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Cell sorters have been applied in the field of immunology and genetic engineering because
they can analyze the optical characteristics of cells and evaluate their survival conditions at
high speed. Plant biology is a new field of application for these devices.

Conventional cell sorter have been developed for animal cells having a diameter of 5 to 10
pm. But for plant protoplasts, having a diameter of about 10 to 100 #m, the cell sorters
cannot be applied, because plant cells are fragile. The plant protoplasts are destroyed when
they come out of the nozzle or when they are recovered in the collecting system. In order to
solve these problems, the authors developed a special “air-sheath nozzle” which uses air pres-
sure to squeeze the lipuid spray, and a parafilm collecting system, which reduces the impact
forces on the plant protoplasts.

The combined effect of these improvements was a substantial rise in the sorting speed. The
frequency of droplet formation increased from 3.0kHz to 15.0kHz. The characteristic features
of the air-sheath nozzle are : —inner nozzle diameter : 250 gm ; —inner nozzle squeezing angle:
25°; —outer nozzle diameter : 300 pm ; —outer nozzle squeezing angle ; 24°. The authors analyzed
the effect of outer nozzle pressure on the trajectory stability of deflected droplets and on the
constancy of droplet-charging voltage delay time. At the optimum pressure of 14.2kPa and
at the droplet formation frequency of 15.0LkHz, almost 90% of the plant protoplasts passed
undamaged through the nozzle.

Using this system, the fusants of different kind of protoplasts has been sorted. The initial
experiments were made with FITC-dyed cabbage protoplasts and non-stained chinese cabbage
protoplasts. The fusion rate between different kind of protoplasts was 1%. The concentration
of fused cells increased to 80-90% by using the improved cell sorter. When RITC dye was
employed to stain chinese cabbage protoplasts, the concentrate obtained after sorting contained
100% fused cells.
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Fig. 1 Structure diagram of the cell sorter.
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Fig. 2 Block diagram of the control circuit and flowchart of the main control program of the cell sorter.

Fin LiciRmERK X b oS h, IR OB D
THIRRF 7 4 v A HERT X D EREhBY.

2.2 TT7—31—R/AXLOFIKE L CEERE
=T — A ) AT, KRR TED DO/
RN E, BRERZES TR DAL O Ml s R TRER
TRTWBIO, J, Rk, FESER ) A L RFRCE
W a0 hby v v 7 ARERER B HEY LT
B, P Ak B Lok B oW, M
7 RV TR ) 0K TR DA TIAT, i EE
DWW IRING, 0/ AMETr 75 A S
2 HBIEEBDTNE L TE, po@E - R TRk
THECH B, WIER IR, Al X i
X AES PL LMl Aring 5EJ) Po TfT5. A
Ml Arpx o 250 pm, fEOMAE 25°, Sl Az
O 300 um, BLHAE 24° LLic. TO=T7T—¥—A
) AN, P, AVES Pi=19.0kPa, 4l ) ANEE
9 Po=11.7~15.0kPa Offifi c&E LicKiE & Bl T
%, WESbEEEE 16.0kHz THES ¥ 5 2 LAWHET
@Z)IO).

2.3 FRRELIVEE

V=, 2 OREE v v A% ORI
#EITD. vy RAOEEMBE, vy I AR Lt L
¥, BLMEENAEL B LOWEL TS,
RFHEIED > b, Bl 3~6° OfHEEXT B L

EhE, FEROWEREYB-7c v — ¥ 8 37 06 4 E
PM.TrAbNE 5 8E L. MEMENERP.MT
v - FRETT AR LT 90° RRE L, £EROER
1. PM.T §i5D7 4 V&2 TT>TW5.

HEREH BT, 20X20mm OIEF I TH
Y, hOREESRET Ao 0ER 2mm OREYHE L
T\wb, Fi, RAEMEL, EEE 140mm, A Mg 10
mm, HOiE 40mm ©h b, FEAEE (DC) Kk
+5000V Ch%.

2.4 &LV —5OHEEEGSLITHETOS T A

2 @ieery — 2HHERO 7Ry 7K, Ottt
V2T R ST AD AL VIR —F 5 — PEIRT.
Ay — XEFHREY R LU 2 EEHO MK, 3
F» VELOKESANEREHE L 5. PMT HNY
1x, 7 4 XETDREEE L GHIERCIY AT,
%, Initialize CIEFREET B v I VDOES O BER
fE3s LOMR/ME (F v 75 — 2 fiH) 2REK3F v v
FARBETD. COFHAADEREY v I bOFE
BLdn, REHNLEWVBRY v IV OESORKE
B IORME GERIF — 2HH) %, ¥v A7 — 24
FPRTHET S, vy IATF— 2 HIHEOBEENRE L &
D&, €—k—L NEHiET 5. B0ps R, €—75%
— VN LEEBBEY A/D = v -2 CHELLT,
2V L — R DAL, TOMENEGT — 2 HE»E




WHIRrFIA ALY -2 OBFE, WIVREET =T TA FOEAFA (k- f8R - £y - KE) 223 (65)

+H.V!

Deflection

Lo, ! Length
m (10mm)
LT
Trajectory of/v Trajectory of
Uncharged Charged
Droplet Droplet

B3 REhEgEt:olE
Fig. 8 Droplet position measurement of scattering
of the droplet trajectory.

5w ¥ES 5 (Judge charging). =& ¥, Ebhi
DEBOF » v R AP L - CHERLERGHA R
B0, B & 250 us DNACHIENIR T TEHDT
IR R 250 s & L, \ Db —E ORIER R ORI
RNV ABFEECELIO LTV AD. £F v VR VDA
THEBPRAT — 2 FHEATH - B E, —E OBIER
M T/ A HB AV ABEX B9 % (Output
charging pulse). Hv v 7 A DRBHIRREZED 5 T
W, BT Y ARG ER NS ETFEINARER &
CZOHHEL LEO 3HEWELTERLT V3.

2.5 TT7——R/JXLOREHK
PToERT, 7= 772 MNEER Sy 7 7RE
Hic 0.5M = v =t —AgRE A, BER 20C T
frote. -

2.5.1 TEREIBHSRE

HEVAEE 0OV CHRERYHE LoD, RREER
OTF 50mm T 3 RT X 5 &K mabEED
10mm ©wits k5, RABEXREETS. ZoORET
WER OB PO S (10—Lo) ~10 mm O
EAHLTWA. ¥, ERBEREIHLEHL L. ©
WHEES L TW5B. Lo T, (La/2)+Lp>10mm
it s L HBREOSHENTE b, MUl ANEE
T Po k&5 LEMHILANERER TE5H, R
Wi La, Lo 238N L, WEREOSHNCER{RD
Jroh, Po #ELERT Lo & Lo ZEL, WEKE
DN TR R R E R KT, I RIEBTEE L HiE <
N AEEE OMMER O AV AEY, Lo 2R/
BLOTELTLAY, HREYR 4R T, Lo & Lo

15

F e Ly/24y

E A Ly

- i |}, 3
ok Lo/2+L|,=1D/

Scattering Width of Droplet Trajectory(mm)

o
1 T I LR

0 1 ! ] )
1 12 13 14 15

Presaure of the Air P, (*1000Pa)
B4 FERHELIHEO DO, AVES] Po ORFED
Wz
Fig. 4 Maximum value of the outer nozzle pres-

sure, Po, for the recovery of charged drop-
let.

—
[=]

1%, Po OHINIC & bTs > THRA ML, HIC Po=14.2
kPa 6 15.0kPa CIi3&¥w Ly AL, Po=
15.0kPa Ll ETix, WEEROFLhAKE R, &
MCRET AR EELGTRE S L 5 win b )il
JaoE AR S ey, Y —2THBTRTEEL R
5. ZDFed, Po<15.0kPa THEBE T - #o. Po=
15.0kPa ¢t (La/2)+Ly »% 10mm Pl ki d,
BORIEE X A EHEOD N TERL foote. WESERS
W 2RI MEO R X A RELEADE, Tk
b {10mm—(La/2+Lp)} 75 3mm P ESLETHB
DC, A=T—v—AJ ANt Po=14.2kPa LT CH
TEXEBBEMNBH L. Po=14.2kPa s\ CHEHLRE
WIS 15.0kHz ©H 5.

2.5.2 WEEBEFHMOREME

WERIERM T, v —FEE» LIRS E o
PEEE L (188 &/ AW OWEEE Ve ClRIFHRE
L, M50 ks T=L/Vs=Na+4t LFETZENT
%5, kL, NEEBEEEER, A iRET o R,
At AT H S, WEBERHETA—E LT
=T V= A ANKF LY — RECHFERTERDOTE
DREM:H TR,

HERIESE T, (N—2)A-+4t~(N+3)2+4t Ofi
EebEe, LHHEETY, EIRLCRE 20 @
DYV ITNEGHER T — v — A ANV ) A
ETIEL, To5HOHEET ol W A EHH
H U7y, YRR 150 pm, YRIEHE 10m/s TH Y,
wsb s 150 kHz chfF St v F ek
M) AATHLPE I his X 5 AR FEAGe. L0
HELR GIRRT. =7 — Y — A AMIHERI , A
LR, XL 2HEEAbEL3HED I BOWTHh




224 (66)

Light signal {\

Piezo- I
transducer
signal
(clock) ; ; { | t
) 12 3 n~"
Charging /v
pulse =/ VS
N _.| | At:Phase difference
At

T=NA+At =T/Vs

T: Delay time of the droplet charging voltage

N: Optimum number of clock for the delay

A : Clock period

L: Length between the laser focal point and the droplet
formation point .

Vs: Spray Velocity

B5 FEAAAHMEA VS
Fig. 5 Timing chart of the charging pulse.

7.’7%?.-‘%77“11/75?%?7}11\/ B, Liedio T, MERIER

ZTLﬁkﬁ¥L13ﬁﬁE%ﬁ5 LT, B9V v
FARIEIFE 100% OTELCRYITCE L. M, D
B, vV NEEROFRLE L bW EEERIE T
=NA+4t Ligh, BEMEEERMELE Vs LT
EEHT 52 E03TES. Lhl, =7 —Y—2A/7 AN
DR, T ERERMHERE ) Ar0EE& X b 2
KR I> T b, COFERE, FERE Xk
T=T = —RAJ ANDY v 7V iBAE R g0
TOWIEY, WELECTHRIEL DB b L E
zZbihs.

3. Y7 A IR OB EER
3.1 BNEEERLLITHEXLETOMNSFIR FOX
B
YV TINEF XY S e F TSR ENRFET e T
7 A baAvie BEYETRE, FITC 04 3mg/ml,
RITC o34 Smg/ml OEET= X ) — VICHED L
B 40 ol %, BEEW 20ml winx 72 d O T H
BW. %4 XY LINAEOY v Sk, T OMIGIE
2R LT g Lie. CThbadHafin (488
nm) OWHFEMBECTHIRE T V7T A M EBET
% &, FITC cikfgmides, RITC Clit v vo i
A b, MBEECR W EITEL TS
ENbhng
N = 2% AVCCIE Lic e tay v 7 & g
v T ORIERESFOFEWER 7 T, Bl
3 FITC W¥EHME (Fe) 3 L RITC 8IRE (Fo),
WL 2 DML A o foy v S A DB CTH B, WL
wuﬁﬁf%$bt FITC 8GR EENER 7 4 v 213

WERSEA BIT5E £38 (1993)

100

90 —@— Air—sheath Nozzle
80 - —&—— Conventional Nozzle
70 |-

60 -
50 |—
40 |-
30 +

. Sample Containing Ratio Re(%)

20 |-
10 |-

O & i 1 A
N-2 N-1 N N+1 N+2
Delay Time )
K6 S, RAET] Po w5 HEEERM O
Fig. 6 Variation of the delay time of the droplet
charging voltage as a function of outer
nozzle pressure, Po.

N3 (s)

520 nm Ll OB EABS 1 A7 4 4 & (520 HP)
& 520 nm FAulae 8 nm OHfEE AR DY KR 7
1 vz (620 BP) %ilLfi¥, Fi4 RITC ¥ME
WEf 7 4 vz 520 HP & 580 BP 2 a&b2CH
Wi Hethy v SO 2<SFe<7 OMERR
LCuw52S, JEEy v 7l Fe<l B LT 5.
LiztioT, BHEHRE Fe=2 % LE\MEL LTHAOD
HREZHHL, SERERTE 5.

T, WMEHEIEY T e P75 A Y OeFIR B
THELCOBAHENLR D 570, WEEEYT-T, &
B LR DT. v Syt FITC defa s 4 <y
Te 75 A ERITCHENRE S V7T A [
W, BRRIIESTRT L 0, BIEEE 1X10° @/
ml CfTok. SHBE DU LF XY TR 7 IR
FENAES R PSSR M ERRS AT, WYy Il
bHoTERN 10~15% ThHY, FRET R FFSTA D
DL IANT, FELESIRD BRI, - .

3.2 FrARYSITIRESTO IR IO OO

7 4 JLESE

7B e 7 MEFEAEE X - Tkt (680nm) o f
REIERTET RO, WyrvIred, 7ee7 4  LORF
ETHHD CHREEHSFELTED, FeXv T b7
7 A MIMITEROR b hicHaw, MAES v S5 A
MIMIEEEE s v e 7 4 ARSI LT WS L BEE
TE5.

FOwmyvFrosarw 7, VHKIRE 5 i % &=
T OBNE 2 m e T4 VRRREE O ¥ B, RN E
DESRERF oot v 7 ADEETH D, @IEF & =
PTRNTITAL, NPT e P ST A, (iEF
XY ENREERIRE LIEAThD. srw T 4 LW




ﬁ%inrfﬁxbmﬁwv~ﬂ®ﬁﬁ,%lﬁﬂﬁfubiixboﬂﬁﬂm(ML-%@'FEV-K%)Zﬁ(w)

500 500

500

Frequency

[

wy

=]
Frequency

n

w

o

1

' [log] 0~ I =
8 0 8
Fg(Arbitrary)

(b) FITC-dyed Chinese Cabbage Protoplasts

0

Fg(Arbitrary)
(a) Undyed Chinese Cabbage Protoplasts

Fg(Arbitrary)

(c) Undyed Cabbage Protoplasts and
FITC-dyed Cabbage Protoplasts

500 500 500
> >
:
250 %250_ 2,250
7 & s E
g
=]
& EA
‘% 0 f E I flog) o o-4; nmm 18 [iog)
0 8 0 0 )
Fo (Arbitrary) Fo(Arbitrary) Fo(Arbitrary)

(d) Undyed Cabbage Protoplasts

(e)RITC-dyed Chinese Cabbage Protoplasts  (f) Undyed Chinese Cabbage Protoplasts and

RITC-dyed Chinese Cabbage Prptoplasts
7 FERRIOCUERE T r bS5 R L OWIHEIRENST
Fig. 7 Fluorescence intensity distribution of undyed and d,yed protoplasts.

(a) Cabbage
B8 WMHEBECL > THRLAS HROWIERET = + 7

JA L

(b) Chinese cabbage

Fig. 8 Cell division of dyed protoplasts by liquid
culture after 5 days.

JBEM 7 4 v #43, 520HP & 680 BP % iflhfb¥

Teh DR G, F VTR FFIAMNLEE Fr=

0, MAFEF B } 75 A MIEE ISRZT w5 LT
BT EDmB. LichioT, LEWEA=1 3
W9 v 7 A OEHE XOENY 7 v e 7 4 VRERES
FAWCTEWIERTT S Z LRETH S,

3.3 A bT TR IMESAE

F XY BIOMRES R 75 A OREIEE, BR
AT - 721, B 10 iRl LEE OREESs X O HIINEE
WpERT. BEF + v, FEEREE (BEAZ
50100 mm, TEREFE 0.5 mm) Ch 5. FHEBEGHA
Xy, ArABREEE 1.9kV/em UT), <A ARE
(10 ps P E) B XA ARINEREEECRET S Z
EMTE, Fio—F = — VRO DDOLRELY
B iR cEInTE 5.

e b 7T A ML, BEEE0.3M v o HRERDE

W@ ELCLE S o®d, ZORBTHRET v v
TEHE A=V F = —vEPRTHEAHE LY. L0
fedn, 0.3M o o BEEIR L D IZA DL LEEDE 0.5
M=vs=t—ABRYHRACESL, v 772 M0
Bl D54 (BLWHED Licv) RNl Bk
200 um OV y 7 A m—E v X —NMIKEE B 3 S
MEE LT 520 TEL T e P75 A b OEIEH
FELi., TOFELE 11 ©RT. BEL O F ¢~
vFe bS5 AME, 0.BM < v = b —ABERO RN
50% Wit BH B bEENIAE D, 65% TR FE
LT WIRBBIR ot Fk, 65% 2 bilkd XV 7 r
PTG A RRARCYIeh, 5% TEEWMITRKEL
TOREREY Y, EAATEEOREWIL, 0.3M > o i
56 35%, 0.5M = v =+ — VK 65% DREATI R
HHEMLTWBHEELZDRS., MNAES e+ FTA L OF
WAL F o XY LA TH - v
FEREBD FITC fefa Xy 7Fe F 73 A b &
RITC Hefa/MAFET » + 7 7 A P REERYE, SR
WEE, AAAER IO AL AT E L REESRE
SR TII, TR PTITALDA=AF = — DT
DOXWERL, ©— 7 BRIWE 200 Vp/cm, B
1L.OMHz ¢ 5. Bl&Lics/m v 752 M3 250
WLy, FITC & RITC @ 2 o0WYEx & L
Tw5., BREMREIE Y= b 75 A+ ORERMICEME
CRIE L, TOMIRKELS X5 ioEkEaG &t r Rk
Wi, TOMESEMT AN AERE 1.7kV/cm, s
AR 10 pm, SAAEBFIETH Y, LD L& EDRERH




226 (68)  WESEETE BITE HE3E (1993

500 500

Frequency
()
w
=]
|
Frequency
~
13
=)
|

NNNNAN|

o 71 - T log] 07T

8 o] .
Fr(Arbitrary) Fr(Arbitrary)
(b) Chinese Cabbage Protoplasts

(a) Cabbage Protoplasts

Fr (Arbitrary)
_{c) Cabbage Protoplasts and Chinese
Cabbage Protoplasts Mixture

B9 F+~YSrbFIALEIMRESR I TIALDI v w7 g AYURHT
Fig. 9 Chlorophyll fluorescence distribution of cabbage protoplasts and chinese cabbage protoplasts.

Computer T
il by ‘
AC Voltage psec i

e ‘
DC Pulse Voltage | | 165V,

- Parallel Electrode

NSmer

1

Chamber : Pallalel plate electorode
Size : 50X 100mm
Separation  :0.5mm

10 BREAHEE
Fig. 10 .. Electrofusion system.

a7 e b 77 A FREORAMHEIZ1.0% TH -
8.4 FITC & RITC 2R\ =ERBMESYRA T
2 +OER

=T A ANl ey — 2T, RE AL
BoYy vy I AnLREREEG 7R b 7T A+ OFERIER
Zte. WEE(LERE 15. 0 kHz CHfE @i,

B 1200 7 ARG, R 1200 E R L R
BHEREE S = F 75 A MERT. 3.1 HioKERALAM
I (Fe<l, 2=Fo<7) »MEl& Uichs - tc FITC gefa
Py e S5 AN, BHEE. CQSFesT, Foxl) H°
BlE Lish o7c RITC He/NAESe 175 2 b, C
I C=Fex<7, 25Fo=T) NRAEHEG 7 r 752
FEEZOR, R Y 2SFe<7, D 2=Fo=T7
WLt ER Ly v 7 20 et clEL
kB, $RTC2MFEDUNEH LT\ % BEHEE
e b F5ANTHoTe. I 1200)0 X 5 e aHi L
EFFHES Ly I B bR,

Ll oSS BT, BRI 1% o REHELE
w75 AMEER 100% CEDBHT ENTE .

20 2

Floating Rati o(%)
) &
T 1T I T T 1T

w
Illlllll

0 III[IIIII[II!|IIIII[IIIJ
50 55 60 65 70 75

Ratio of the 0.5M Mannitol Mixture (%)

K1l 0.5M~v=tr—roRALEBETr 7T AL
o

Fig. 11 Influence of the ratio of 0.5M mannitol
. solution on the floating rate of the proto-
plasts:

3.5 FITC &/no74Lz2H V7 EEMR&a7 0

M7 TR OER

FeXV TR ISITAPEPRET R T TR TR
s mm 7 4 VENEHRER R EIECA B B, F S
v 7 wr + 75 A& FITC MJegef 3 % 120 CRAERR
7w b T A P RENTHITEERARC, €LY —2&
OEFESIL 3.4 HER L TH B.

B 13 v FAERTHESR, R 130 S Ui R
Hg& 7w b 75 A bRRT. 3.2 SRR D AFEK
(Fe=1, 1=FST) AEME Uladr o e FITC Hefa & 4
vFe b 75 AL, BEE Q<SFe<7, F:=0) hflé&
Ligh ot/ MAES v b 75 2 b, CHEIE 2<Fz=7,
1=/ PERBRAEIE TR 772 ThHB LRI
B, FRME 2<Fe<7, o 1<F=<T7 e LTHE
MLick o h, BASHict v 7 20 R0 18 @ik 2
TFEOWNHE AL TCW L REMAE 7w+ 75 A+ Th
BT ENERTEI . Lirl, BY 2038 b s &
XY TR TITALEFEDORBY VIR E
oo TR, FaRXVESLAREIALTIr T 4 Ve




HH7r bt 75AMHELY —200%, SICMATr F 77 A ORNFIA Ol L-BE - £2 v KEF) 227 (69)

] <
O< 2
| O< 3
E =¥
=l <
o8 W< 6
én '(A W< 7
° - > 7
T
oIl
I T
0 8
Fg [log]
(a) FITC & RITC fluorescence intensity
distribution

(b) Sorted fused protoplasts and its FITC
and RITC fluorescence

(c) Sorted fused protoplasts and its FITC and
RITC fluorescence

K 12 WA L7 » b 75 A2 b0 FITC & RITC ®
W IGHRRE /AT

Fig. 12 FITC & RITC fluorescence intensity dis-
tribution of the sorted sample of electri-
cally-fused plant protoplasts.

HRENEL e, IMAETm L FFA D IZRR T 4 U
WHREFIRICA > CE b EB xRS, i, +
XY TR T A PORIRE PETEDBNEL D
7R m 7 g Vo ThWBHEDNRH Y, THBIIMAE
7R b7 IAMEEMES TEAIS RS IDEE 2 bR
5.

DM, BN 1% 12 - e RAERIES 7 = b
7T AMEEY 90% Kb D T ENTHETH >, B
Bl OBREIT -l & & ARAREE 77 b7 7 A OB
% 80~90% Wi % T EMNTRETH - 1o

8 4
< 1
O< 2
L O< 3
[ —
@< 5
% : W< 6
= '(A W< 7
| |
T
0 8
Fg [log]
(a) FITC & chlorophyll fluorescence intensity
distribution

() Sorted fused protoplasts and its chlorophyll
and FITC fluorescence

X 13 EBEEE LIS w b F5A D FITC 27rRr7
4 v DREICIREE 3 A
Fig. 13 FITC & chlorophyll fluorescence intensity
distribution of the sorted sample of elec-
trically-fused plant protoplasts.
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