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y, saturated fatty acids were greatly reduced by down-regulating genes encoding
esterases (FATB). An artificial microRNA (amiFATB) was created by replacing a
the camelina Csa-miR159a gene with a FATB gene specific sequence. Seed-specific
caused a 45% reduction of palmitic acid (16:0) and a 38% reduction of stearic acid
ldtype seeds. The total saturated fatty acid content was decreased by 35% from
atty acids. When amiFATB was expressed in a high-oleic acid transgenic line, it
d oleic acid content. This work demonstrates that the FATB genes in camelina can
down by an artificial microRNA targeting gene-specific sequences, thus provides
prove seed oils for desired properties.
1. Introduction

Vegetable oils are an important source of food and feed, and
increasingly industrial feedstocks such as biofuels [1]. To provide
desired functionalities and nutritional attributes, genetic engi-
neering is being conducted to improve fatty acid composition by
manipulating key genes involved in lipid metabolism. In oilseeds,
newly synthesized fatty acids are exported from plastids mainly in
the form of the monounsaturated oleic acid (18:1) along with
smaller amounts of the saturated 16:0 and 18:0. These fatty acids
are released from acyl-acyl carrier protein (acyl-ACP) by two
different classes of thioesterases (FAT). The FATA has a higher ac-
tivity on 18:1 while the FATB prefers saturated substrates [2]. A
large proportion of oleic acid is modified before being incorporated
into triacylglycerol through either desaturation by the desaturases
FAD2 and FAD3 acting on the phosphatidylcholine (PC) substrates
to form the polyunsaturated linoleic (18:2) and linolenic (18:3)
acids, or elongation to form 20:1 and 22:1 b y the fatty acid
elongase FAE1 [3]. Controlling these metabolic steps may effec-
tively improve plant oils for required nutritional or industrial
properties [4,5].

Camelina (Camelina sativa) is a promising oilseed crop that is
under intensive development mainly for bioenergy production. An
important limitation for camelina is the suboptimal quality of its oil
[6], which contains high contents of undesirable polyunsaturated
(50%e60% of the total fatty acid), saturated (~10%), and the very-
long chain (~12%) fatty acids [7], which are known to be associ-
ated with low oxidative stability, poor cold flow and high melting
point, respectively, of the biodiesel [8]. Previously, we have suc-
cessfully decreased polyunsaturated and very-long-chain fatty
acids by suppression or deletion of FAD2 and FAE1 genes in cam-
elina using RNA interference (RNAi) or CRISPR/Cas9 technologies
[7,9,10]. The objective of this study is to decrease saturated fatty
acids and to increase oleic acid. Mutations or knockdown of FATB
genes have been shown to be associated with low saturates in seed
oils such as canola and soybean [11,12]. Here, we used a microRNA
mediated approach to downregulate the FATB genes in camelina.
MicroRNAs are short 20e24 nucleotide non-coding RNA sequences.
They control gene expression by binding to specific complementary
mRNA targets in the untranslated regions or the coding sequence,



l e a di n g t o  m R N A  d e g r a d ati o n o r t r a n sl ati o n al i n hi biti o n [1 3 ]. S u c h

p o st -t r a n s c ri pti o n al g e n e sil e n ci n g  m e c h a ni s m s  m a y b e  u s e d i n

pl a nt s b y a nti s e n s e e x p r e s si o n o r  h ai r pi n - b a s e d  R N A i nt e rf e r e n c e

( R N Ai),  w hi c h  p r o d u c e  mi R N A s t o t a r g et t r a n s c ri pt s of a n y g e n e s of

i nt e r e st. It i s al s o  p o s si bl e t o  m o dif y  mi R N A s e q u e n c e s a n d c r e at e

a rti fi ci al  mi R N A s t o t a r g et t h e g e n e t r a n s c ri pt s alt e r g e n e e x p r e s -

si o n a n d  m o dif y s e e d oil c o m p o siti o n [ 1 4 ].  H e r e  w e  d e m o n st r at e d

t h at F A T B g e n e s i n c a m eli n a  w e r e eff e cti v el y  d o w n r e g ul at e d b y a n

a rti fi ci al  mi c r o R N A 1 5 9 a t h at l e d t o c h a n g e d f att y a ci d c o m p o siti o n

i n s e e d.

2.  M a t e ri al a n d  m e t h o d s

2. 1. Pl a nt  m at e ri al s

C a m eli n a ( C. s ati v a ) c v. S u n e s o n, a n d a  p r e vi o u sl y c r e at e d  hi g h -

ol ei c t r a n s g e ni c  pl a nt ( Hi Ol e 1) [ 9 ]  w e r e  u s e d t o t r a n sf o r m t h e F A T B

a rti fi ci al  mi c r o R N A g e n e. Pl a nt s  w e r e g r o w n i n a g r e e n h o u s e at

2 2 C  u n d e r  n at u r al li g ht c o n diti o n s s u p pl e m e nt e d  wit h  hi g h -

p r e s s u r e s o di u m li g ht s  wit h a 1 6  h  p h ot o p e ri o d ( 1 6  h of li g ht a n d

8  h of  d a r k n e s s).  Y o u n g l e a v e s, st e m s, i n fl o r e s c e n c e, a n d  d e v el o pi n g

s e e d s at 1 6  d a y s aft e r fl o w e ri n g  w e r e  h a r v e st e d, c hill e d i n li q ui d

nit r o g e n, t h e n st o r e d at 8 0 C. S e e dli n g s a n d r o ot s  w e r e  h a r v e st e d

f r o m  pl a nt s g r o w n  u n d e r st e ril e c o n diti o n s o n  M S  m e di u m ( P h y -

t o T e c h n ol o g y L a b o r at o ri e s, S h a w n e e  Mi s si o n,  K S).

2. 2.  V e ct o r c o n st r u cti o n a n d pl a nt t r a n sf o r m ati o n

T h e  m at u r e s e q u e n c e i n t h e c a m eli n a  mi c r o R N A ( C s a - mi R 1 5 9 a )

w a s r e pl a c e d b y a 2 1 m e r F A T B a rti fi ci al  mi c r o R N A s e q u e n c e i d e n -

tifi e d b y t h e  W M D 3 s oft w a r e ( htt p:// w m d 3. w ei g el w o rl d. o r g/ c gi -

bi n/ w e b a p p. c gi ) [1 5 ]. I niti all y,  A r a bi d o p si s F A T B g e n e s e q u e n c e

w a s  u s e d t o i d e ntif y t h e a mi F A T B c a n di d at e s t h at  w e r e t a r g et e d b y

At h - mi R 1 5 9 a  wit h o ut aff e cti n g off -t a r g et g e n e s. T h e a mi F A T B s e -

q u e n c e s  w e r e t h e n c o m p a r e d  wit h t h e c a m eli n a F A T B s e q u e n c e s t o

c h o o s e o n e t h at  m at c h e d all t h r e e  h o m ol o g o u s c o pi e s. T h e f r a g -

m e nt of t h e  C s a - mi R 1 5 9 a st e m l o o p  wit h a mi F A T B s e q u e n c e  w a s

s y nt h e si z e d b y  G e n e Wi z ( S o ut h Pl ai n fi el d,  NJ), a n d  w a s i n s e rt e d

i nt o a bi n a r y v e ct o r,  p P h a s - Gl y - D s R e d 2 [9 ], b et w e e n t h e E c o RI a n d

X h oI sit e s s o t h at a mi F A T B  w a s  p ut  u n d e r t h e s e e d - s p e ci fi c gl y ci ni n

p r o m ot e r. T hi s c o n st r u ct c o nt ai n s a  D s R e d s el e cti o n  m a r k e r f o r e a s y

i s ol ati o n of t r a n s g e ni c s e e d s b y fl u o r e s c e n c e [ 1 6 ]. S e q u e n c e s of

mi R N A a n d a mi R N A s a r e li st e d i n T a bl e S 1 .

2. 3.  G e n e e x p r e s si o n a n al y si s b y R T- P C R

T ot al  R N A  w a s i s ol at e d  u si n g  N o r g e n  mi R N A e xt r a cti o n  Bi o Kit

( T h o r ol d,  O N,  C a n a d a),  m e a s u r e d b y  N a n o D r o p ( N a n o d r o p T e c h -

n ol o gi e s,  Wil mi n gt o n,  D E,  U S A). F o r t h e q R T- P C R o r s e mi - q R T- P C R,

t h e s y nt h e si s of fi r st - st r a n d c D N A  w a s  p e rf o r m e d  u si n g S u p e r S c ri pt

III r e v e r s e t r a n s c ri pt a s e ( W alt h a m,  M A,  U S A). T h e  p ri m e r  p ai r s  u s e d

f o r t h e P C R a r e li st e d i n T a bl e S 1 . F o r t h e q R T- P C R of  C s a - mi R 1 5 9 a,

c D N A s  w e r e s y nt h e si z e d  u si n g  m et h o d s  d e s c ri b e d  p r e vi o u sl y [ 1 7 ].

A m pli fi c ati o n a n d q u a nti fi c ati o n of c D N A  w a s  d o n e  wit h t h e  C F X 9 6

R e al -ti m e s y st e m f r o m  Bi o - R a d a n d P e rf e C T a S Y B R  G r e e n F a st Mi x

f r o m  Q u a nt a bi o ( B e v e rl y,  M A,  U S A). T h e f oll o wi n g st a n d a r d t h e r-

m al  p r o fi l e  w a s  u s e d f o r P C R: 9 5 C f o r 5  mi n, 4 0 c y cl e s of 9 5 C f o r

5 s, 6 0 C f o r 1 0 s, 7 2 C f o r 1 s a n d  m elti n g c u r v e a n al y si s.

2. 4. F att y a ci d a n al y si s

C a m eli n a s e e d s  w e r e c r u s h e d a n d li pi d s  w e r e t r a n s m et h yl at e d

a c c o r di n g t o  p r o c e d u r e s  d e s c ri b e d  p r e vi o u sl y [ 1 8 ]. T h e r e s ulti n g

f att y a ci d  m et h yl e st e r s ( F A M E s)  w e r e a n al y z e d i n a g a s c h r o -

m at o g r a p h ( G C) ( S hi m a d z u S ci e nti fi c I n st r u m e nt s,  C ol u m bi a,  M D)

fi tt e d  wit h a 1 5  m 0. 2 5  m m c ol u m n ( D B - 2 3;  A gil e nt, L e xi n gt o n,

M A) a n d a fl a m e i o ni z ati o n  d et e ct o r ( FI D). T h e  G C  w a s  p r o g r a m m e d

f o r a n i niti al t e m p e r at u r e of 1 8 0 C f o r 1  mi n f oll o w e d b y a n i n -

c r e a s e of 1 0 C/ mi n t o 2 3 0 C a n d  m ai nt ai n e d f o r a f u rt h e r 1  mi n.

3.  R e s ul t s

3. 1.  G e n e r ati o n of t r a n s g e ni c pl a nt s e x p r e s si n g a n a rti fi ci al

mi c r o R N A

C a m eli n a  h a s t h r e e  hi g hl y si mil a r F A T B g e n e s ( C s a 1 7 g 0 1 1 9 7 0,

C s a 1 4 g 0 0 9 9 9 0,  C s a 0 3 g 0 1 1 9 9 0) [ 1 9 ]. T o e n s u r e eff e cti v e k n o c k d o w n

of t h e s e g e n e s, a 2 1 m e r a rti fi ci al  mi c r o R N A s e q u e n c e  w a s  d e si g n e d

t h at t a r g et e d all t h r e e F A T B c o di n g s e q u e n c e s ( T a bl e S 1 ). T h e  A r a -

bi d o p si s At h - mi R 1 5 9  h a s b e e n  u s e d  p r e vi o u sl y t o s u c c e s sf ull y

i n d u c e g e n e sil e n ci n g i n  A r a bi d o p si s [1 4 ]. P r e vi o u sl y,  w e  d et e ct e d

a n At h - mi R 1 5 9 h o m ol o g  n a m e d C s a - mi R 1 5 9 i n c a m eli n a [2 0 ]. T o

d et e r mi n e  w h et h e r C s a - mi R 1 5 9 i s a cti v el y e x p r e s s e d i n c a m eli n a,

w e c a r ri e d o ut a n  R T- P C R e x p e ri m e nt  u si n g  R N A e xt r a ct e d f r o m

diff e r e nt ti s s u e s i n cl u di n g y o u n g l e af, st e m, r o ot a n d  d e v el o pi n g

s e e d ( 1 6  d a y s aft e r fl o w e ri n g).  A s s h o w n i n Fi g. 1 , C s a - mi R 1 5 9

t r a n s c ri pt s  w e r e  d et e ct e d i n all ti s s u e s e x a mi n e d. T h e  hi g h e st

e x p r e s si o n l e v el  w a s  d et e ct e d i n  d e v el o pi n g s e e d s.  W e r e a s o n e d

t h at C s a - mi R 1 5 9 w a s a bl e t o e x p r e s s t h e F A T B a rti fi ci al  mi c r o R N A

(a mi F A T B ) i n c a m eli n a. T h e a mi F A T B s e q u e n c e  w a s i n s e rt e d i nt o a

c a m eli n a  mi c r o R N A g e n e ( C s a - mi R 1 5 9 a ) t o r e pl a c e t h e  n ati v e

m at u r e  mi R N A s e q u e n c e.  A c o n st r u ct  w a s  m a d e b y i n s e rti n g t h e

m o di fi e d st e m -l o o p r e gi o n of t h e C s a - mi R 1 5 9 a g e n e  u n d e r a s e e d -

s p e ci fi c gl y ci ni n  p r o m ot e r i n t h e  p P h a s - Gl y - D s R e d v e ct o r ( Fi g. S 1 ).

T h e a mi F A T B c o n st r u ct  w a s t r a n sf o r m e d i nt o a n a g r o b a ct e ri u m

st r ai n ( G V 3 1 0 1) a n d t h e n i nt o t h e c a m eli n a  wil dt y p e S u n e s o n

pl a nt s.  W e o bt ai n e d 1 6 t r a n s g e ni c s s e e d s s el e ct e d b y  u si n g t h e

D s R e d fl u o r e s c e nt  m a r k e r [ 1 6 ].

3. 2. R e d u cti o n of s at u r at e d f att y a ci d s i n t h e F A T B - k n o c k d o w n

s e e d s

All t r a n s g e ni c a mi F A T B  pl a nt s  w e r e g r o w n t o t h e T 3 g e n e r ati o n,

a n d t h e  h o m o z y g o sit y  w a s  d et e r mi n e d b y all - r e d s e e d s c o nf e r r e d

b y t h e  D s R e d  m a r k e r. T o e x a mi n e t h e e x p r e s si o n l e v el s of F A T B

g e n e s,  d e v el o pi n g s e e d s at 1 6  d a y s aft e r fl o w e ri n g  w e r e  h a r v e st e d

f r o m S u n e s o n a n d 4 i n d e p e n d e nt  h o m o z y g o u s a mi F A T B li n e s.  R N A

w a s e xt r a ct e d, a n d  R T- P C R  w a s  p e rf o r m e d  u si n g  p ri m e r s t h at

Fi g. 1. Q u a ntit ati v e  R T- P C R r e s ult s of t h e C s a - mi R 1 5 9 a g e n e i n c a m eli n a ti s s u e s.

http://wmd3.weigelworld.org/cgi-bin/webapp.cgi
http://wmd3.weigelworld.org/cgi-bin/webapp.cgi


a m pli fi e d all t h r e e  h o m ol o g o u s F A T B g e n e s ( T a bl e S 1 ). T h e r e s ult s

s h o w e d t h at F A T B t r a n s c ri pt l e v el s  w e r e si g nifi c a ntl y l o w e r i n

t r a n s g e ni c li n e s t h a n i n t h e  wil dt y p e ( Fi g. 2 A). T hi s i n di c at e d t h at

t h e a mi F A T B t r a n s g e n e  h a s eff e cti v el y k n o c k e d  d o w n F A T B g e n e s i n

c a m eli n a  d e v el o pi n g s e e d.

T o a s s e s s t h e eff e ct of t h e a mi F A T B t r a n s g e n e o n f att y a ci d

m et a b oli s m i n c a m eli n a, f att y a ci d c o m p o siti o n  w a s  d et e r mi n e d i n

m at u r e T 3 s e e d s b y g a s c h r o m at o g r a p h y. T h e r e s ult s s h o w e d t h at

l e v el s of s at u r at e d f att y a ci d s  w e r e  d e c r e a s e d i n t h e a mi F A T B s e e d s

c o m p a r e d t o t h o s e i n t h e  n o n -t r a n s g e ni c S u n e s o n. E s p e ci all y, a 4 5 %

r e d u cti o n of 1 6: 0 a n d a 3 8 % r e d u cti o n of 1 8: 0  w e r e o b s e r v e d i n

a mi F A T B c o m p a r e d t o S u n e s o n ( Fi g. 2 B). T hi s r e s ult  w a s c o n si st e nt

wit h t h e e n z y m e s u b st r at e s p e ci fi cit y of F A T B o n s at u r at e d ( 1 6: 0

a n d 1 8: 0) a c yl - A C P s i n  pl a sti d s [ 2 ].  Ot h e r s at u r at e d f att y a ci d s ( 2 0: 0

a n d 2 2: 0)  w e r e al s o sli g htl y  d e c r e a s e d, c o n s e q u e ntl y t h e t ot al

s at u r at e d f att y a ci d s  w e r e  d e c r e a s e d f r o m 1 4. 6 % i n S u n e s o n t o 9. 4 %

i n a mi F A T B s e e d s, a b o ut 3 5 % r e d u cti o n c o m p a r e d  wit h  n o n -

t r a n s g e ni c s e e d s (T a bl e 1 ).

3. 3. T h e eff e ct of F A T B - k n o c k d o w n i n a hi g h - ol ei c li n e

C o r r e s p o n di n g t o  d e c r e a s e d s at u r at e d f att y a ci d s, t h e l e v el s of

ol ei c a ci d a n d ot h e r  u n s at u r at e d f att y a ci d s  w e r e sli g htl y i n c r e a s e d

i n t h e a mi F A T B s e e d s (T a bl e 1 ). P r e vi o u sl y,  w e c r e at e d t r a n s g e ni c

c a m eli n a li n e s t h at a c c u m ul at e d  hi g h l e v el s of ol ei c a ci d b y a nti -

s e n s e o r  h ai r pi n  m e di at e d  R N Ai k n o c k d o w n o n F A D 2 , F A D 3 a n d

F A E 1 g e n e s [ 7 ,9 ]. T o e x pl o r e  w h et h e r  d o w n - r e g ul ati n g F A T B

e x p r e s si o n  m a y f u rt h e r i n c r e a s e t h e ol ei c a ci d c o nt e nt,  w e t r a n s -

f o r m e d t h e a mi F A T B c o n st r u ct i nt o a  hi g h - ol ei c li n e ( Hi Ol e 1) c o n -

t ai ni n g t h e F A D 2 - F A D 3 - F A E 1  R N Ai c o n st r u ct a n d a  h e r bi ci d e

r e si st a n c e  m a r k e r [ 9 ]. T w e nt y t r a n s g e ni c li n e s  w e r e o bt ai n e d t h at

c o nt ai n e d b ot h  h e r bi ci d e a n d  D s R e d s el e cti o n  m a r k e r s.  C o n s e -

q u e ntl y, si x T 3  H O a mi F A T B li n e s t h at s h o w e d cl e a rl y  d e c r e a s e d

F A T B t r a n s c ri pt s  d et e r mi n e d b y s e mi - q R T- P C R  w e r e a n al y z e d f o r

t h ei r s e e d f att y a ci d c o m p o siti o n. T h e r e s ult s s h o w e d t h at s at u r at e d

f att y a ci d s ( 1 6: 0, 1 8: 0 a n d 2 0: 0)  w e r e  d e c r e a s e d a s e x p e ct e d. T h e

c o m p o siti o n of  u n s at u r at e d f att y a ci d s  w a s al s o c h a n g e d. Si g ni fi -

c a ntl y, t h e ol ei c a ci d  w a s i n c r e a s e d f r o m a b o ut 6 2 % t o o v e r 7 0 %

(Fi g. 3 ).

4.  Di s c u s si o n

T h e f att y a c yl - A C P t hi o e st e r F A T B i s a  m aj o r  d et e r mi n a nt f o r

s at u r at e d f att y a ci d a c c u m ul ati o n i n oil s e e d s. L o w  p al mit at e ( 1 6: 0)

i n s o y b e a n  w a s a s s o ci at e d  wit h t h e  m ut ati o n of a F A T B g e n e [ 1 1 ],

a n d t h e  A r a bi d o p si s f at b k n o c k o ut  m ut a nt a c c u m ul at e d o nl y 5 0 %

s at u r at e d f att y a ci d s of t h e  wil d t y p e l e v el [ 2 1 ]. I n t hi s st u d y,  w e

d e m o n st r at e d t h at s e e d - s p e ci fi c e x p r e s si o n of a n a rti fi ci al  mi c r o -

R N A ( a mi F A T B ) si g ni fi c a ntl y d e c r e a s e d F A T B g e n e t r a n s c ri pt s i n

d e v el o pi n g s e e d s a n d c a u s e d a b o ut 4 5 % a n d 3 8 % r e d u cti o n of 1 6: 0

a n d 1 8: 0, r e s p e cti v el y, i n c a m eli n a s e e d oil. T h e r e d u cti o n of t h e

s at u r at e d f att y a ci d c o nt e nt i n a mi F A T B  w a s at a si mil a r l e v el f o u n d

i n t h e  A r a bi d o p si s f at b m ut a nt [ 2 1 ]. I n ti s s u e s of t h e f at b pl a nt, t h e

r e m ai ni n g a b o ut 5 0 % s at u r at e d f att y a ci d s  w e r e  p r e s u m a bl y s y n -

t h e si z e d b y ot h e r g e n e s i n cl u di n g t h e  pl a sti di al gl y c e r ol - 3 -

p h o s p h at e: a c yl - A C P a c ylt r a n sf e r a s e ( A C T 1). Si g ni fi c a ntl y,  pl a nt

g r o wt h of t h e f at b a n d f at b/a ct 1 m ut a nt s  w e r e s e v e r el y r et ar d e d,

i n di c ati n g t h at s at u r at e d f att y a ci d s a r e e s s e nti al f o r  n o r m al  pl a nt

g r o wt h [ 2 1 ]. It i s t h e r ef o r e i nf e a si bl e t o g e n e r at e t h e F A T B k n o c k o ut

c a m eli n a  pl a nt s,  w hi c h  m a y aff e ct  pl a nt g r o wt h  w hil e  n ot b e a bl e t o

f u rt h e r r e d u c e s at u r at e d f att y a ci d s i n s e e d.  W e  di d  n ot o b s e r v e

a b n o r m al s e e d g e r mi n ati o n a n d  pl a nt g r o wt h of t h e a mi F A T B li n e s.

A  m aj o r g o al of oil s e e d b r e e di n g i s t o i n c r e a s e t h e  d e si r e d ol ei c

a ci d c o nt e nt.  O u r r e s ult s i n di c at e d t h at F A T B k n o c k d o w n  n ot o nl y

d e c r e a s e d s at u r at e d f att y a ci d s, b ut al s o c a u s e d c h a n g e s i n  u n s at -

u r at e d f att y a ci d s e s p e ci all y e n h a n c e d ol ei c a ci d a c c u m ul ati o n.

Si m ult a n e o u s  d o w n r e g ul ati o n of F A T B a n d F A D 2 i n s o y b e a n  h a s

b e e n s h o w n t o i n c r e a s e ol ei c a ci d a n d  d e c r e a s e  p al miti c a ci d [ 2 2 ].

Si mil a rl y, e x p r e s si o n of a mi F A T B i n a F A D 2 - F A D 3 - F A E 1 R N Ai li n e al s o

i n c r e a s e d ol ei c a ci d i n c a m eli n a.  B e si d e s  d e c r e a s e d s at u r at e s, t h e

i n c r e a s e d ol ei c a ci d i n t h e  H O a mi F A T B s e e d s s e e m e d t o b e al s o at

t h e e x p e n s e s of li n ol ei c a ci d ( 1 8: 2). It i s  n ot cl e a r  w h et h e r r e d u c e d

Fi g. 2. T h e eff e ct of a mi F A T B o n F A T B e x p r e s si o n a n d s at u r at e d f att y a ci d s a c c u m ul a -

ti o n. ( A)  R T- P C R  d et e cti o n of F A T B i n a mi F A T B t r a n s g e ni c s a n d S u n e s o n. T h e a cti n

(A C T 2 )  w a s  u s e d a s a c o nt r ol g e n e. ( B) T h e l e v el s of 1 6: 0 a n d 1 8: 0 i n S u n e s o n a n d

a mi F A T B s e e d s.

T a bl e 1

F att y a ci d c o m p o siti o n i n S u n e s o n a n d a mi F A T B s e e d s.

1 6: 0 1 8: 0 1 8: 1 1 8: 2 1 8: 3 2 0: 0 2 0: 1 2 0: 2 2 0: 3 2 2: 0 2 2: 1

S u n e s o n  A v e 6. 8 3. 9 1 1. 5 1 8. 8 3 6. 4 3. 3 1 3. 0 1. 7 1. 3 0. 5 2. 8

S D 0. 7 0. 8 0. 7 2. 1 2. 6 0. 7 1. 1 0. 2 0. 2 0. 1 0. 4

a mi F A T B a A v e 3. 8 2. 4 1 3. 4 1 8. 9 3 7. 5 2. 8 1 3. 9 1. 8 1. 3 0. 4 3. 5

S D 0. 6 0. 5 1. 6 1. 6 4. 0 0. 4 0. 6 0. 1 0. 2 0. 1 0. 5

a D at a r e p r e s e nt a v e r a g e a n d st a n d a r d  d e vi ati o n f r o m 4 i n d e p e n d e nt li n e s.

Fi g. 3. A c o m p a ri s o n of s e e d f att y a ci d  p r o fi l e s b et w e e n a  hi g h - ol ei c li n e  wit h it s F A T B

k n o c k d o w n s.



flux of 16:0 and 18:0 into the cytosolic triacylglycerol biosynthesis
pathway or the FATB gene knockdown affected FAD2 activity in the
RNAi line. Nevertheless, our results and previous studies [22] sug-
gest that simultaneous knockdown of genes encoding key fatty acid
modification enzymes including FATB, FAD2, FAD3 and FAE1 may
enhance accumulation of oleic acid in oilseeds. Further increasing
oleic acid in HOamiFATB seeds may be achieved by eliminating the
very-long-chain fatty acids (20:0 and 20:1) by deleting FAE1 genes.
It was possible to knockout FAE1 genes in camelina by the CRISPR-
Cas9 technology, which blocked fatty acyl flux into the elongation
pathway and resulted in enhanced accumulation of 18:1 and its
derived polyunsaturated fatty acids (18:2 and 18:3) [10]. Unlike
FAE1which can be deleted without causing abnormal plant growth,
FATB and FAD2 are essential for normal plant growth [21,23,24]. Our
results provide an additional tool to effectively downregulate gene
expression by artificial microRNAs. Combining this with other
biotechnological tools for gene silencing will allow for the devel-
opment of high-oleic camelina for improved oil qualities.
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