es i n cl u di n g,  NI A 1

w hi c h is i n v ol v e d i n nitr at e assi mil ati o n ( S u b u d hi et al., 2 0 2 0 ),

S h a n k s et al. 1 0. 3 3 8 9 /f pl s. 2 0 2 2. 1 0 0 6 0 4 4
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Os D h n 1  w hi c h is i n d u c e d b y dr o u g ht ( L e e et al., 2 0 1 3 ),

Os PI P 1; 2  w hi c h is a n a q u a p ori n t h at i m pr o v es yi el d ( X u et al.,

2 0 1 9 ),  A B C G 4  w hi c h is i n v ol v e d i n a bi oti c str ess r es p o ns es

(M ats u d a et al., 2 0 1 2 ), a n d  Os P P 2 C 3 0  w hi c h a c or e r e g ul at or i n

t h e  A B A si g n ali n g p at h w a y (Z o n g et al., 2 0 1 6 ).  O v er all, o ur

st u d y s u p p orts t h at t h e  T A R G E T ass a y is a f ast a n d r eli a bl e

a p pr o a c h t o i d e ntif y t h e dir e ct  T F ! t ar g et g e n es i n ri c e,

b y p a s si n g t h e ti m e - c o n s u mi n g  p r o c e s s of  d e v el o pi n g

tr a ns g e ni c ri c e. I m p ort a ntl y, t h e r a pi d ri c e  T A R G E T  T F-

p ert ur b ati o n ass a y, c a n b e us e d t o pri oriti z e ri c e  T Fs f or  m or e

l a b ori o us st u di es i n pl a nt a.

O ur  n et w or k a p pr o a c h i s tr a n sf err a bl e t o
a n y  p h e n ot y p e i n a n y  or g a ni s m s

T h e  m et h o d  w e a p pli e d i n t his st u d y r eli es o n t w o i n p uts: a

t r a n s c ri pt o m e - wi d e g e n e e x p r e s si o n t a bl e a n d c oll e ct e d

p h e n ot y p es fr o m t h e s a m e s a m pl es.  Wit h t h e r e d u c e d c ost of

R N A- S e q, es p e ci all y  wit h t h e 3 ′ R N A-s e q u e n ci n g ( W ei h, 2 0 1 4 ;

Gr o e n et al., 2 0 2 0 ; W e n g a n d J u e n g er, 2 0 2 2 ), it is  m u c h  m or e

f e asi bl e f or r es e ar c h ers t o o bt ai n tr a ns cri pt o m e e x pr essi o n d at a

fr o m  m a n y s a m pl es.  M or e o v er, t h e s oft w ar e  w e us e d ar e all

o p e n-s o ur c e a n d p u bli cl y a v ail a bl e.  T his i n cl u d es  W G C N A

( L a n gf el d e r a n d  H o r v at h, 2 0 0 8 ) f o r g e n e -t o - p h e n ot y p e

c o r r el ati o n,  G E NI E 3 ( H u y n h- T h u et al., 2 0 1 0 ) f o r G R N

i nf er e n c e a n d  C o n n e c T F (Br o o ks et al., 2 0 2 0 ) f or n et w or k

pr u ni n g. P utti n g t h es e t o g et h er, o ur n et w or k a p pr o a c h is n ot

li mit e d i n ri c e r es e ar c h, b ut c a n b e a p pli e d t o a n y or g a nis m f or

a n y p h e n ot y p e or tr ait.

C o n cl u si o n s

B y usi n g a c o m bi n ati o n of  W G C N A a n d  G E NI E 3 n et w or k

m et h o ds,  w e pr es e nt a g e n e r e g ul at or y n et w or k t h at li n ks

T F ! t a r g et g e n e! N U E g  p h e n ot y p e t o  d et e r mi n e t h e

m e c h a nis m of  N- a n d/ or- W si g n ali n g t o t h e r e g ul ati o n of

N U E g ( Fi g ur e 1 ).  W e als o s h o w h o w t o us e  T F- v ali d ati o n

d at a s et s f r o m ri c e t o v ali d at e i nf e r r e d  n et w o r k s u si n g

C o n n e c T F ( htt ps://ri c e. c o n n e ctf. or g ) (Br o o ks et al., 2 0 2 0 ). I n

a d diti o n,  w e a p pl y t h e c ell- b as e d  T A R G E T t e m p or al  T F-

p e rt u r b ati o n s y st e m t o ri c e t o i d e ntif y di r e ct  T F ! t ar g et

g e n e s i nt e r a cti o n s a n d v ali d at e i nf e r r e d g e n e  n et w o r k s.

O v er all,  w e i d e ntif y a n e w r ol e f or  Os b ZI P 2 3 a n d  Os h o x 2 2 as

r e g ul at ors of t h e  N- a n d/ or- W si g n ali n g a n d r e g ul ati o n of

N U E g, i n a d diti o n t o  A B A/ dr o u g ht si g n ali n g.  M or e br o a dl y,

w e h a v e i d e nti fi e d 1 8 pri oriti z e d  T Fs a n d t h eir t ar g ets t h at

c orr el at e  wit h  N U E g, a n d r es ults fr o m t his n et w or k a p pr o a c h

c a n p ot e nti all y b e us e d t o o pti mi z e ri c e v ari eti es t o t hri v e i n

m ar gi n al l o w- N/ ari d s oils,  w hi c h ar e i n cr e asi n g i n t h e f a c e of

gl o b al cli m at e c h a n g e.

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

T h e d at a pr es e nt e d i n t h e st u d y ar e d e p osit e d i n  N C BI

r e p osit or y,  Bi o Pr oj e ct: P RJ N A 8 2 8 3 3 8.

A ut h or c o ntri b uti o n s

C S, J H,  C- Y C, a n d  G C d esi g n e d t h e r es e ar c h e x p eri m e nts.  C S,

J H,  C- Y C, a n d  H-J S, p erf or m e d r es e ar c h e x p eri m e nts. J S,  A H,

M B,  V A, a n d J A c o ntri b ut e d d at a a n d a n al ysis.  C S, J H,  C- Y C, J S,

A H, a n d  G C  wr ot e a n d e dit e d t h e p a p er.  All a ut h ors c o ntri b ut e d

t o t h e arti cl e a n d a p pr o v e d t h e s u b mitt e d v ersi o n.

F u n di n g

T his  w or k is s u p p ort e d b y  N S F- P G R P I O S- 1 8 4 0 7 6 1 t o  G C, a

Gr a nt fr o m t h e  Z e g ar F a mil y F o u n d ati o n ( A 1 6- 0 0 5 1) t o  G C, a n

NI H  Gr a nt  R O 1- G M 1 2 1 7 5 3 t o  G C, a n  NI H  NI G M S F ell o ws hi p

F 3 2 G M 1 3 9 2 9 9 t o  C S, a n d J S is a n  O p e n P hil a nt hr o p y  A w ar d e e

of t h e Lif e S ci e n c es  R es e ar c h F o u n d ati o n.

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

W e t h a n k t h e st aff at I R RI f or t h eir  w or k o n t h e fi el d st u di es.

W e  w o ul d als o li k e t o t h a n k  Dr.  M a n pr e et  K at ari a n d  Will

Hi n kl e y f or t h eir a d vi c e a n d s h ari n g c o d e f or d at a a n al ysis.

C o n fl i ct  of i nt er e st

T h e a ut h ors d e cl ar e t h at t h e r es e ar c h  w as c o n d u ct e d i n t h e

a bs e n c e of a n y c o m m er ci al or fi n a n ci al r el ati o ns hi ps t h at c o ul d

b e c o nstr u e d as a p ot e nti al c o n fl i ct of i nt er est.

P u bli s h er ’s  n ot e

All cl ai ms e x presse d i n t his article are s olel y t h ose of t he a ut h ors

a n d d o n ot necess aril y re prese nt t h ose of t heir affi li ate d or g a niz ati o ns,

or t h ose of t he p u blis her, t he e dit ors a n d t he re vie wers.  A n y pr o d uct

t h at  m a y be e v al u ate d i n t his article, or cl ai m t h at  m a y be  m a de b y its

m a n uf act urer, is n ot g u ar a ntee d or e n d orse d b y t he p u blis her.

S u p pl e m e nt ar y  m at eri al

T h e S u p pl e m e nt ar y  M at eri al f or t his arti cl e c a n b e f o u n d

o nli n e at: htt p s:// w w w.f r o nti e r si n. o r g/ a rti cl e s/ 1 0. 3 3 8 9/

f pls. 2 0 2 2. 1 0 0 6 0 4 4/f ull #s u p pl e m e nt ar y- m at eri al

S h a n k s et al. 1 0. 3 3 8 9 /f pl s. 2 0 2 2. 1 0 0 6 0 4 4
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