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Germination of Phaseolus Vulgaris I. Resumption of Axis Growth'
D. C. Walton

Department of Chemistry, State University College of Forestry, Syracuse, New York
Receix ed 'March 16. 1965.

Sumimuary. Growth of the excise(d axis of P1laseolns vidgaris L. (var. \White Alarrow-
fat) hegins after a 7-hour inicubationi in buffer or wvater at 260. Growth, as ilmeasure(l
l)v axis elono-atioin or fresh weight increase, is linear for at least 8 hours with a resultanlt
fresh w\veight inicrease of approximately 65 %. Cell elongatio ll egins 4 or 5 hours prior
to cell (livisioni and 5 or 6 hours prior to radicle protrusion ini the intact seed.

The initiationi of axis elongation is apparently dependeiit oni synthesis of K\NA and(l
protein. Both actiniomycini D and puromycin inhibit the iniitiation of elongation. Actino-
miiycin 1) inhibits the incorporation of ATP-8-C14 into axis RN \ anid C14-lencine into
protein, while puromycini inhibits the incorporation of C14-leucinie ilnto axis p)rotein.

The respiratory rate of the axes inicreases sharply at about the tiille of iniitiatioln of
cell elonigation. Dinitrophenol initially increases )., ul)take by the axes, but at the end
of 15 hours the rates of 02 uptake bv control or dinitrophelnol-treate(d axes are approxi-
mnately the same.

Althougih seed germiiniationi has been studied ex-
tensivelv for i an-y years. relativelv few stuldies have
focuise(d on the embrvonic axis durinig the earl-lyours
of germilnation and lparticularly on the mletabolic re-
quiremiienits for initiationi of axis gprowth. Recenltlv.
howverxer. several investigators have used excisedc eml-
brvonic axes to study the germiiniationl process xwith
initerest cenitere(l arotuind the reqtuiremzenit for iiiesseni-
ger RNA vinthesis. In the 2 stt(lies rel)orte(l, one
suggeste(l that the activationi or synthesis of imiesseni-
ger RN.\ is a prerequisite for the germiinlationi of
peanuts and xwheat (13). xvhile the otlher conclul(le(d
that messenger RN A svnthesis is niot requiired for
iniitial growtlh of cotton1 e,mbrvos (4).

'I'lTis l)aper describes somiie of the physiological
clhaniges ocetrring in the excised axis of Phascoluts
.qlgaris durinig the initial 15 hours of inctubation. aii(
l)resents evidenlce that synithesis of RNA anid proteini
are prerequisites for the initiationi of axis elonigation.

Methods and Materials

Embryonic axes wxere excised fromii the dry seed of
Phlaseolius vilgaris L. (var. WVhite MIarrowfat) ob-
tained from the \NV. Atlee Burpee Company. Both the
seeds anid the excised axes were stored at 30 for ex-
tendecd perio(ds of time wxith no nloticeable chanige in
subsequent grow th.

Mfost of the groxvth studies wxere carried out by
incubating 30 to 35 axes on a sheet of filter paper inl
a petri dish. Tlfhree nil of the appropriate incutbation

Parts of this paper are based on a Ph.D. dissertation
sublmiitted to the State University of New York, 1962.
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mle(lia xvere ad(le(d anid the letri dishes floate(d ill a conl-
stant tenllperature bath. Tin several exl)erinilents axes
xx ere incubated in 50 nil Erlenmiever flasks contaill-
ilng 2.5) nml of soluitioni. The flasks Nxxere shaken iil a
Dtuuboff miietabolic ineubator. TI'lhe basic colltrol
mnedia consisted of 0.01 Ai pota,ssium-n pliosplhIatc hlnf-
fer. p1H 6.0. to whlIiclh xwas addle(d 30 ,g per mll streplto-
nivcin stilfate. 1 Iox\ ever, iilculbating the axes ill 1is-
tille(d \\ater oi- at pIl i xaltes as loxv as 4.() di llot ap-
pear to affect the gro\-tlh of the axes. .\t the cull
of the iilcicbation l)eriod, wvhiclh \xvas generally tul) to 1I
lhours, the axes \\vere blotted xvith tisSut l paper alld
xveighed to the niearest 0.1 mng. Axis dry xx\ei(glht \\xa,
oktaine(l by maintaininig the axes at 800 nntil the
\\xeight \vas constant.

Respiration \x-as elleasiire(l nsig vtaindari-l \War
burg illanometric techlniques. excepit thlat the axes
wvere placed on filter paper cnit-outs oln the bottomil of
the Warbturg flasks anid 0.25 1111 solutioni adde(l. Three
axes \\ere added to each of the 7-1111 flasks used for
m.easturing respiratioIn. The respiratorx meastire-
niienits x-ere miiadle oni axes xx\hich xx-ere in the flas-;ks
(lurinig tlle enitire l)eriodl of obscrvation.

Axes to be studied for exvidence of cell division
x\-ere imiimersed iir Craf 3 killliig s,olttion ( 17 ) andl
dehydrated \-ith an ethanol-tertiary but aiiol-parlffin
oil schedule (20). The plaraffil-emibedded axes were
sectioned and stained xwith a progressive iron-hema-
toxylin schedulle (17). The tissuie \xvas exaininletl
mnicroscopically for iiiitotic fig-ures at 430x magiiifica-
tion.

For RNA analyses. the axes \xvere grolild x-itlh a
mortar and pestle in deionized xvater at 3'. A modi-
fied Smlillie anid Krotkov l)ro;lcedure xxvas used for the
analyses (8). The entire honllc,enate xx-as made
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0.2 N with respect to perchloric acid, shaken and ceni-
trifuged at 1500 X g for 15 miiinutes. The pellets
were resuspended and twice washed in 0.2 N perchloric
acid and twice in methanol containing 0.02 N formic
aicid. All centrifugations were carried out at 20 to 40
-it 1500 X g for 15 minutes. The pellets were thein
extracted with a 2:2: 1 mixtture of ethanol-ether-
chloroformii. RNA was hydrolyzed in 0.5 N KOH
for 40 hours at 300 (22). After chillinig, perchloric
acid was added to a final concentrationi of 0.3 N anld
thle INA and protein removed by centrifuigatioin.
A\bsorbanice of the RN.\ samples was mleasture(l at
269 imi,u with a Beckman DU spectrophotometer. The
conversion factor used for converting absorbance to
\veight of RNA was:

jug RNA/ml of sample read - (A9,;9) X (36).
This conversion factor was obtained by determining
the nucleotide compositioni of the RNA by the method
of Zscheile and Murray (22).

\Vhen the radioactivity of the RNA samples was
to be imeasured, the pH of the solutions was raised
to 5.0 with KOH and the resulting precipitate re-
moved by centrifugation. Aliquots of the supernat-
ant fractioni were plated, dried and counted for C14-
niucleotide incorporation into RNA in a gas-flow
couniter, vith an efficiency of approximately 20 %.

For determiination of C'4-leucine incorporation
inlto protein a nlodification of the procedure reported
by Key was used (9). After incubation in C14-leuc-
ime, the axes were rinsed and then ground witlh a
mortar and pestle at 20 to 40 in 10 ml solution con-
taining 0.01 M Tris-HCl, pH 7.5, and 0.2 mg/ml
C'2-leucine. The homogenate was made 5 % in tri-
chloroacetic acid and then centrifuged at 1500 X g
for 15 minutes. The pellet was washed with 5 %
trichloroacetic acid and then suspended in 1 N NaOH.
After incubating at 370 for 30 minutes. the suspen-
sion was centrifuged at 1500 X g for 15 minutes.
The pellet did not contain any radioactivity and was
discarded. The supernatant was brought to a 5 %
trichloroacetic acid concentration and then centri-
fuged as above. The pellet was washed with 5 %
trichloroacetic acid anid then dissolved in 2 N
NH40H. Aliquots from this solution were plated.
dried, and counted for radioactivity with a gas-flow
counter.

Protein content was estimlated by the method of
Lowry et al. (12).

ATP-8-C14 with a specific activity of 10 mc/miimole
was purchased fromii Schwarz Bio-Research.

Results
Figures 1 and 2 show the course of fresh weight

increase by the axes at various temperatures over an
incubation period of 15 hours. There is an initial
rapid increase of fresh weight due to imbibition,
followed by a period of constant fresh weight. The
second phase of fresh weight increase, which begins
at about the seventh hour of incubation at 260, is
due to axis elongation and is linear over the period
of observation. Measurements of the intact axes
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FIG. 1, 2. Fresh weight increase of axes incubated
at 160, 260, and 360. Figure 1 (upper). Fresh weight
increase during imbibition phase. Thirty axes incubated
on filter paper in petri dish. Inicubation medium con-
tained 3 ml 0.01 Ai K phosphate buffer, pH 6.0. Figure
2 (lower). Fresh weight increase during growth phase.
Incubation conditions same as those described for figure 1.

Table I. Effects of Variouts Trcatmiientts o0t Increase
int Axis Fresh Weight betzweecn Fourth

antd Fifteenth Houtr of Inicutbation
Approximately 95 mg tissue dry weight (30 axes)

used per treatment. All solutions contain 0.01 AI K phos-
phate buffer, pH 6.0, and 30 jug/ml streptomycin sulfate.
Temperature 260.

Fr wt increase
Treatment % Control

10 gg/ml actinomycin D* 50
100 ,g/ml actinomycin D* 40
10jug/ml actinomycin D** 40
25 jg/ml actinomycin D** 25
100 ug/ml actinomycin D** 15
10-3 1\ puromycin* 10
10-4 Lr DNP* 0
10-5 Ai IAA* 70
1 mg/ml chloramphenicol* 40
* Axes incubated in 3 ml solutioni on filter paper in

petri dish for entire period.
** Axes incubated in 2.5 ml solution in 50 ml Erlen-

meyer flask in Dubnoff shaking incubator for initi)l
2 hours. At the end of this period, axes transferred
to petri dishes and incubated on filter paper with 3 ml
solution for remainder of period.
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ail(l exaililiiatioll of sectiolled tisstie indicate(d thiat
tile fresh xxeight increase wxas alrnost entirelv (Idue to
cell eloIng<atioii with little or no i-adial expalnsion
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Fi(. 3, 4. Axis 0., uptake (Iurillo inicubationi. F1 ig-
nre 3 (upper). Effect if 10-4 xi D)NP on O., uptake at

260. Tlhree axes aind 0.25 ml solutioni in each 7-nil War-

b)urg flask. Axes in l)ND P for entire period of incubationi.
All solutioils coIltaill 0.01 ai K phosphate liuffer, tH 6.0,
and 30 ,ug/ln stretptonlycin sulfate. FIigure 4 (loxx-er )

Effect of 10- puron-lycill ol O., uptake. Inicubation
conditions as (lescribed for figutre 3.

Table II. Cytoplasiiiic Jistrilbtiooi olf P'rotcoi i

Ho-Joiowciatcs of Arcs ficitbited
fo- 4 and 15 Hours

95 tig tissue (Iry xw eight incubate(d in 3 nil solutioni
conItaining 0.01 t K phosphate buffer, tH 6.0, aildI 30
,ug/nml streptoniyciii sulfate at 260. Tissue hotmiogenize(d
in 15 ml 0.5 M\i sucrose containing 0.01 at Tris Cl buffer

(pH 7.5) ailI 4 X 10-:' ar EDTA.

Subcellular
fraction

designation *

II

III
I

Lengtlh of incillatioll
4 lirs 15 lirs

,ug protein/ ug protein/
axis** axis

300
109
70

427

321
119
90

444

* Subcellular fractions: I, 0-1500 X g for 15 minutes;
II, 1.5--10,000 X for 15 miiniutes; IlII, 10-105,000
X !q for 60 mlinutes; IV, 105,000 (I.

-: * Iniitial axis (lry xeight 3.1 mg: final axis dry weight
2.6 n,ig.

occutrring. \ correlatioin coefficient of ()0)4 was01)-
tLined, betw een the freslh weight inlcrea.-e andl axi-
11-u-th. \xis (drx \weighlt (lccrease(l a;lproxiilnatel1
15 % over the 15-hour p)eriodi.

T'lhe ihiil)itiolail plalise of water uptake is teini-
peritiur-e lcclldlelet hut is, niot aftectel 1y suicli cori-
liotnllds as actilnonvcin D[. puromyvcinl, 2.4-dlinitrophenol
(WNP) aid TAA wxhich do inhibit the phase of fresil
\Nei-ht increase corresp)ondling to axis grow th ( talhe
T) .

In ordler to compi)are growxthi of the axis ill the
iilntct seedi w ithi that of the excisc(l axis. whole seeds
were gerniniiated at 2f6 for 24 hotirs. .\t the endl( of
tlis period the radicle w as just beginnrnig to protrudle
throtighi the seedi coat. The lengths and fresh
x-weights of the axes correspond(ledI te those of excise(l
axes w-hich ha( l)een inctilbated for 12 to 13 hours.

An exaniination of the axes for nitotic fihgures
idl(licated that cell division probalby l)egilns at abotit
the eleventh or txxelfth lhouir of incubation. Thle
initial site of cell division was lirnite(d to the ra(!icle
with nio mitotic figtires ob erve(l in the ep)icotvl
regioln prior to an ilctiubation l)erio(l of al)l)roxilnatelv
24 lhouirs.

'I'lTe respliratorv l)attern fo the axes is rnilar to
that xhich lhas lieen observed for- otIler seeds and
axes (11 . TI'le rate of () iptake i.s constanl for
xeveral hours auidI thicin inrerases shirply efore reicli-
1g- a pllateau ( 3ig) . I)N P initially increases tll(
rate of ) uptake but at the end(l of I . hollrs tile
rate,s of 0) tiptake for both treated and controls .re
the sanoe ( fig 3).

lPlronlvcin il-llilitedl the increase(l rate of ( ). tip-
talethlait occtirs wh-leni the axes are incuhated in lotifer
xithiout affecting the iniitial rate (if tiltake (fi- 4).

\xes excisedl frorin seeds x-which had heen gerirni-
nate(l intact for 24 lhouirs at 260 showed rates of O).,
tlpt,ake colliparahle witlh excised ax es w hiclh had been
incuhihated for 15 houlris.

Th'lie respiratory quotient wa-s app)roximlaltely coi-
stailt (o) er the enitire nerio(l of incuhat ion with a

value o)f 1.1 Cy-anii(le at a concentration of 10 xi

reduicei tle (t).uptake of the axes by Q0 %'O both
prior to andl aftel- thle rise in r1ate.

Tables. TT aii(l lit show that tile total protein aInd
R1NA coilteilt of thle axets increases verv little ox-er
the period of incubation xx itll the restilt that ill a

fresh x-eighit ha-is the concentrations of hoth (lecrease
ov-er the l)eriodl of incuhation. Onily the inicrosorlial
fraction shlox-ed a si-rnificantlv hiZher lprotein conl-
tent .ifter a -llouir l)eriodl of incuihation.

Both RNA and protein sy-nthesis hegin l)rilir to
the iniitiationi of axis elongLationi. hoxx ever, as il(li-
catedl by iilcorporation of C'4-leucitle alnd( \TP-S-C'4
iilto lprotein audI RNA\. reslpectixely (tahlie IJTT. IV).

ActillolINxCin 1 ) inibiits tile incorl)oration of \TI-
z8 C' 4 inlto axi.s RN .\ talnld CI 4-leucille ilito axis pro
teiii (tables IIIT TV). Pti rornx-cin iihlibits tile iiicor-
ioratiml (of ( '1 leucille ilit') axis l)ro)teill (talle IV ).
Both acttiluln "iix ) at a ci icentration of 100 gir/oll
and 1)-;2'v pnromiycill inhibilited ixi5s elongationi hx at

lealst 83 %/ (table )-
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Table III. Inihibition by .Actilomn)yciin 1) of Incorporationi of A7P-8-C'4 into Axis RNA
95 mg tissue dry weight incubated in solution containinig 0.01 Ai K phosphate buffer, pH 6.0, 30 Ag/ml streptomycin

sulfate, 0.25 uc/ml ATP-8-C14 (10 C/,cmole). Axes incubated either in petri dishes or in Erlenm.eyer flasks. Ac-
tinomycin D, at concentration of 100 /Ag/ml present where indicated throughout incubation period.

Treatmenit

Buffer-petri
Actinomycini D-petri
Buffer-Erlenmeyer
Actinomycin D-Erlenmeyer
Buffer-petri
Actinomycin D-petri
Buffer-petri
Actinomycin D-petri

Interval of incubation
with ATP-8-C14

(hrs)

0-6.5
0-6.5
0-6.5
0-6.5
0-15
0-15
7-15
7-15

,ug RNA/axis

91
91
91
91
95
01
95
91

cpm in RNA/
mg RNA

423
275
550
275

2460
338
345
30

% Inhibition
(cpm in RNA/
mg RNA)

35

50

86

91

Table IV. Inihibitiont by Actintomycini D and Puo0n113cint
of C14-Leucine Incorporation into Axis Proteint
125 mg tissue dry weight incubated in 2.5 ml solution

containinlg 0.01 M K phosphate buffer, pH 6.0, and 30
,ug/ml streptomycin sulfate. Incubation in Erlenmeyer
flasks at 260. Actinomycin D and puromycin added at
beginning of incubation. At the end of 4.5 hours, solu-
tions poured off and new solution added containing above
plus 0.25 Uc C'4-leucine (13 /uc/p,mole). Incubation con-
tinued for 2 hours.

Addition

None
75 gtg/lll Actiniomycini 1)
10-3 M Purolycin

Activity (cpm/g fr wt)
In Total

proteini uptake

25.200
67/00
4850

31,200
14,700
11,700

Discussion

The results showv that after a lag of 7 hours axis
elongation occurs at a linear rate for at least 8 hours
at 260 independent of exogenous nutrienits. The
resultant fresh weight increase is approximately 65 %.

Comparisons wiitlh intact seeds suggest that axis
growth precedes radicle protrusion by 6 to 7 hours
and that most of the initial growth is due to cell
elongation rather than radial growth or cell division.
The occurrence of cell expansion prior to cell divi-
sion during germination has also been reported for
barley (2). Vicia fabia (21), an1d Vigina sesquitpedalis
(16).

W\hen the axes were incubated on filter paper for
15 hours with actinomycin D. even at the high con-

centration of 100,,g/ml, growth was never inhibited
more than 60 %. In addition to the failure to effect
coniplete inihibition of the fresh weight increase. this
treatment with actinomycin D often caused the axes

to assume an almost circular configuration at the
enld of the incubation period, indicating a differential
rate of -growth of the axis.

However, when the axes were either first incu-
bated in Erlenmever flasks in a 100 jug/ml actino-
mvcin D solutioln for 2 hours and then transferred to
the petri dishes for the remainder of the incubation

period, or incullated in Erlenmlieyer flasks for the
entire period, growth was inhibited by at least 85 %.

The incorporation of ATP-8-C14 into RNA was
inhibited by approximately 50 % during the initial 6.5
hours of incubation if the axes were shaken in
Erlenmeyer flasks, and by 35 % if incubated in petri
dishes (table III). Incorporation into RNA was
inhibited by approximately 90 % wheni the axes were
incubated for 15 hours in petri dishes (table III).
The data suggest the possibility that the failutre to
inhlibit growth comiipletely when the axes were inlcu-
bated in petri dishes may have beeni due to incomii-
l)lete penetration of actiniomiivcinI D (luring the early
hours of imbibitioln.

A recent paper reported that high concenitratiolns
of actiiionoycin D did not inhibit the germinationi of
lettuce seed although subsequent growth of the seed-
ling was inhliibited (14). However, the question was
raised by the author as to whether the failure of
actinomycin D to inhibit germiiination was due to the
lack of a requirement for RNA synthesis or to a
permeability barrier. On the other hand, there is
also a recenit report that cotton embryos inctubated
for 36 hours in 20 pg/nil actinomycin D showed the
same rate of growth as that exhibited by the controls
(4). In this case, the authors concluded that there
was no requiremlent for RNA synthesis prior to
initiation of embryo growth.

The results obtained with puromycin and chloram-
phenicol indicate a requirement for protein synthesis
in the axes prior to initiation of elongation. Although
increases in the activities of various enzymes during
germiniation have been noted many times (11), there
is no evidence that the initiation of axis growth is
dependent upon their syntheses. Most of the en-
zymes studied have been of the hydrolytic type and
are primarily located in the storage organs. Pre-
sumably, they are more directly concernied with the
utilization of reserve material than with elongation
processes. The activities of 3' nucleotidase and
ribonuclease have been shown to increase in the axes
of various seeds durinlg germination (7. 19). It is
not known, however, wh-1-at relationship these enzvmex
have to initiation of elolngationi.

The lack of an appreciable niet protein synithesis
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(luring elonlgatioln has leenl noted before for excise(l
tissu1es, iniclui(liig excise(l embryonic axes (1. 18).
It has beenl pointed out, however, that since plant
cells mna\ enlarge their v,actuoles \withotit increasing
their cytoplasm contenit, large increases in protein
nmV nMt be necessary for eblo)natioll per se ('15).
Since somile protein synthesis does appear to be neces-
sar\ for elonlg,ation, thle synthlesis of enzvies directly
in-ol-e(l in the eloingation p)rocess may be sufficienit.

It seemis (Iuite possilble that the )rotein synthesis
re(niire(I for the initiation of axis gro\\-th is not
tiniqne to see(l germination. l)bit may involve the samiie

0omll)ouind ( ) that are apparently inlolved generally
in l)lant cell elongation. Key has found that both
putromyciul and( actinomycin I) inhibit the contilluing
elongation of excised soybean hypocotyl tissue (9).
\With this tissue several hours were re(]uired for a

hiigh rate of inhibitioni to occur and it wA-as postulated
that the lag was due to the (lel)letion of RNA and
protein ( s) necessary for continuiiing cell expansioni.
MIore recently, Key and Shannonlpresenlte(l evidence
that synthesis of mnessenger RNA may be a pre-

requisite for continuling cell elongation in both excised
soybean hvpocotyl and corni miiesocotyl tissuie al-
though synthlesis of other types of RNA is also
occurrilng (8).

'I'he effects of DNP anld( puiromycin on axis
resi)iration resemble those that havte been observed

for potato ttiber slices (5). Iii both tisstues 1)N1P
increases the initial O., uiptalke buIt not the dleveloled
respiration. -hi botlh tissues p)tronivcill illhibits (IC-

velopmient of an inicreasedI ( ) utptake. In addition.
both tissuies take up phosphate in miuich greater (quain-
tities after the rate of 0. uptake has increased
(unuln)lishedI observation). In the case of the lpotato
slices, it hais recentlylbeen s-ggested that the dev-elop-

enlt of respiration depends oln the synthesis of specific
enzvyies wN-hichi are prestumalyl directly illnvolv ed in
the respiratory increase (3). The results obtainecd
with the I'liaseoluis aixes do differ in several reslpects,
however, from those ol)tained for the potato slices.
Most im)ortant is the fact that the axes increase ini
fresi weight by 60 % tluriiig the respiratory rise
while the fresh weight of the potato slices increases

only a few percent (6). In addition, the 02 uptake
of the axes is still sensitive to cy-anide after the
respiratory rise an(d the activities of sevreral im]ito-
clhondrial enzymes are still essentiallv the samle (uii-
pul)lishe(l data).
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