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Efficient Plant Regeneration from Mesophyll Protoplast of Arabidopsis
thaliana and Morphological Characterization of Regenerants
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ABSTRACT Protoplasts were isolated from the leaf mesophyll tissue of in vitro 4-weeks-old Arabidopsis thaliana
and cultured in MS liquid medium supplemented with 2.0 mg/L NAA, 0.5 mg/L BAP and 9% mannitol in the dark at
25°C. When protoplast-derived microcolonies were dehydrated, the frequency of callus induction enhanced

approximately 7-fold higher compared with non-dehydrated microcolonies in CP medium. Fifty callus lines were
selected from dehydrated microcolonies. Shoots were efficiently initiated from the green spots of the selected shoot
forming calli cultured on MS regeneration medium supplemented with 0.05 mg/L IAA, 7.0 mg/L 2-iP and 30 g/L
sucrose under continous illumination for 4 weeks. Shoot regeneration frequencies (calli regenerating at least one

shoot) were 3.5%

~56%. Histological observations of shoot forming callus revealed that tracheary elements initiated

from inner compact cells, and that meristemoids developed to shoot primordia and shoots. Roots were induced

from these regenerating shoots on MS medium without phytohormones. These regenerants were successfully

transplanted into potting soil. Morphological characterization of 50 protoplast-derived plants showed that the

frequency of normal type was 78%.
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HAA vt AL} 7T dAY AEECIY FERE
Azl szt Ak 71 (Arabidopsis thaliana):“f
Az A &3l APAQ NS ECIHA AlE (genome)
o] A7)7k 70,000 kb2 v 22 A7|Y B ohyz}
(Leutwiler et al. 1984), ¥l2-2 91 DNA7Z} A9 Qe 7HHLe
2 Als AX (genomic map) ZAJo] £o]am (Pruitt and
Meyerowitz 1986), Qo)) &3 AMdo] folsty g
A7} &o} (Meyerowitz 1989) 2] 8831718 =
model system® & o]£%53 Ut} (Pattom and Meinke
1988; Shirley et al. 1992). 0|88t &2] AHE wFe] o)7]
2 (Arabidopsis)v 2 E2 A2, £4, EAYESH A7
o @o] o]&HI glom B AFAMT of71Fe F&F
HozRE YFFAE F2l, Wi Y AR E Y3

o
o 2 o SN Ee] AYME A HA
NS 5T ANERT 2 & F3A T o3 J2A
3 AEAE s o 7 ZARE AFstA sk
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o 712 (Arabidopsis thaliana L. Heynh. ecotype
Columbia)®] F4= 4% NaOCl7t £FH SHSAE 5% 2
A3l 20% F< 7PEAl £ FHEA ZWES 25T F,
BAEFTE 53] AHATh AHS FAE 1% sucrose?t
Z3HE MS (Murashige and Skoog 1962) 7] 28] x|~ Fo
WOl 45 B 4RT ABAZRE 051 om? 272
339 QUVAE AR AL 28A 2E s
AAT Qe AYLT 2mm AR FHeA B} Yol B
o] CPW 13M £l HspAl sed 1A7 Fob wjshelch
CPW 13M £9& A A% % 0.2 um membrane filter2 J
3 Lo CM1 (0.75% Cellulase Onozuca R-102} 0.05%
Macerozyme Onozuca R-10)3 CM2 (1% Cellulase
Onozuca R-103} 0.25% Macerozyme Onozuca R-10) &4
o] FA g 25C G 2~8A17 <t ARG
2 2 (40 rpm)& 53 AFHAAE Btk ¥¥F
AE A fste dFFAA7 2FH = Eh EF
o1 £ 380 pum, 230 um 190 pm, 74 pm, 46 um 28| 21 & 24| o]
A E FHAAA AEL AHEL 58 800 rppmeE GA
et 33 FANS AAGeH EeE 4¥AAE
CPW I3M &0 2 A Ag &, d4EE 3 Al
BFct 23] A3 48 AA = CPW 21% sucrose?} A7}
H CPW 21S9] A5 Y7 1087 800 rpm .2 HIEZ}
dAEEste dHg 9¥FAAE 4 CPW 13M £
o] M@e ANt wjFsAch BB RIAE 5x10°

cellsmL¢] Y%7} HEE At MS 7| Eulx|o] AEZ
AAZ 9% mannitol 3 MSA (0.5 mg/L 2,4-D, 0.1 mg/L
BAP), MSB (2 mg/L NAA, 0.5 mg/L BAP) 121 MSC (1
mg/L 2,4-D, 0.15 mg/L kinetin)9] MSYAu)x]ol| o=Az}
FZACE vgstd A2EES FEReH A&HH d
FHA o FEE A8 it 5 FHE= 948FAY £94
S0 we} mannitol®] FEE 3%¥ @E FUHAE Hrlst
o] microcolony ] A& HT3lHT)

Shoot forming Zi2{AZ2E]

AEX MEs R A HE

Microcolony+ 0.5 mg/L 2,4-D9} 0.1 mg/L BAP 1837
0.3% phytagel©] #71¥ CP ZAMIAZ &4 AZ2E =2
A ZH 2., microcolonyel] ™3} dehydrationS 0.3% (& A4H]
A)), 0.5%, 0.8% 123 1.0% phytagelo] H7}8 ZAE}=]ol
N 2770 wjoFekel A@sHTh CP A~ ZAuAA 2
717} 5 mm o4 A4A4st A AE MS 7[Zui Ao IAA, 2-iP
123 kinetino] A71E A &3} wiA|ol XA}ste 25°C, W
el Az (24 yE - m? - sec)oA] shoot #31& FE31H
o} #3514 shoots SEF0] H7IEA] 2 MSHIAZ &7
2o 8499 fERC 2L AN F, EYOR o
N3t 9% NEAZ ARAAT Shoot FHTAS) o3
4 #EAS Szt AESPHAE A wdE AexE
FAAd 143 F &S E gp3le] gl v EAIF T
olg 334 vlo]la2EL AHEl 10 im FAZ doks
t}&- Safranin-Fast Green® 2 o}5gM3t & JF =g g}
EE AFslo Fegn|7 e g #Fsiich

g3t f 3@

»

nuj

2| o et

rHo
ogF
]
HI

A

AYAA RS 3 AEAY Meolr] Fog AL 4]
A9 oot ARzA Z Rl AMEEHE AEAY 29
(Wei and Xu 1993)8} & & Jom ifi 240t 7l
A A7 9 2EH A flo] g o A EAE AME
g o FE5Ho] Ty A Utk £ AFAXE of7]
Aol FAE 71W Lol A 45 A% QO 2HE a4
o2 dYAAE £ F ANk 4FFIA FYE AT £
g srot wiHe galdly ¥ A&S Hue
A3}, 0.75% Cellulase Onozuka R-103 0.05% Macerozyme
Onozuka R-10& E3st G480 A 4A)7ke] AAu] kA
AR 1 g% 10'~10749 98EAS 9L 5 ol B9 &
&0] 7P E}ou, 40 rpm & S s AfE V)
A = Qs Be&EEo] FAaEHUG (Figure 1), T3t
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Figure 1. Yield of intact protoplasts. Protoplasts were isolated from
the leaves of A. thaliana in CM1 (0.75% Cellulase Onozuca R-10
and 0.05% Macerozyme Onozuca R-10) and CM2 (1% Cellulase
Onozuca R-10 and 0.25% Macerozyme Onozuca R-10) with
shaking for 2 h (SH) and stationary for 4 h (ST) in culture
conditions. CM1 and CM2 contained 13% mannitol and 10 ml/L
CPW solution.

EA890] Aglslr] Ao 4CTAA CPW 13MEHo]| [ A}7}
F9F wkA] (Evans et al. 1983)3 024 A3 9FdA 4
&2 U Y 4 d¥=Y, ol aaAzlel % A3
FNE Fasletn] T8 AxY AYS WA 48
AA o] b do] Z7tEAY] WEoaal Az YT

meba 2 AFAAE 4A17ke] AAIES S 71
o] §EZAC2RY A Y AA (Figure 2A)E #2l3)
Hom, Aol AAFt £ AFAA ] LA &
s Al EHol AAFA e AErt BHEHIE SAEH o
£ CPW 13M £9.& 0]-83 A} A0 AAHYT =
71e] BHE f9¥EA e 72715 20~65 pm @2} sucrose &
o] &3 HFA YARER <l e AFFA Y &
of elton Ha MEY A7 38 umth

AFAA koA APAA ] A EH A L HEEILS
AN JEE Axe o A7t AEAGTEEZ o3
AeS W= 2o UdHA Aok (Mayer et al. 1979). 2 A
@"ﬂ’ﬂ ?Séél*ﬂ Fell &AL HAFHAEFY] HAE 4x
10'~5x 10702 Uertos, 1 ojste] BEaAE x1&5el
MEFES HEE 5 AU AFAA wfekS MS 7]2u)%]
o thokst x5 9] 2.4-D, BAP, NAA 123 Kinetin®] 2]
FollA] whekstai=e] £3), 2.0 mg/L NAASH 0.5 mg/L BAP
7 H7HE MSB S Rlel A 2449 AEREE fk
(Table D& &= Q1o wjg} 4F FHEF microcolony &
Atk viHe) MSA S MSC HElFolME= 157 WA 3
FAA AEEEe] FEHAY T oife] BEL 1E A
U W, JAskE Ae #EE 5

Sx10'70) We g 34 woks APYAA = Lol T
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Table 1. Influence of MS different culture media on the division of
A. thaliana mesophyll protoplasts.

“Culture Days of culture
medium | O 7 14 21 28 35
(o
MSA Division Death
]
MSB Division Colony
MSC Division Death

‘MSA, MS medium with 0.5 mg/L 2,4-D, 0.1 mg/L BAP and 9 g/L
of glucose;

MSB, MS medium with 2 mg/L. NAA, 0.5 mg/L. BAP and 5 g/L
sucrose;

MSC, MS medium with 1 mg/L 2,4-D, 0.15 mg/L kinetin and 3.6
g/L glucose.

Figure 2. Cell division and microcolony formation of A. thaliana
mesophyll protoplasts. A, Intact purified protoplasts. B, First cell
division after | week of culture. C, Divided cells after 2 weeks of
culture. D & E, Microcolonies formed after 4 weeks of culture.

HEE7) AFBIdEd ol Az A 7]dsk=
o2 BRI wi¢k 59 FHEE R 9¥FAE]
¥ £¢¥ (Figure 2B)& Al on] dejel 27]9] ek
Hstet A QEAY FAEAS veblch wiekd 98
%ﬂ—‘,f budding #4te] FA=E =], o]H T AL AEH
o) Bebalsle] ok3l BRo] Aly|7] W& (Fowke and
Gamborg 1980)1 Ao 2 AtgEth
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e e VH]-—E— KIE 298 $5 (Figure 20)3l5.om ujek
43 Jol= g Al EZEE microcolony’} Al (Figure
2D, 2E)EIE —% w2 Ak

Shoot forming ZHAZEE| AEH K=}

45 Y¥AAZFYH YA microcolonys= CP (CLC
/Ipomaea basal medium, Duchefa)s]| A& 7|2 OS2 0.5
mg/L 2,4-D<} 0.1 mg/L BAP 123 0.3% phytagele] 37}
3 ZANAZ A AHAE F2] (Figure 3A)AZHth
Microcolony & 0.3%, 0.5%, 0.8% 12]1. 1.0% phytagel®]
A7hE TAMANN 257 7k2} wjoFste) dehydration 515
& uj] (Table 2), dehydrationS A]7)A] 92 microcolonyol
v oF 78je] 2 A2 FEES UERTh Bl 9
solidifying& ZZo o8] Fde B2 AIFoEzN 23
S gL 23N AZAFIER 28] SF (shoot forming)
AAE Frde T8 229 Aos Alsgh ¥Y mls
ZRE Y4E VHAAE ART oo 24 Bt AR
AES AESAZ o 0.8% agar FEAME HEAE A
Za900) 16% agar T MAGIAE 40%°] BIEE B
I (Lai and Liu 1988)3}3th =3 W] JFAAZRE §
EH colonyE dehydrationA|Z] 73-$- dehydrationg A]7]A]
Bk Wk vlwA] 10~24% o| o] AESHES WIAHTH
T B39 (Lee et al. 1998), solidifying agent *{2]oj] ¢]

Table 2. Effects of different solidified media on frequencies of
shoot-forming calli from protoplast-derived microcolonies of A.
thaliana.

FrequencyC of callus induction (%)

- . b
Mlo:rocolonya culture media X .
(calli regenerating at least one shoot)

MSL— CP03— CPO3 12.4%
MSL— CP0O5— CPO3 16.4%
MSL— CP08— CPO03 84.6%
MSL— CP10— CPO3 78.5%

“Microcolonies were dehydrated in CP03, CP0O5, CP08 and CP10
media for 2 weeks in culture condition.

"MSL=MS liguid medium, CP03, CP05, CP08 and CP10=CP
medium with 0.3%, 0.5%, 0.8% and 1.0% phytagel, respectively.
‘For each experiment, 100 microcolonies were tested with five
replications.

Table 3. Effects of phytohormones on shoot formation from
protoplast-derived calli of A. thaliana.

Phytohormones (mg/L) Frequency" of shoot formation (%)
IAA 2-iP  kinetin (calli regenerating at least one shoot)
0.05 7 0 56.0%

0.15 5 0 29.0%

0.03 0 | 3.5%

“For each experiment, 10 callus segments were tested with five
replications.

3l partial dehydrationo] A5E&9 L& Z7MA7])3 A
A X updAy o] W E SAAIZIThE B3 (Lai and Liu 1988;
Tsukahara and Hirosawa 1992; Rance et al. 1994)$}= %]
3= Z3}olt} Dehydration microcoloniesol| A =% 27
2o A FHo] ujsly Z HojAE @& S W= SF
AHLE Y FoE Al gekst F29 TAA, 2-iP 1
2] kinetino] A7 v xjollA wikst Az} (Table 3), 0.05
mg/L TIAA, 7.0 mg/L 2-iP Z1#]7 30 g/L sucrose’} H7}¥
Al A Bujkstae W W 45 $RE] Al 53
o] A= AFstl AAMHoE =3ztE Aeji (Figure
3B)7t dAHNeH, Z3l8 SF #HA2ZHE shootH7)
(Figure 3C)7} #3ld A& 333 4 A0, auxindl] of
3l cytokinin®] Hl &S =7MAZ 2 2 shoot Ao} 2R HE
& T AUk

SF A8 2=E 4717 AdiSE 4% AEshge] 43
Ho]Z 2™, NSF (non-shoot forming) &A= FEHy &
W3l unorganized¥ HEIZ shoot@ ] AE7} ojgy
7HE B 4ol fxHe AL AL F UAEd od
HA2 T2 4]E2] BT (Heyer and Nabors 1982)2} 3]
3= Ao|Ath SFek NSF 7 M E29] FFe Al 54
o)A SF A Ag AE, Mgt st 285 571 AE
g Ao SF A 29k NSF {2 thdt shoote] A
AEot MEEE 58 AdME AG Aol7t Yehds
& 4 AUATk SF AHAZHE] AFA AE3}e] thgh auxin
3} cytokinin®] Q3L AWEW 0.015 mg/L [AA, 5 mg/L
2-iP7} A7 AEshiAdME 29% 9] ARSES HIYL

Figure 3. Green calli and shoot formation from protoplast-derived
calli of A. thaliana. A, Formation of calli on CP propagation
medium supplemented with 0.5 mg/L 2.4-D and 0.1 mg/L BAP
after 2 weeks of solid culture. B, Formation of green calli on MS§
regeneration medium supplemented with 0.05 mg/L IAA and 7
mg/L 2-iP after 4 weeks of culture. C, Green spots (GS) on shoot-
forming calli and initial shoots.



™, 0.05 mg/L IAA, 7 mg/L 2-iP7} H7FE APl A=
56%] AEsER o wA Uehd e Axsael] £t
T+ FEA9 Zo] shootFA o)A auxinol] tht cytokinin
182 ZNUOEM ARl FolHE X + UL
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AESIRZ A wiFst T MAE A AE paraffin 2
HE-E o] 83le shoot7} FAHE WA E Ug dA

HE ZHA] SddN FFSATE ARShA A 15
et ke 2Ag wES A3, shootZ LT AJYME
(initial cell)9] Q‘;}—q YA wken, AdE FAFY
AZSuo] B2HUT vjofo] AWl we 29 AXE
FHHo] 3 o compact A A EFHQ A (tracheary
clementy’l FHEOH F& me} Wi A BAY

AT} (Figure 4A, 4B). X H#Q 4 ujdko] Ao uwh
2t AR FAFeE wEdA Hedl Bed 2e &
AxH o] dofok 715 EE wYoRRY 7| HEse o

e =L +7H% Agste] SQste] dEstl 2
e AlxY 2H9 W9 2ASS HEA A 2=
A4S Qo FEH oz R Y 7@l o]Fod 9
242 TS HES § A%e] MESe dde] 349
AZEE s B4 (meristemoid) S A3t 73
WA o] Belsle Ao YA Ak o A7) §4E
HEFH DL shootE W FEZATYUS AT F AN
32 shoot primordia (Figure 4C, 4D)2 W&3l= AL A&}
Rom 25 Rt ujgko] A&EWA shoot (Figure 4E)7} £
st 3ok

AEstd AEAES FeAA 5L SHRW (Figure
5), rosetteF el FAHHQL AEA WE U] FAF 26t

p
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Figure 4. Histological observations of organogenesis from shoot
forming calli of A. thaliana. A, Section ot subcultured callus. B,
Development of tracheary element. C, Initial stage of shoot
primordia. D, Shoot primordia. E. Logitudinal section of 2-weeks-
old shoot.
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He thEAdE el £0) glo] stelrb A= 2714
3= 01—?—7‘]‘4 Slo] e g wdsles HAAHY EES
Yepiitk o= f-a8l3} (vitification) 22 A EA
3 AR B &, Eo] AR Bt #FH
thate) & (perturbation)® 7+ %2 ¥ (Paques

199Dl 2l Yehte ez Btk 50749 AEste 4
A4 3970A7F B HEAGLH HAAE W34

Figure 5. Morphological characterizations of the regenerant lines
from protoplast-derived microcolonies of A. thaliana. A, Abnormal
type with aberrant leaf. B, Abnormal shoot with floral bud without
bolting. C, Two leaves appear at the opposite position in abnormal
type. D, Normal leaves with normal shoots.

Table 4. Morphological observations of the regenerant lines from
protoplast-derived microcolonies in A. thaliana.

Morphology No. of regenerants (%)’
Normal 39 (78%)
Abnormal 11 (22%)

“For each experiment, 50 regenerant lines developed from
protoplast-derived microcolonies were observed.

Figure 6. Plant regeneration from the protoplast-derived shoot of A.
thaliana. A. Rosette leaf formation from differentiated shoot under
continuous illumination. B, Regenerated plantlets with leaves and
roots in MS medium without phytohormones. C, Regenerant potted
in soil.
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Al A EBAQEH (Table 4), FAAA A EA ) w3 v)H
A0 AEAE 49 shoote] $¢ F4go] HYo} A
2& AR A AR ddske dHFA A
AEHA FFRAAAM 6~8709) rosettedF 9] o] A
(Figure 6A)H A EAE T2E0] HrtEx) ¢4 MS uj=) o)
%7 WeE R (Figure 6B)3I9 2 H, olo] 25 § Eko
2 &7 A% JEANE FA4 (Figure 6C)5tQTh

AAL - B A7 19973 D&% SeRAdu] (97-4439)0)
gato] ArEen du] A AL Py

H 2

45 wjtE o 713te) 522N YFANE £
3l 2.0 mg/L NAA, 0.5 mg/L BAP 2 9% mannitolo] X
S MS AAuj oA 25T, GZANA wjdsiiT 9F2
Al Fe microcoloniesE dehydration Al# ujokslgg o
non-dehydration®)] Bl3j 789 & A2 &L Jeh)
%t} Dehydrated microcoloniesE 3ol 507112 B ~E
Al 0.05 mg/L IAA, 7 mg/L 2-iP7} A7bg MSHjR|¢]
A FEACE wFEAS W FXH R 5351H 7] A1&Ey
on MY 45 FRH AxACZ =3H SF Bl
green spots©] FHAH AT Shoot FAHEL A EAFZEEE
o] ZFol wet 3.5%~56%2 Jebgth AE3E shootE
HEAFEEEZ ] A7 EA 2 MSHiA0 A Bl
en olgg EY olaste] &M AEF HEAES
AL F UMUTE Shoot FAAYE 2HETHY ZHAM B2
g A3, i G2r)olE AR FAYY AE7t hREoe
U uijeke] A mal F9 AEEH o] Feg =
8224 (tracheary element)$} BEZ&F (meristemoid)©| &
AEMA shoot primodiaZ} shootZ WdsE AL #AT
T AU AE s A2 WY LR normal typee] 78%
©] 2 abnormal type®] 22% Fth
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