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Abstract
Objective

Maize (Zea mays L.) is a key cereal crop throughout the world and important model for plant
genetics and biology. Establishment of an efficient transient gene expression system in maize
facilitates plant functional genomics projects using gene silencing or heterologous protein
overexpression strategies. The present study was aimed at optimizing an Agroinjection-mediated
SCMV-based systemic heterologous gene expression system in maize.

Materials and methods

Recombinant DNA encoding sugarcane mosaic virus (SCMV) containing the coding sequence of

green fluorescent protein between the protein 1 (P1) and helper component-proteinase (HC-Pro)
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cistrons, in-frame with the viral open reading frame, was introduced into the meristematic tissue,
above the coleoptilar node, of maize seedlings via a direct Agroinoculation procedure. The
efficiency of Agrobacterium tumefaciens strains EHA105 and GV3101 in delivering the
recombinant vector into three and seven-day old seedlings of three maize varieties, including
sweet corn (lochief and Golden Bantam varieties) and dent corn (inbred line B73), was examined.
Expression of GFP transgene in symptomatic Agroinoculated plants was assessed by confocal
fluorescent microscopy and RT-PCR in comparison with controls.

Results

Results of RT-PCR and confocal fluorescent microscopy revealed that: 1) A. tumefaciens GV3101
is significantly more successful in delivering the recombinant SCMV-based vector into maize
plants than EHA105, 2) the percentage of GFP-expressing Golden Bantam plants is significantly
higher than two other maize varieties, and 3) The effectiveness of growth stage of maize seedlings
on the percentage of GFP expressing Agroinjected plants depends upon the interactions between
Agrobacterium strain and maize genotype.

Conclusions

In conclusion, a combination of the Golden Bantam maize variety and A. tumefaciens strain
GV3101 for direct Agroinjection of the SCMV-based vector into seedlings at the early two-leaf
stage could be a fast and efficient system for investigating gene functions in maize.
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Figure 1. Use of a sugarcane mosaic virus (SCMV) to transiently express GFP in maize.
Schematic diagram of the SCMV-CS3 cloning vector; A multiple cloning site (MCS) was

introduced between P1 and HC-Pro genes of SCMV. 35S: cauliflower mosaic virus 35S

promoter; T: NOS terminator.
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Figure 2. Direct injection of Agrobacterium cells harboring pSCMV vector into maize stems

2mm above the coleoptilar node in; A) Three-day old seedlings, B and C) Seven-day old
seedlings by using 0.2ml fine syringes.
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P ogSan )l pcidgin) il 86 e S8 (hSly @isel yo (slp b als el ¢Sy Jeall)siws 3l OligodT
5-) CPF s GFP-Sbfl 5 GFP-Psp ol  lajaly  uw 08 85
«ly wwiy 4 (5-CTAGTGGTGCTGCTGCACTC-3') CPR 4 (TCGGGAACTGTTGATGCGGG-3'
PSCMV-CS3- 5 pPSCMV-CS3-GFP (sla 8 13 (CP) s 9 (o532 (592 5 OFP (26 slas$ 9 b,
o9y by Oofon by Car elaBl clyaly ) SCMV-EV ols (goie (ol )90 55 0 eslasl EV
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285 B dulio 3,50 53l (15051 ]

=W
S oolizal b b 5 55 5 sl § Jols ls PSCMV-CS3 JBU ,3 GFP suiiS e, g3 g,
"Jb} oo ) ok uL‘*" JBL 5 GFP z» ch oS bl u'>|95 L;Lm)o,{l)g 9 GFP LJ?’ woLa.’.’.&l LSL"’)‘“-.’.])-.?.

(Fg ¥ JS5) 59s AQrobacterium ois pygimsl i csla S )3 (awg g JB6 0351510 ooy jgua g GFP oS 30,

1500bp

650bp

S00bp

PSCMV- (cwgyig JBU L 8l )90l )5 092 39 ST (S Gyl ow ot (S 51 Jols gl Y JSS
YYIVDP azkd ¢ >, o5 @50 Jow 0aiS dblal sl 5l oad b ool 5l ool L CS3
B IS ;510 +DD axkd ;K5 b awglic ,5 PSCMV-CS3-GFP 3l gaiome gl slS ;3 o ,iS5

PSCMV-CSI-EV 2,5 o5 316 JBU Ly 5.5 o, piand] 3

Figure 3. Polymerase chain reaction of transformed Agrobacterium colonies (Colony-PCR)
containing pSCMV-CS3 vectors using primers flanking the transgene insertion site;
Amplification of 1367bp sequence in transformed colonies harboring pPSCMV-CS3-GFP in
comparison with 650bp amplicon in colonies transformed with empty pSCMV vector
(pPSCMV-CS3-EV).
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700bp

Pl SHlje0 (w929 2 (e (w99 U e S g Gy id I Jols gls € JSuS
> Jlg BB PSCMV-CS3-EV J5U 1) Sals ¢ SbFl g PSPOMI o5 3 5l 357 51 23Len! b
GFP 2, 5 058 joy o3 5515 32,5 PSCMV-CS3-GFP J5U 1Y Sals L duns s

Figre 4. Digestion of recombinant SCMV-based vectors by PspOMI and Sbfl restriction
enzymes; empty pPSCMV-CS3-EV vector (Lanell) in comparison with pSCMV-CS3-GFP

containing GFP coding sequence (Lane 2).

daly & oS 59 gy sloojls 35 3l e atin V-F (b 10,5 QLS & awg g sbaojle JU!
05 09t B L odd gl )b plalS (S oSy 59y 5 Sl slagSll g WM ) (slaazalS 4 pg Sy ST
5l (DSCMV-CS3-GFP) s Cains ol (35559 055 3y st o fopsys J3b 35 5 (PSCMV-CSB-EV)) o s
Seotns yobody j5 ol 4Bl 0o o]l Sy )3 olS a8y b flojen 5 0392 (1B9) 9 05 jaw lagSll g0 4 WMo
(B JSK8) 3,55 13 5952 9 5905 (oM iz 3ald GlalS Sl S g 53 Bl b S
oy 1B gy e 51 03l b s Ciuwyold (iigp Ol (28w S (o)
B9 ST g Seatunn ol oaimI L lagge Jgbo Sl (sliald 13 11aY (Sl 5 ka5 550 slagge Jsbo v 959 S
W3 Ui @l il D9 yorbg oS 2 (5 ey @M Sl QLS S 4l didgse (sl gl 1 s i sl
55omn GFP 1oty J3b (sl 1als bS5 oM 336 alS ;5 canl 595 5 L SCMV danly & GFP 1l o8

[ JS) 25 ooy GFP L Lag e i pols JUiom
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Figure 5. Appearance of systemic viral mosaic patterns in maize plants 2-4 weeks after
direct Agroinjection of pPSCMYV vector (C and D) in comparison with asymptomatic control
ones (A and B).

RT- jl Jobs slaodls (RT-PCR j odlw! b sawd madli LS 13 oS g sbdojlw by 2L,
slaojlo ggzme (lalS )3 1) GFP oxiSie) () 5 (wsny S slacudsis) d929 «Sljse @Mhe s pals PCR

pSCMV' Lgl.ho)l.«) L 04U @13 ULQL.? 2 1) SCMV UP9529 U“""‘"?’ 9y o..\.us)n) U) 9 pSCMV'CS3'GFP
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w51 2806 o8 CONA jiiaw STy ko J5iS cwizmad 5 o3dle 385 aals (LS )3 (A 5V (sla JSi5) 3905 455 CS3-EV

o= 39y Y+ PSCMV-CS3 cwgpmg JSU L B Tl O3 WS Sy 29KwgSue 2Lyl T JSG
it yold (A €0 X 9loiS 50 U Leica TCS-SP5 JIghils’ rgSkwg ySue Coxi o092 55 Ug, ST 31,55 5
51 iU w598 (B b dnylle 4> PSCMV-CS3-GFP _owg g J3U bawgi GFP oyl oyl 31 WU
dadd i jo,8 STt a6 5 W8 pPSCMV-EV J3U U oud i sals O3 LS 43 Judg IS

Ll GFP oyl 51 (ol pudans yold 2020 (4 Li5 juuw S5 g 8LS Judg IS 51 (il (g y gl
Figure 6. Microscopic examination of maize plants, 20 days after direct Agoinjection of
pSCMV-CS3 vectors into stems, under confocal Leica TCS-SP5 microscope (40X); A)
fluorescence emission in plants expressing pSCMV-CS3-GFP in comparison with B)
Chlorophyll fluorescence emission in control plants inoculated with empty pSCMYV vector;

Red is indicative of plant chlorophyll autofluorescence and green is related to GFP

expression in plant mesophyll cells.

dulio g (1 Jsiz) by 4255 10,5 (GLaadlS (o 9 a9l o2 7S ,ST (g T dunns e
‘..\3394 GFP ‘_5.>)l> U) uLJ @ ).)1.5 uﬁﬁ’)‘gl’ﬁ)f] W C».O.U 4]4«»‘9 L9 SCMV P 0 (W99 Jﬁb )‘ odlasiwl l) LY

zly g ol Byl 51 aS B3 ol oliid jalls (pY 55 9 civga] (m cppaed )0 o8y 305 1 s (613 xe jloas yobost

ARA

Agricultural Biotechnology Journal;  Print ISSN: 2228-6705,  Electronic ISSN: 2228-6500

5, ST,



RN,

YEo v ) Ko g Ldsle

GFP L ogys (bdsn 0o ol 36 b (gwgng JBU (s5me (lalS (IS a0 45 (5o 091 VL sl s pul s 5
oL g codlitiol 390 p3y 1Sy ST Ay 31 jlis By oS o )3 392 80 )3 AIFD 5 YEIVF il g plilplS 661 1 iy 4y
Cings] w8y 3l ey pELEAS o8y SLS ;5 Kilige widle & Canl S5 Sbls .5 sanlia B73 15, > SCMV & o3y
5 g atin Y=F g g (Sgll Mo ysols izl (lalS 50 a8 Jlo > il s 3205 Jl g atim 93 gy Ve B

n
=)
~
=<}

100bpMM 1 2 3 4

717bp c e m— e

S00bp—p -

51 ot PSCMV-CS3-GFP J3U U saud el @, LS ,3 GFP glacuisiy, yois il ¥ JKu

DAY 9 (LSAL) GFP & ,8 5 4 bgswe YIVDD axhd 1050 ¢ o B 45 by (29%wg ySuwe wul

PSCMV- suowMy (£ 9 ¥ s Sala) 180 L ouwd zedli b ool zealli pidle W8l sl LS b awg Lo

VPR I pCulsigy il W S (0 Sals) PCR STy Cute JyiS lgsas CS3-GFP

(N Sals) $UIDNA 436 J 568 o (Y 91 sSals)
Figure 7. RT-PCR analysis of plants inoculated with pSCMV-CS3-GFP after microscopic
confirmation of GFP expression; Amplification of 717bp GFP coding sequence (1 and 2), in
comparison with asymptomatic uninoculated or buffer-inoculated plants (3 and 4),

pSCMV-CS3-GFP as positive PCR control (5), no reverse transcriptase control (NRT) (6
and 7) and no template control (NTC) (8).
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1]

Sljge e (5115 )3 GWLS 13 (CP) (o (oimind (9t (0 SR Cwighy, spin 35U A JSG
auglio ;5 (1-0 clacSaly) CP 5 45 bgy o AVDD axhad iS5 PSCMV-CS3-EV J8U b sl geails
Sy Culo J 58" oy ((T-A (SSaly) 5L L 2ol gedli b 20wl aly oide w3 salis LS b
J5S 9 (Vo1 € cSaly) (wekas 13 iudgiy) m 351 L8 J S (A Sala) pSCMV-CS3-EV J3U

(Vo Sals) s3I DNA 13

Figure 8. RT-PCR analysis of plants inoculated with pSCMV-CS3-EV; Amplification of
987bp viral CP coding sequence (1-5), in comparison with asymptomatic uninoculated or
buffer-inoculated plants (6-8), pSCMV-CS3-EV as positive PCR control (9), no reverse
transcriptase control (NRT) (10-14) and no template control (NTC) (15).

dygs &y Comad (303 O L5 ST, GVBLO0L s codliiol 390 o2 35g ST cilisis dygas 93 s

SCMV ; _iteo slaojl Jlis] lassly &8 (6lgS 4 s s 355 51 wg g J8b Jisl 5 1, s 5V lol, EHALOS
do VO/FE Ll EHALOS wgm 5)50 13 g 2o ;3 YA/AD iy )3 pB) 10 GV3101 g 3590 55 (uSlio jobods
ololy i 5l gl sine glis GVBI0L cpgs 3590 )3 ¢ 9309 JBU JUail ploily o )3 (g8 5 el o 53 5550 13 35
Lol 4z oanlotio 0jg) caid (sloaoalS b L45 uili 0jg) dw dl>jo 13 & plSL S (LS le (258 0 Gle 5 JUi]
2 dlo ()45 Caiite Sy (S)lh by 055 A5 S e ] et po sla i 4 el sl S 56 IS,
ww gbamals ) (2B 0f 5 S ol g Jisl cuibge EHALOS agw 5590 )3 o8 Jlo )3 92yl 09y aw lalS
259y S g dw (aaalS ioned g SV (3030 Jluisl mdaw 13) (653 ine sl 059y Cui (gladoalS Cus 0y,
o929 BB ol g JUaml el s 51 o)l stme gles codlis ol )90 py Sl ST g 93 5| S ol izl o)
b duslio )3 )8 5 86 SCMV B &S 05 ssmlie calises (slojloss e dunslio ;3 a8 cawl S5 LLS sy oyLis

2 e GLS Aoy 4 (o504 A Jitie ) LS & (plp 93 L) YL el L GFP (o)l o5 (ssls J5b
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Sili90 w9529 22 (e PSCMV-CS3 J8U 3,8Mos (ow) 2 I Juols (sodld (il jlg 4525 .Y Jgaa
w9 O3 08 091 Sy ST drgw 951 aw U Cod GFP () (of ole o JUHT > Sl

w233 V9 0 Zobaw 33 415 me i 5 4™ 9 T JBU cage 589 ST 82,5 IR 15 )3 laasals
Table 1. Efficiency of pSCMV-CS3 vector to deliver and express GFP transgene into maize
plants under the effects of different Agrobacterium strains, maize varieties and growth stage
of seedlings at the time of direct Agroinjection. * and ** Significant at probability level 5%

and 1%, respectively.

. Olrypo (wile  Olripo ggomo (0151 an o SOUNCE ki Zavo
(ms) (ss) (DF)
725.59#  310.497848 2173.484933 7 (Treatments) Hlows
602.15%*  257.677067 257.677067 1 )3 N_g)ﬁeﬁy);;be;j & g
Maize variety=Agrobacterium strain
7.34% 3.139267 3.139267 1 @, aals Meﬁﬁ%;ﬂe”ﬂ & g
Age of maize «Agrobacterium strain
seedling
0.34 0.147267 0.147267 1 @5 doalS oD o,
Age of maize seedling=Maize variety
4.88% 2.088600 2.088600 1 aalS Cpnes wg)eg_ﬁ%’;sl”)fi & g

< yd
Agrobacterium strainzMaize

variety=Age of maize seedling

0.427925 6.846800 16 s
2180.331733 23 J5
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Agricultural Biotechnology Journal;  Print ISSN: 2228-6705,  Electronic ISSN: 2228-6500

8, SN,



BN,

(Y€~ Oluno; € 5 )lows VY 5)9.:) $329US (659955 g dloxo

B SCMY-CS3-EV  OSCMV-CS3-GFP
80 a 2 GV=GV3101
EHA= EHA105
P 70 GB= Golden Bantam
j‘ 10=lochief
) 60 - 3= 3-days seedlings
.\3 7=7-days seedlings
A4 50 4
R
; 40
430 - <
hal
]
Rl 20 -
E B c d_ d_
N
- | | | = s e yeen o
GVGB3 GVGB7 EHAGB3 EHAGB7 GVIO3 GVIO7 EHAIO3 EHAIO7
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PSCMV-CS3-GFP (gbao jlu) Sl Sili90 (g yig 32 (o (o ptg JIU (bt 9 JUT s 3 A JSWS
& 9 4w sBazals ;3 EHALO5 9 GV3101 g 5L ST dyguw 93 51 a3liiu! b (BSCMV-CS3-EV 4
By (811> Sy fcogr g ST 3255 g, il o3kl b el g pLOLEAS )3 o8, 93 05,
00 Luyi Lials I (Sl s (oSl glaialdsia oge3l) Wyl SuaSy b (gl me SIS aslie
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Figure 9. Efficiency of two Agrobacterium strains, GV3101 and EHA105, to deliver and
express SCMV-based vectors (pSCMV-CS3-GFP and pSCMV-CS3-EV) into three and
seven-day old Golden Bantam and lochief sweet corn seedlings via direct Agroinjection
procedure; Different letters indicate significant differences (Duncan's multiple range test).
Results indicate a reduction by 50% in transgene-containing vector in comparison with

empty one.
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Ol b o) (B9el ewayy Sl alox e claylil Sl edlil b sl e 5 ol @y 3)Sbes o)y 45 (2009

2 o Sles byl (sly oolatul 3y50 5l a4 Sitis Sljon ooy i JBL (Sibay 298 Jured gy
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5 ilie LAl clacpY (cilwedgll 4y B J3L ol (Mei et al. 2019b; Chung et al. 2021) ol s bl )
@y s rp oz Sl (£ Cmnl Pl ) S5 LS il Jold o gl Sy sl g sl sl (5 5 e )3
&ly Mdo 15 vt (3Ll alS cladisS plo ygelpw 5x85 <l g5 o ol ply (PIFONE 1972) cowl 04u g p o>
)3 2)5 Sy (99 <50 SIS oy sl ) olS & gy Slopsis s lp o928 hs ST B3 Ubg) 29
19bas SCMV s FOMV  wgp9 ol sla 5L 61y (5364 oizen 9 (Maize Chlorotic Mottle Virus, MCMV)
wWibgk owl » (Wang et al. 2017; Grimsley et al. 1988; Beernink et al. 2021) coul s odlitl juelcaisge
255 LS 33 GFP sy oo B lsists |y SCMV s o gy J36 JUisl ool eiibsy o) s3bodivge Gan L Lo
b il pB)l g JBU 52)5 olo 50 &5 sloazalS (s codlitiol 350 ps 1Sy ST aygus Jolis 5156 s (8,5 Jlas o
Oliios > & plaeslis)gm I JUl plesly Jlaisl Gl cae izman w233 )3 o0y j90 (ol (93 5 (o ped
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Sy dles 5l o)) dilisee slacass; 4 (Rub-inoculation) syl lals o)lac b Sy asils b, 4 GFP o)l )0
ol 3 Jols ls slus p Lol (Mei et al. 2019b; Beernink et al. 2021) ol o3g) seelcaibge B73 ol i
o 399 Sglite jlny puiSoxily ST o9, L SCMV gy J8U JUisl dy oy 390 cilisee @03 plBy) gusly < img
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2o 0 VA ()5 g5 386 5L el 5 2oy YVAA L s GFP (5l s VIV I sgimee U gl JUi! Lo
Sl aomiliz 3> Cansd JSuis Silige (wapg 4 )3 ilitie lacis) glite (o Cunglie 4 (lgin ) g5 cpl 29
op) 4 Canglin 09909,S (claolSsls 3939 4 1y o] bls,l g )b alisee clacuigiy o 1) Solite Cawlue lje cilise
Eond 9 ypa> g>ge sla i) 81 55 K> sow 5l (Ta0 et al. 2013; Jones et al. 2007) wlosges sl wgyms
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(Yang et al. 2006)
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