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Radiosensitivity and Cytological Activity at Different Growth
Phases of Rice Cells in Suspension Culture

Yasuo Kowyama® and Nofio SHIBATA®®

Introduction

Fundamenial espects of mdiation effects on living cells have exiensively been accumulated in micro-
organisms and animal cells culpured @ wie™™, By using cultured cells of higher planis as experimental
materials, basic information coald similary be provided on the radiosensitlvity and mutagenesis af planis
in a single cell level, Since pioneer work by Mevcr=s and Bercxane'™ who demonstrated the growth
Inhibdtion caused by M-ray brradiation in haploid cell suspensions of Anrireiimem, considerable studies have
been conducted on the elfect of ionixing radiations in coltured cells of Haplopappis", Phareolss™,
Micorimna™, Davcas™ and Arechis!.  From thess and additionn] similar experiments it has been made
clear thet radiosensiilvities iy cullured cells of plans vary with plant spegies used and even with the cells
originated from different tlssues inoa plam’""'"*, Celured cells of higher plants, howsver, are non-
uniform both in the cytological consittution of cell population and in fhe physiokogical state during a
culture period,  For instance, inltial callus tlssue derdved From plant organ consists of beterogensous cell
populntion with a wide range of polvploidy and ancupboidy® ™3 Eughermore, culiured cells
exhibit the continuous changes in physiclogical and metabolic activities during the progress of baich
culture From initiation until they reach stationary phase'-™"", Thesa characlerstics may drastscally
affect the radicsensitivity of cultured czlls,

Ini the present experiment, long-ferm subculftured eallus cells of rloe were wed as experimental muderials,
which consist of considerably homogeneous cell populntion and exhibit stable reproduction throughout
subcultures,  The changes in cylological activity and radiosensitivity were axamiped at different growth
phases of the cell suwpension culiunes.

Materinls and Methods

Cuilture conclifian

Culture medivm used for induction and suboulture of callus tissues was the modified Murssrice and
Skooa's™ supplemented with 107°M I, 4=, Callus callures were initiated by tromsferring rood-tips
oblamed from aseptically grown seedlings of rice variety “Sensho™ to 0.8% agar-sofidified medium, On
30 days after the transfercing, induced callos tissues were inoculated into speciafly designed 300 mi-
Eslenmeyer faska (cf. Fig. 1) containmmg 3 ml liquid colure medium, A drop of this cell suspension
(0.5 ml} was subculivred in a freshly peepored medium every 35 days throughout T vears.  ‘The culiure
flasks contalning free and clamg cells were placed on a reciprocal shaker (&5 strokesimin) in dark room &t
284 1°C throughout experiments.  These culiure conditions vielded rapid growth and various sized frog-
ments of callus tissue which were completely pipettabde for subsequent subcultiares,
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Lrrowih megenremens

The growih of callus cefls at a given time ol culture waos evalunied by measuring the fresh weight, dry
weight and sedimented cell velume (SCY).  As shown in Fig, |, the SCV was obained from the reading
of the scale on a side-armed glass tobe attached to the culture Ausk, which allowsd (o estimnie continoously
and convenlently the prowth rate of suspension culiures without disturbonce of culture condition.  The
measurements of the growth parameders are based on an averapge of 10 culiures,

Fig. 1. Specinlly designed culimre-flask wiih a side-armeed glass (ube far measurement af
the sedimenied cell volume of caflus euliure (A). AL a tirme of the messerement,
the glass tube &8 placed o8 verikal pesition for 15 minules (BL

Ol vgenr mproke

For measurement of respiration sctivity, aliguots of cell suspension in the 23rd subculture were samipled
at different growth phases during the culiure period of 35 days, and then transferred (o Warburg reaction
wvessels In which the cxygen uptake wero deteemibned at 30°C by standord Warburg technique,  Manomesier
readings wers taken overy 10 min for | hr alter equilibration.  Bespiration rafes wene expressed 05 oxygen
comsumption per unit dry weight of the cultured cells.

YH-thyiclime Frbeling

Ter label DMA-synthesizing cells, tritiated thymidines (6-"H-T: specifie activily 28 CifmM, The Radin-
chemical Centre, Amershnm) was used as a DNA precursor,  The *H-thymidine was dissolved in the
cultiare mediorm af & concentration of 1 #Cifm],  Callus calls (150 mp of feesh weight]) b the 22nd subculiure
were grown for 25 days under the same condition described above. At different growth plsases during the
cubtwre peridl, the cells (about 500 mg of fresh weight) were aseptically sampled and treated with the eadio.
gelive medium fae 1 hr ot 30°C in a water bath with gentle shaking. After this treatment, the collz wers
washed three times in nonradioactive fresh mediom and then reincubated for 2 b to ensure incorporatien of
the precurser inta nuclenr DMA,  The trenfed cells were fixed with a mixture of 3 ports of ethanol and | part
of acetic acid for 1 hr and then transferred into T0%; ethanol for storage in a refrigerator.  Following the
stornge, they were macesated with 10%, cellulass und 5% pectinnss for 3 hr,  Squoash preparations were
obtained on microscope slides by the methed of Conoer wnd Faircuitn® and then dehydrated by passing
throough & ethanol series.  The dried slides were dipped into auforadiographic emulsion (Sekurn WRE-M2,
Konishiroky Photo Co. Led., Tokyo) at 40°C for 2-3 sec, followed by thoreugh drying and exposure for
30 days ot 4°C in a dark box contalinlng silica gels.  Afier photographic development and fixation, the slides
were stained with 0.05% basie fuchsin s deccribed by Benoemos" and mounied in Canada balsam.
Cinly the cells with ¥ or more silver graing in thely nueksl wees eounted a8 actually labeled,  About 250 cells
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were counted from each sample 160 determine the percenlage ol DM A-synithesizing cells that were Eabebed
with *H-thymidine,

Neray irraaiaiion

The cultured cells in 200 ml-Ansks having 3 ml suspension medium were irradiated with 280 Y X-rays
at g dose rate of 332 Rimin wsing 1.0 mm aheminum filler, The X-ray dosages and the growih pahses of
the cultures at a lime of rradiation are described in conjunction with the isdividual experimental resulis,
The orradented cells 150 mig of fresh weight) were (ransferved (o [reshly preparsd medium and then culiursd
for 35 days wader the same condition as described above. Radbsensitivity of the callus cells was estimated
by measuring the S3CY at 35 days alter rradintion.  The expertment was repeated ones and in each trentment
e resulis ave based on the averape of them,

Resules

Grronwth patierm dirny o cidiire perviod

Induced callus tlswes from rooi-tips exhibited wide variations both in their colors and in degree of theie
friability among the tesi-tubes used for callus induction,  From these tissues, whitish and friabls cell ag-
grenntes which is referred to as SC-czll line hereafier were selected and subsequently subculivred In sus-
pension batch culiure for about 2 years, The SC-cell line was characterized by itz considerably homo-
peneows cell population with more than 90%, diploid cells, The growth af the cell line was monitcred
by the $CV measuremenis throughout subculiures, as shown in Table 1. Figure 2 also shows the growth
patiern from imitial inoculation into fresh medium 1o sationary phase in Sth (o 3kh suboultores.  These
aata clenrly inclicpies that the cell line is kept well in & stable growlh even by long term subeultures withoui
any decline of vigor, and that the growht pattern follows the typeeal sipnioldal curve in each suboulture,
which is best Atted (o the Following bogmtie farmula,

M=K/14e>" k1)

where  M.=(ha 8CV at a given time (L day) of the culture,

K=1lw SCV at the stationary pliase,

g=conatan! coefficlencs at e Initial eulture (C=>0), and

m=apecifle growih rate in the culture,
The parameters o each culiure calculated by linear repression analysis are also shown in Tuble 2, The
growth phases of the SC-cell line in batch suspension culiure were divided as follows under the conditions
adopted in the present experiment | lng phass was a period from the initial 10 2 days, log phase from 2 @
30 doys and stationary phase from 30 to 35 doyvs. Doubling time (t) of the cell population dwrmg the
log phase was 1.3 days, which was calculated from the following equation using an averuge value of m
shiown im Table 2;

ti=ln 2/m of2)

Three diffesent indices of cell growth, Le., the SCV, (resh weight and dry weight, were measured durimg a
culture period In the cells of the 23rd subculiure, as shown in Fig 3. As plotied in Fig. 4, the SCV was
closely correloted to the fresh welght (p=090} and dry welght (r=0.87). Therefore, the SOV measurement
seems 10 ke valid method for growth mendioelng in cultured celis of plants.

Resplearion geriviry and freguency of " H-lobeled cells

As shwon in Fig. 3, respiration activity measured by m::.'jnn uptake increased rapidly during the initial
stages of culiure to reach Use highest level approximately four Umes of thal observed at culture initkation,
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Table . Cell growih measured by the sedimenied cell walieme (md) in the $ih 1o 2ch subculiures.

Mumber of Time after incculation {Crays)
aukgubiure 5 [ 1] ] i5

E Q6403 (R R L5403 294414 nm,*

5 0,740.2 146403 PR EEIT 14003 nm,

& 05402 1A 14403 &40, n.m,

7 0,640, 1.7 402 a0l 174403 .,

8 0.54:0.1 1440 22402 1544,2 26402
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12 0,6 40,1 1402 2124412 215403 17402
13 06402 174403 22404 2.74+0.4 28401
14 HEFE N 1201 21403 25402 26403
15 06402 (T e 24403 27402 28401
& Qa2 1, 3-40.2 22404 25202 26402
() IEEEIN] | 4404 24402 2.7+0.1 27401
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Fig. 2. Growth patierns of callus cells measured by the SOV In 3hfA), 10thiH),
15th(C) and WHh(D) subcultures,
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Table 2. Paramelers of the logiste Tarmula i e 4th o 23rd
subculiures ol enllus cells.

Mumber of Parameters
aubgiliers T m k B
4 LO14 03007 14
] 1.4K1 1520 26
[ .52 02551 el 1
7 2.240 {1484 27
B 1361 02180 25
L 13T 021253 26
10 2217 02171 25
11 o4 02421 2.7
12 1.88% 01842 2.5
13 1,956 01764 2.7
14 2,233 0, 1986 2.5
15 2.24% 02100 .7
16 204 030 2.5
17 2484 LU2E2] 2.7
14 2178 0, 1964 2.5
19 2446 02120 15
20 Z.181 02169 .7
21 2.204 0.2288 2.5
22 2194 0. 1906 2.6
23 2.168 0U20M 2.8
mEan 2.185 02113 2.6
Ap 'I 75 = 1.5
dry wt
fresh wt.
2 150 F 1.0 =
o d
2 5 Z
g L
o
B i g
1k = 23 9 0.5
o 1 L i o 40
a 10 20 a0
Cays

Fig. 3. Growth paiterns of callus cells measured by the 3CY, fresh and dry weight,
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Fig. 4. Comrelaiion of ihe SCY wilh Inesh weight and dey weiight in 23rd suboultured ceils,

The peak nctivity gt 7 davs alter the initintion of culture was follewed by & gradieal declining to & lower
bevel in stationary phase.

Table 3 shows frequencies of the DMNA-synthesizing cells which incorporated *H-thymidine into their
nuclel at different prowth phases, The highest frequency (34.3 %) was observed at 11 davs aller the initi-
ation of culture, carresponding to the wme of mid log phase, Lag and stntionary phases exhibited the
lower frequency of the lnbeled cells (5-75).

'_; 0 ® =3

£

5

gw 20k 412

e Table 3, Change in frequeicy of *H-thymidine lnbeled
a - cells during # cublure peciod,

. = — —
> =~ Dy afier

5 2 inoculation = 7 - = @

H -

LT d1 Fint fﬁlﬂ wy T4 TTE 343 M4 52
-5

3

m

&

Fig. 5. PRespiration sctivily (0—0) and cell growth
[ ——x) during o cubure period i eallos 2l



Radicsensiiivity and Cylalogical Astivily uf Dil¥erenn Growth Phoses T

Changes in radiesersirivites af diferend groweh phases

The SC=cell line subcultured by 22 tmes was used s experimental materinl and exposed 1o X-ray dossges
of 2.5 to 10 kR at six different growth phasess, i.e., log pase ot 2 days, early log phase a1 7 days, mid log
phases at 11 and 16 days, late log phass at 25 days and stationary phase ot 35 days aller inoculation.  The
ireaclinted cells which were Inoculuted into fresh mediom were monitored by the SCV measuremenis until
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Fip 6. Cell growtlh measured by the SCY afier Xeray rrodintions of 0 kR {(Conl., O], 3.5 ER
(el S0KR (AL TSR (@) ond 10 kR (&) af 2 days {A), T days (B), 11 daws (], 16 daya
{0, 25 days (E) and 35 days (F} during o culture pericd.
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Flg. 7. Dpse reapomse of callus cells irradiated ot different growth phases, e,
at 2 days (O} 7 days {a), 11 days (%], 16 days (&), 23 doys (@] and
35 days =} wler the Indviation of culiare,

Table 4, Hadiosenslilvity coefficiend {k), corstant {m} and T walee ot diferend
growwih phases of the X2nd subculiured oelis,

'“:“r:;'-"t’“;'_:]"" k m Dye (kR}
2 01420 1.207 583
7 01598 1.242 447
1 01640 0.5%6 2.23
16 0.1501 0.719 331
25 0.0173 1.085 645

15 01150

L0132 51

alationary phase, a9 [llustrated in Fig 6. From this figure, it (2 clearly demonstented that growth rates of
the cultured decranss with Increasing dosages of X-ray in all growth phasss at the time of irndintion,
Exposure at mid log phases, however, brought about more prominent reduction of cell growth than these
af the other growth phases,  For comparison of radipsensitivities at different growih phises, the SCVe at
35 days afer Irradiation which are expressed as percent of control were plotted on semilogarithmic scale
(Fig. T kn which dose-responss curve iz well fitted to the following equation;

R=1—{l—¢"")" +(3)

where  R=the SCV (% of contral),
k=radlosensitivity coefficient,
Dr=irradéated dose (kR), and
m=conglani.
From the eguation {3}, Dy (dose required 1o reduce the SCY to 3024 of control) is calculated s Follows;

Dyl ={1—0.5"*1/(—=k) ool
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Calculnied results of radiwsensitivity cocfficient k), constant {m) and . for each of growth phases are
given in Table 4, Based on comparizon of Dy valuss, it is clearfy noticed that there exisis the conspicuons
difference of radiosensitivity in growth phases of cultured cells and that mid log phase irradinted ai 11ih
d.a:r i% mosl fensifive, e, approximidtely three times as sensitive as stidionory phase at 35th day after
tisocula o

Disrmssion

For measurement of growth in cultured cells of plants, many indices have been ulilized, e.g,, resh and dry
waiglh, cell number per unit volume of suspension cullure, turbidity of liquid mediom and packed cell
volume by centcilugation of culiwred cells. Methods of these measurements, owever, depend upon o
sampling manipulatien from whole cultured cells which are gccompanied by slight disiurbance of culiure
conditiona and by if anything unavoidabie risk of bacierial comaminations.  In the present experiment, e
SCY measurement was ndopied as convendent and sultable meused for suspension cultwre of plant cells o
allow comineows moniloring of cell prowith withowt any disturbance and comamination throuwghoot a
culture peried, It seems to be valid that the S3CY monitoring s appricable for growith measurement of
cultured cells in place of above mentioned methods, becawse of high correlation of the SCV with fresh and
dry weight {Fig, 4},

The SC-cell line wsed in the present experiment consisted of homogeneous cell population with almast all
diploid cells and prolifernied in accordance with the standard sigmoidal curve during & culiure period,
The cell line, however, required the considerably longer doubling-time in the log phose, 78,7 hr (3.3 days),
when compared with other suspension culiures of planis, for example, 5070 hr in Acer peeadspleranus ™,
48 hr in Nicoplann fabocym™, 36 hr in Rona ap®, 24 hr in Phaseolir valgoeis™' and  Lycopersicon
r.r.m.n'..-.nrwrr.,"' angl 22 hr in Heplopappes gq‘r.r.l'l'i'r'”.

The frequency of mitotic cells, in genersl, is very low in colbered cells of a plant s comparsd with
mierstermatic lsees of an intact plant. Whereas, :'Haﬂi}'m:idiﬂ: incorporation inte nuclei of culiured cells
& -Eu.ﬂi.'l_:,l detected by auwteradiography with a hig'h. accurwcy andd closely correlates with mitodic activity. In
the presenl experiment, Oy optoke and percentage of "H-labseled cells were therefore examined during a
culture period s indications of physiological and cyiological activilies, respectively, Seimizu ed al™
reparied In suspension culivre of Acer prendoplatoaes that kg phase is charscterized by inlensive metabalic
activity with high lewval of respiration activity and enerpy charge, followed by high freguency of cell division
and decline of energy charpge in log phase.  Changes in repiration and call proliferation aciivitbes obierved
in the present experiment agres with those reported ln Adeer ™and Lyeopersivon™,

Figure # shows the chanpes in rediosensitivity of the SC-cell lne durbng a coulivre perbed topether with
ihose in the SCV and In respiration activity and "H-thymidine labeled cells.  This fgure indécates that the
higher frequency of "H-lnbebed cells is concomitant with the higher radiosensitivity, while e respiration
activity does not directly affect the sensitivity.  Furthermore, cells at mid bog phase were the most sensitive
o M-rays, stniionory phase cells were the most resislant and lag phase cells were intermediate in radlo-
seisdiivity. Similar resuli was reporied by Teerirs and Parey™ in the mutant sirain of yeast, e, that
stotlonary phase colls were mora resistang than exponential phase cells.  They also supgested that slationarey
phase cell [s In G, phase which B outside the normal mitotle cell cycle, eather ihan in early G, Pison™
hens shown that cells at stationary phase have a folded genorme which g o distinet and characieristic siructure
g opposed 1o G cells.  The present experimental resulis, therelfore, supgess that neclear andjor cylalogical
factors such as mitoibe and DM A-synthetic activities greately take part in determination of the differentizl
radiosensitivity af various growth phases of coltured cells in plants. Miksasiss" expmined the physlo-
logical and metabollc activities during a permination period of barley seeds irradinted with fas newtrons, and
showed thai the reduciion in seedling-growth, respiration and prodedn synihesis were caused by primary
inhibitory effect of the radiation on DMNA synthesis.  The presont sugpestion also supporis the MixaeLsen"s
findings.
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Bacas of ol observed in Phaseels valparis Ul callus eells eultured in vitro were more radioresistant than
seeds and seedlings, ie., Dy, being 10KR For callus cells, kR for seeds and 3kR Tor seedlings.  Callus cells
wsed fior their experiment, however, exhibited various levels of polyploldy and were not defired as to growth
rhase at o fime of gamma-irendintion,  The present study reveals that Dy inothe SC-cell line are ranging
from 2.2 kR to 6.9 kR depending upon the growih phase (Table 3), and not 30 preately differ from Usat in
the seedlings (4.8 kR) bui do from that in seeds (31,01 KR} which wers examined by kowyasa and
SuinaTa', The rodiosensitivity of the seedlings is mainly decided by radiation damage in the apical
mensiemntic cefls which consist of interphase cells in large part. Therefore, it s concluded dhat the
cultured cells at stntionnry phase exhibit the same degree of radlosensitiviiy a3 cells in the apical merisiem
of seedling,

Summury
To examing the chanpea in physiologleal actvity and radiosensitivity of caltured cells during a culture
period, the long-term subcultured callus czlis of the eles vinety “Sensha' which refer ta as SC-cell line were
used ps experimental materlala.  The SC-cell live was characierized by considerably homogeneous diploid
cedl population and by sigmoddal prowth pattern with a long doubling time (78,7 hr) in log phass,
In the SC-cedl lin, the mid log phase was the most seasitlve 1o X-rays, the stationary phase the most
resistant &nd the lag phase intermediate.  Differentinl radiosensitbilies in varous growth phases comcided
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with chunge in the frequency of "H-thymidine labeled cells, indicating that the higher [requency of DMNA-
synthesizing cells correlates with the higher rodiosensigivity. Respiration activity measured by O uptake
diel mot direcily alfect the radicsensitivity,  The culiured cells at stationary phase exhibited the same degree
of radicsensitivity as the scedlings, The present results sugpest that cylological factors such as the
Frequency of DM A-synihesizing cells and mitotic actvily take part o deteembnation of the radiesensitivities
al different growih phases of culiured cells in higher plante.
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