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Introduction

Plant parts x-ith a plasticity of n'orphogenetic
respon se have l)rovi(le(l useful experimental material
for stud( of the hol-rmionial control of organl formiia-
tion. Of particular value are cases in which alter-
nate org,an-formin-g l)otentials ca.n be attributed to
the samiie cell or group) of cells. In the formationl of
endogenous buds and(l lateral roots fromi Coiilzvolvds
rz',ensizs roots, hoth types of organs originate fromii a

smciall numiber of lericycle cells at sites opposite the
protoxylem p)oles. Several y-ears acgo, Torrev ( 14)
reported that a clone of roots of this species had
been established from the ra(licle of a seedling ger-
mlinate(d in 1952. makiing l)ossil)le controlled inivesti-
gations of the physiology of organi formation in conl-
tinluous root cultures.

The majority of physiological studies of bud an(
root formationi in roots (leals with thickenedl root cut-
tings. Organ formationl in these cases is generally
observed either in regionis surrouindinig old lateral
root traces or fromii callus tisstue develop)ing at ctit
ssurfaces. In either situtation organ formiiationl fromii
root cuttinigs was found to be polar, with bud formal-
tion at the l)roximial4 end( ancl root formatioll or
callus growtlh at the (listal end. Plant (9). workiiig
With root cuttings of Crambe, \Varmike anld \VNarniike
(17 ), with Tar-ax(aciwiii anid C(ichoriu,o cuttings.
Emery (4), with Chamnacnci-ion cuttings, anid Lind-
nier (7), with Cochlcaria ctuttings, found(I that auxiii
al)plication to the proximal end of the root cuttilngs
resulted in inhibition of bud formiiation,l promotion of
root formationi, aln(d sup)pression of the l)olaritv of
organ formation. It was suggested that the polarity
of organ formiiation intulltreate(l cuttinigs resultedI
from (lifferelices in atixini conicenitrationi at the end(Is
of the cuttinlgs. Lower auixini concenitrationls at the
proximal end prlomoted bud formiationl anid hlighier conI-
cenitrationis at the distal end(l )romote(l root formationi.
L owerinpg the auxinl level at the (listal ell(n should( then
resuilt in 1)11(u formation at both ell(ls. Stouighltonl aiid(
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Plant (11) repeatedly excise(d 1-mmn slices at 5-day
intervals fromii both ends of Cramiibe cuttiings to re-
move auxini acculllmulating at the distal end( and to
l)revent new synthesis of auxin Nbudl,;s w-hich woul(d
otherwise formii at the proximal end. After 8 weeks
of this treatmelnt, cuttings regenerate(d budls at both
elnds.

WVarnmke anid \Varmiike (17) attempted to conifirmii
the theory of auxini control ov-er bud an(l root forma-
tion in Cichorziint cuittings bly extraction and bioassay
of the endogelnotus auxin. Forty-eight hoturs after
excision of the cuttinigs, they fotund that there was a
somewhat greater amount of auxin activity in the
neutral fraction extracted from the clistal end than
fromii the proximal enid. By 96 hiouirs there was miore
auxin activity in the free auxin fractioni extracte(d
from the distal end than froml the proximlal encd.

An investigation of the chemiiical control of polar
organ formationi in Conzolzvults root segments was
undertakeni to determine whether the same control
mechainisms described for thickelnedl root cuttinigs are
operative in enldogeilous blud alnd root formiiationi from
the pericycle of ctllttire(d i-oots coml)rise(l of oiily
primary tissules.

Materials and Methods

Stock cuiltures of Coiivolkiduts (arve)lsis roots were
mainitained in 125-ml Erlenmeyer flasks on a miodi-
fied Bonnler pea root mleditunm (12) at an initial p1)1
of 4.5. Root segnts were cultured in the dark
for 6 to 8 weeks, at w!hich timle the total lengtlh of
the eloingatedl lateral root was abouit 900 to 1300 mimi.
Each root was remiov-ed froml the flask, llacedl inI I

lry, sterile petri l)late, a(ld cuit inlto se-giments for use
in the experinlents. Segments were cultuire(d eitlber
in Erlenmeyer flasks containing liqui(d mledituimi or ini
petri plates containling mlediumni solidlified with 0.7 %
agar. Root pieces which floated ini liquid media
couil(d be cuiltuired in stationiary flasks. Suiccessful
ctilttire of submerged pieces require(d conistanit agita-
tioIn oni a horizontal rotary shaker at 80 rpm.

For experimenits in which either or both elids of
segmlenlts were treated with growtlisubl stanices, seg-
ments wx ere l)lace(l vertically with in a pletri l)alte
which containie(l solidified mie(liumii in both the bot-
tomii half and(I adhering to the top half. Teni 15-mmil
segments were placed upright in each petri plate,
stipported between the 2 lavers of mle(lium to a depth
of 3 mm at each end.

Because conditions favoriing organ formation may
be markedly different from condlitionis favoring or-
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g,an elongation (13), segmenits were cleared by the
method of Jacobs (6), so that all primordia could be
examiiined. A dissecting microscope was used to
record the numiiber and positionl of buds and roots
along the segment axis. The criteria for distinguish-
ing buds and roots in cleared root segments have
been discussed elsewhere.5

Stock solutions of all growth regulators were
sterilized by MIillipore filtration and added asept-
ically to autoclaved and partially cooled medium.
Unless stated otherwise, segments were cultured in
the presence of the growth regulators for the dura-
tion of the experiment. In no case was the growth
regulator replenished during long-term culture. The
growth regulators used in these experiments and the
source from which thev were obtained vere as fol-
lows: indoleacetic acid (IAA), Nuitritional Bio-
chemicals Corporation; 2,3,5-triiodobenzoic acid
(TIBA), Eastman Kodak Company; 6-phenylamino-
purine (PAP), Mann Research Laboratories; kine-
tin (K), Cyclo Chemical Corporation; 6-benzylami-
nopuriine (BAP), Shell Development Company.

Results

Organt Initiation in Intact Cultured Roots. Ana-
tomical investigations of intact roots were conducted
to determine the distribution of organ primordia
along the root prior to segment excision and the lo-
cation of any organs on the pathway to bud or root
formation.' The study showed that in untreated in-
tact roots organ initiation occurred in regions just
proximal to the elongationi zone. This observation
was unexpected since the intact root axis showed no
macroscopically visible organs for at least several
hundred millimeters behind the tip. In sections de-

Comparative Anatomy of Endogenous Bud and
Lateral Root Formationi in Convolvluts arvettsis Roots
Cultured in Vitro. Am. J. Botany. In press.

' Ibid.

rived from the apical 165 nmmii of the root axis, there
were about 5Iprimor(lia in each 15-mmiiii regionl of the
root axis. Each primiiordium had develop)ed to a
stage in whiclh n1o more than 3 radial rows of cells
had formed by division of the pericvcle and its deriva-
tives. The lpresence of these small primiiordia in in-
tact roots miade it impossible to obtain segmllents whiclh
were without primordia at the outset of ani exl)eri-
ient on organ formationi.

Organt Formnationt in Unttreatc( .Scqniiewts. To
obtain reliable restilts in experiments onl polar pheeno-
mena, material should be used in which the dispositioni
to formli organis is the same alonig the axis. T'his was
tested over the terminial 165 mminn of the root, a region
conisiderablv (listal to the first macroscol)ically v isi-
ble organs. From each of 20 cultured roots a 15;-mn'
til) portion was remiioved, anid thenl tenl 15-mm seg-
mlenits were excised. Correspondinig segments, one
fromii each root, w ere pooled and ctultured in petri
plates. After 6 weeks in culture, segments were
cleared, and the nitumber and position of organs were
recorded. There was no striking change in either
the number or position of roots or buds in segments
withini this region (table I). Root fornmation was
always conifinied to the distal ei(u of the excised seg-
menits. Because all segments excised from this por-
tion of the root axis demonstrated the same capacity
for polar organ formation, no special precautions
were observed in subsequent experiments to distiii-
guish segmenits with respect to their distance from the
root apex.

Investigationls of the polarity anld capacity tor
organi formlation were extended to longer and .shorter
segmnents. After 6 weeks in culture, segments vary-
ing in length from 1.5 to 50 mm Nvere cleared andld
the number and positioln of organis were recorde(l.
The numbers of organs formed by these segmenits
are showni in figure 1. Segmenits 1.5 mm long are
practically incapable of organ formiiationi. WVith in-
creasing segment length, the number of buds ini-
creased, but the increase was nlot prol)ortional to the

Table I. Organt Formiiation from 15-mmi Segmiientts Excised at Different
J)istances froi;i the Root Apex

Segment
distance
from

root apex Buds/
(mnm) segment

15-30 4.2*
30-45 4.9
45-60 4.5
60-75 4.8
75-90 5.6
90-105 4.7
105--120 4.5
120-135 5.4
135-150 4.7
150-165 3.9

* Average of 20 segments.
** Standard deviation from the mean.

Mean bud
distance

from proximal
end (mm)

6.2 + 5.1**
6.4 ± 4.6
6.9 ± 4.7
7.2 + 4.5
7.6 -+- 4.5
7.3 + 4.1
7.2 ± 4.6
7.1 ± 4.6
6.3 ± 4.2
5.7 + 4.5
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Roots/
segment

1.3*
1.6
1.7
1.6
1.7
1.4
1.4
1.6
1.2
1.2

Mean root
distance from
distal end

(mm)

2.7 -+- 2.2**
2.8 -+- 3.0
2.3 4- 1.6
2.4 ± 2.6
1.4 + 0.8
1.9 ± 2.0
1.3 ± 0.7
2.2 + 3.2
1.4 ± 0.7
1.2 ± 0.7
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increase in segmenit lenlgth. The number of roots in1-
creased in proportion to the inicrease in segmenit
lenlgtlh.

The organi distributions ol)served in these seg-
m.ents are illustrated in figure 2. It is apparent that
the polarity of root formationl persists at all segmenit
lengtlis teste(l. This result inidicates that the sites of
root formationi alonig the primary root axis are de-
ternlille(I by the position of the ctnts ma(le wheni ex-
cisinlg the segmenit. Any portioni of the axis capable
of pro(lucinig roots miav be inhil)ited from this ex-

p)ression l)y its proximal positioln following segmllenlt
excisioni. Btud formiiationi, oii the other hanid, showed
a (lifferelnt polar distribution. The average distanice
of buds from the proximal end(l increase(l prop)ortioll-
ally with segmenit lenigth, remiiainiing about two-fifthi~
of the way from the proximal end. A completely
polar separationi of organi types was never observed
because at all segm,.ent lengths somiie bud.s developedl
niear the (listal end.

_xperinients z.'itlh Shlort Segmenits. Approxi-
miately 1()0 segmenits 1.5 mim lonig were excise(d from
e-Ach ctultturedl root anid transferred to petri plates
conitainiing me(litiunl -with variouis colncenitrationis ot
IA A½, or PA\P or both. \bout 25 segmeits were
lplacedl in each petri plate, with 3 or 4 plaltes in each
treatment. After 6 weeks the segmenits were cleared.
an(l the numbers of buds an(d roots were recor(le(l.
h'l'e restults, expressed as the l)ercent of organ formia-
tioln, are shown in figture 3. ''he percelit root for-
mationi is the total number of lateral roots dividledI 1w
the total nuniber of segmenits ani(I multiplied 1w 100.

to Becatuse somlle of the segmelnts formedl more thanl 1
root, the percenit root formationi is niot equivalenit to

o the percent of the segmiielnts which forme(d lateral
roots. The samiie calctulationi was Llse(d for eni(logenl-
ous bud formlationi. In somie treatmiienits other buds
al)ppeared from a proliferationi at the ctut end of the

° segnlments. lecautse these buds -are commnonly o1)-
serve(l to (levelol) in loniger segmiienits inI responsC to

0 treatment wvith a cytokiniin ( 14), thev are referre(d
to as kinini-indulticed buds. In miianyv cases, a large

o number of these buds (leveloped o01 1 segmlenit, so the
l)ercellt formationi of this bud type is the number of
segmenits wlhich formle(d these buds divided bv the
total nutmniber of segments an(l nmultiplied by 10(().

0

o

30

0

_ to

20

150

50mm

20

1 0

Fi(; 1. The influence of segmenit lengtlh on organ
formation in root segments cultured for 6 weeks, cleared,
and counted.

Fi(;. 2. The (listribution of buds and( roots in seg-
ments of different lengths cultured for 6 weeks, cleared,
and counted. The proximal to (listal directioni runis
from left to right. Each bar represents the total num-
ber of buds or roots recorded in 35 segments in each 1-
mm interval. In 3 cases the data are based on fewer
segments; 17 segments 2.6 mm long, 20 segments 15 mm
long, and 12 segments 50 mm long. The number of or-
gans in each millimeter portion in these cases xwas multi-
plied by the appropriate correction factor.
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The results of figure 3 show that IAA alonle w-as
more effective in restorinig the capacity of these
short segmiienits to form endogenious buds an(l roots
than all coml)inatiolls of IAA alnd PAP teste(l. 'T'he
oP)tinmum conicenitrationi of IAA for root formiiationi
was 5 X 10( Ni ; the optimum conlcenitrationi of IAA
for endogenous bud formation was 5 X 1(0)- \i. Root
formiiatioii was inhibited 1b all coniceiltrationis of PAP
testedi and was totally isuppressed at conicenltrations
above 2.4 X 1(0 t. 'No combination of these
growth substances significantly l)romoted enldogelnous
bud formation in the absence of a conlcomitanit pro-
milotioin of root fornmationi. There was nio evidelnce for
the conitrol of root or bud formlatioll 1v a critical
balance of auixini alnd cvtokinini. Althoulgh experi-
mettal sel)aration of end(logenous bud and(l root formiia-
tionl was nlot achieved 1b these treatmients. p)romotioln
of lateral root formiation occurred unider (liffereilt
treatmilenits thall promiiotionl of kinin-ind(uce(d buds.
High PAP concentrations coupled vith little or nio
auxini were the milost effective treatmiienits in inidiuc-
ing these buds.

Effcct of Cytokini'is oil Orgoan F-ormnation in 13-
Mm11 Scgmenctlts. Torrey (14) found that treatmenit of
(017o/nvolvits root segmenits- w\ith kinetini resulted in
a l)roliferation fromii the (listal cut surface and(l stub-
se(lquent bud formationi. Benzylamninopurine ani(l
l)henylaminopurine were testedl anld found(i to have the
samiie effect. Segmilenlts 15)-mmni lolng were cultuired
in liquid( miiedlitlumi oln a shaker. To facilitate distin-
gtlishinig the elnds of segmiients cultured in liqui(d iiie-
dlituml. segmilenlts were ctut so that the proximal cut
surface was obliqte all(l the distal cuit surface was
perpendicular to the long axis of the segmenit. At

6-PHENYLAMINOPURINE CONCENTRATION (M)

I4.7x1"8 I2.4xlO- I4.7xlO-7 I2.4xo06

S-
E.El

% ROOTS

% ENDOGENOUS BUDS

% KININ-INDUCED BUDS

FIG. 3. Organ formation in 1.5-Imm11 segm11enits cul-

tured for 6 veeks in various concentrationls of IAA and(I
6-phenylaminopurine. The 3 columns un(ler each of the
PAP concentrations are referable to the legend at the
bottom of the figure. The first column represents the
percenit root formation, the seconid columni the percent
endogenous buds, and(l the thir(d columniiii the plercelnt kininl-
induced buds.

the end(I of 10 weeks the segiimeints were clcared an.!
the number of organs w-as couniite(l. At 4.7 X 10 Mm
PAP. there was a slight inhibition of lateral root
formationi but nio effect oni the number of buds. A
concentration of 4.7/X 0 \r PAP completely ini-
hibited lateral root formation without inhibiting bud
formiiationi.
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Fi(;. 4. The distributioni of organis in 15-mmi seg-
ments cultured in the presenice or in the absence of 6-
phenylaminopurine for 10 weeks, cleared, and counlte(l.
The proximal to distal directioni runls from left to right.
Each bar represents the total number of buds or roots
recorded in 15 segments in each 1-mmil interval.

Since concentrationis of PAP cani be fotuni(d whiclh
will inhibit root formation without inhibiting budl
formationl, cvtokiniin treatmlenit inav caause l)rinlor(lia
which would have developed into roots to develol)
into buds. Becatuse of the strong l)olaritv of root
formationl, the conversioni of a large number of l)ri-
milordia inlto budls at the distal eni(d would be rea(lilv
apl)parent by a lplot of the distribution of buds ail(l
roots. In figure 4 the distribution of buds aln(d roots
is showvn for 15 segments treate(d with 4.7 X 1() -\
PAP and(I for 15 uintreate(d segmilenits. h'l'e (listri-
butionl of buds ani(l roots ilndicates that P'AP acts to
inhlibit the formationl of roots at the (listal end( of
the segmienit without increasinig the number of bulds
at the same end.

Trcatmnent of lv-mn .S'cgmcnts -withi InCIrcSinlg
Conlcentrationls of IAA. Segnments were cuilttired on
the shaker in liquid( nmediumin containing auxin ill
concentrations raniginig froIm l()0 to 10( m\i. \t the
enid of 6 wveeks the .-sements w ere cleared, and the
niuimiber and positioln of orgaims were recorde(l. Tlb

r -
I

I ,...3 . -I F= E. .
123S1
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resnits are sho\\-in in table 11. As the auxini coniceni-
trationl asis increase(l. root forimiationi was l)romoted
and b1(1d forimlationi was progressively inhibited. At
1()-" ma L.\A. htid forimiationi was completelv stip-
l)resse(l clearly the l)olarity of root forimiation was
overcome as root forimiatioll o-curre(l all aloig the
segment axis.

I71Aireaticiit of I.-mmnu Seq1mnc'nts. Root seg-
mentsx were ctlttirecl ii' liqtiid imie(itiill on1 a shaker
in variouis cconcentrations of tl B\. At the enidl of
0 weeks, the segimienitLs were cleared andl the num-
l)er of organs was (leteriniiie(l. The l)olarity of (lis-
tributio, of organs cotildl tiot le (leteriniiie(l in this
experimiienit because the segimienlt end(s were both ctit
l)erp)endicullarlv to the root axis. Increasing T-IBA
conicelitrationis )rogressively inhibited root formationi
without markedly inhibitin, bud forimiationi uintil, at
a colcentration of 10 .rTIBA. root forimiationi was
redticed to an average of 0.2 roots per segmenit.
Budl formiiationi wsa only slightly affecte(l (3.5 buds
per segment).

If the only effect of TI BA was to l)revent a local
concentration of auixin fr-om reaching a level high
enough to l)romote the (levelopment of lprimordia inlto
roots, it mlight be exl)ecte(l that the number of buds
would rise as the number of roots (lecliniecl. This
resilt \\was niot obtained in any of the TIBA treat-
ien ts.

T7r'atilcnlt of 1. c;,,, tlSyinlcntts withtll L1AI (durwitig
Porti0ois (lii N-lUIt'k1 Spall in C1u/11tulre. In untreated
15-mmiiii segments. deN elopment of all lateral roots to
a stage recognizable in cleare(d root segrments is
niearly com Jplete(l by the end of the first week in
culture. Sinice atixiin greatly p)rolmotedl the ntiml)er
of roots, experiments were tin(lertakenl to (letermine
when atuxin application to segments was mncost effec-
tive. Segmiients \\er l)lace(l in liquid mlediuimlli coIn-
taininig 1()-0 -\I IA.\ ancd ctiltured on the shaker.
After- 1 day in cuilture, 14 segmllents were transferred
to miieditum si ithout auxini. After 2 days, 14 more seg-
milents were trlnsferred( to auxin-free miceditumll.This
was repeatedl at 3, 4. 15 acndi(I 6 days. Foturteen seg-
menits rematinedl in 1.\IA for the duraition of the ex-
perilt,enlt, and 14 seg-iients (lid not receive any auixin
treatment. After the 8-wxeek cuilttire l)erio(l, the seg-
ments were cleared anid the number of organis was
couniited.

All atixill treatments pronmoted the number of

roots per segmenit, but longer periods of atixii treat-
ment were more effective thani shorter periods (table
III). Segmients ctultuired continuously ill auxinl de-
-eloped mianyimore roots thaln any of the other
treatmiienits. Three of these segmilenlts are shown ill
figure 5. Bud formiiation wN-as also strikingly- pro-
motedl by treatmenits with auixini for several (lays. \
5-dav auxin treatmllenlt resiulte(d in 11.6 buds an(d 7.3

FI(.. 5. Root segments 15 mm lolig cultured for 8
weeks in liquid mediumii conitaininig 10M--\r TAA.

Table III. Organ Formaiitiotn iti 1'-iiiiii Sc ,nIcmnts
i'recttcd with 10-- 1mIAA dut-ring Portions of an

8-W'eeck Span. in) Cniltn;'-c

IAA treatment
oIn day

No treatmenit

1, 2
1, 2,3
1, 2,3,4
1, 2, 3, 4, 5
1, 2,3,4,5,6
1-56

Buds/
seginieint

I .o -.- ?. ?
5.9 _- 3.1
8.5 -4 4.1
7.6 H- 3.8

10.8-S- 4.2
11.6 +- .4
8.0 -4- 2.7
0

Stanldard deviation of the meanl.
seg-ients in each treatimietit.

Roots/
segillent

1.4 H- 0.7"
2 H- 14-

4.4 +- 2.3
5.9 H- 3.9
5.7 -+ 3.8
7.3 H- 2.4
4.6 H- 1.3

16.8 -+ 8.4

There svere 14

Table II. Orfan Fornmation int 15-,i,ii Scq1mcnts Cultitred for 6 lVecks in I44

fAA
conc

()

10 s
10-7

10 -)

Buds/
segillent

71.5 S1? 5*

4.6 1.3

6.() 3.2
1.1 H- 1.5
0

Mleani Bud
(listaince from
proximial eni(d

(nllini)

.6 - 5.1
4.5 +- 5.3
6.4 H- 4.5
4.6 H- 3.1

Rloots/
segmiient

1.2 -+ 0.4
1.3 0.6
2.7 - 1.0
8.1 3.6

14.7 5.8
Stantnlardl r('iMto'H of the nmcan. IThere xx-cre 15 segmlenits iin eaclh treatmlenit.

Mean root
distanice from

(listal clld
(liln

1.4 -+ 1.2
1.1 -+ 0.6
2.8 -+ 3.5
5.3 +- 4.6
7.2 -+ 4.4

1 r2"
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roots per segmiient, whereas in segments treated with
auxin throughout the duration of the experiment.
no buds and many more roots were formed. The
maximum number of buds recorded in 1 segmlient was
22 for a 5-day treatmient with IAA; in 1 segmilent
cultured continuously in IAA. the maximum innm-
b)er of roots recorded was 30. These results show
that to obtain a large number of roots, auxin treat-
milenlt must be protracted. If auxin is withdrawn
after a few davs, a promotion of both buds and roots
is ob)tained. No experimelnts were coniducted in
which segmlenits were treated with auxin for periods
lolnger than 6 days but shorter than 56 days.

Applicationt of Growth Regulators to the Etids of
15-mmn Scgmientcs. Petri plates were prepared so
that root segmnents could be treated with various
concentrations of IAA, BAP, or kinetini at either end.
Tenl 15-mm segments were excised from each root
and placed upright in a petri plate so that their distal
ends were always towards the bottom of the petri
plate and downi with respect to gravity. Experi-
ments with untreated segments placed horizontally
or with their distal ends up, or down, established
that there was lno significant effect of gravity on
either the number or the distribution of endogenous
buds and roots. After 6 weeks of culture in the
(lark, segiments were cleared, and the number anid po-
sitioni of organis were determined. The results are
showni in table IV. Cytokinin treatment of the
proximal end of segments was relatively ineffective
in inihibiting root formation; cytokinin treatmenit ot
the distal end was as effective in inhibiting root for-
mationi as cvtokinini treatmenit of the enitire segmenit.

As an inhibitor of lateral root formiiatioln. BAP
showed more mobility, or more activity, or both. than
kinetin. When segments were treate(d wvith aulxini
alone, a slight proniotion of the numl)er of roots was
observed. The magniitu(le of the promilotion was
independenit of the direction of auixin application.
Auxin applied to the distal end (lid not inifluelice the
distribution of lateral roots whereas auxiin apl)liedI to
the proximal end slightly shiftedl the mean position
of roots towards the proximiial enld.

WVhen IAA and a cvtokinin were suppliedl in com-
bination, quite different results were obtained. Kine-
tinl treatment of the proximal enid of segmilents treated
at the distal end with IAA did not alter the lateral
root-forming response -to the auxin treatmenit. Kine-
tin treatment of the distal end of segments treated at
the same end with IAA suppressed nearly all lateral
root formation. Neither of these treatnments af-
fected the locus of lateral root formationl. \Vrheni
root formation at the distal end was inhibited by cvto-
kinin (BAP) treatment and auxin wvas added to the
proximal end, the inhibitorv effect of BAP on lateral
root formation could be fully reversed to control
levels, but the site of lateral root formation was
altered. The average distance of lateral roots fromi
the distal end was progressively shifted toxv ards the
proximal end as a result of increasing auxin conceni-
trations applied at the proximal end and increasing
BAP concentrations apI)lied to the (listal cn(l. By
a treatment of 10- M auxin in combination with 1.0
mg/liter BAP, the number of lateral roots per seg-
miient (1.0) was nearly the same as the number inl un-
treated segments (1.2); however, the average (lis-

Table IV. Effect of Cytokiniin and Auxini Treatment o01 Lateral Root Formatiol in
15-iimm Segments Cuiltuired for 6 Weeks

Treatment at
proximal end

None
0.1 mg/liter K
1.0 mg/liter K
0.1 mg/liter BAP
1.0 mg/liter BAP

None
None
None
None

None
None
10-6 Mr IAA
10-5 I IAA

1.0 mg/liter K
None

Treatment at
distal end(

None
None
None
Nonle
None

0.1 mg/liter K
1.0 mg/liter K
0.1 mg/liter BAP
1.0 mg/liter BAP

10-'; au IAA
10-5 M IAA
NTone
None
10- Mr IAA
10- M IAA +

1.0 nig/liter BAP

Roots/
segment

1.2
1.3
1.0
1.0
0.6

0.7
0.0
0.1
0.0

1.8
2.0
1.6
2.1
2.5
0.2

Mean root
distance froIm

distal end (nmin)

1.1 ± 0.3*
1.5 ± 1.2
1.5 ± 0.7
1.4 + 0.6
1.0 ± 0.6

2.0 ± 0.6

1.5

1.5
1.5
2.3
2.8

-_-

-I-

4--

1.1 -+
1.5 -+-

2.7

4.4 -+-
9.6

10-6 IAA 0.1 mg/liter BAP. 0.9
10- Al IAA 0.1 mg/liter BAP 1.9
10-5 Mi IAA 1.0 mg/liter BAP 1.0

* Standard;deviation of the mean. There- w-ere 10-segments irn7 each -treatment.

2.1
1.0
3.2
3.6

0.3
0.6

3.6
4.8
3.6
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tance of lateral roots fromii the (distalend d was shifted
fromii 1.1 mm in the latter case to 9.6mml i in the
former case.

In the exlperimiieint in which theend(l s of segmielnts
\\ ere treatedl with growth substances, all the (liffer-
enlces in the number ani(l distrilhmtion of buds were

smiiall andincconisistenit ini v,ariouis treatmenits. The
failure to achieve anv conetrol over budformra ationl 1v

these treatmiienits may possibly be attriltited to the
differenice in theratt of development of end(logenious
buds aiid r1oots. In these experiments segments

were left in the treatmenits for the (luratioin of the

exl)eriment, but it is uiilikely that the horm onallevels
xvthin the segmll ents remainied conlstanlt lonig enough
to significantvl in fltieiice btid formation.

Discussion

'T'wNoo approaches to studying the chemical conitrol
of organi formatioi hlave b)een al)l)lied. T'he first
of these involved the use of segmiienits which \vere

slhor-t eniough so that the polarity of the tisstue was

of little iml)ortance and the endogenous hlormiionle
lev-els were too lowx for consistenit orgall forniiatioin.

Trhe second(i approachinvolved the treatmelnt of loniger
segmiienits with growth regulators at conicenitrationis
high en o uighi either to over w\helni the end(lo genlo s

horimionial reguilation and thereby to inhibit or aceen-
tuate the niormial response, or to effect a morpho-
genetic responsewThich is idlentical wvith the response

conitrolle( en(logenoutslv but which occurs at a dif-
ferelit loctus along the root axis. .These al)l)roaches
provide ani indicationi of the en(logeilotis conitrol over

organ forimiatioln to the extelit that a fullmeasure of
conitrol over the morphogenetic responise is obtainied.

Untreated root segments. 1.5mm long. were al-
most entirely incapable of organ formiationi. Seg-
menits 2.6mnm lolng formedl. on the average, nearly 1

organ per segimient. Other wvorkers have similarly
notedl a critical size for orgaln formation in root cut-
tings. Dore and( \NVilliamis (2) studiedl formiaitioni of
rocts ain(l bluds fromi horseradishi root ctittiiwgs. These
organls appear fromii the region surroundling old
lateral root traces. ( )nly a fexN l)rimiordia and(
bud (levelop)e(d froim the many p)lugs of tisstue. 1.24
mm in (liamileter and 2 nim (leelp, which wvere bored
out of thickeniedl roots so that they each includedl I

old root trace. Slices 1 mimii thick of roots several
millimeters in (liamileter develol)e(l both roots and

b)u(ls. \Warmike an(d \Warmike ( 1/7) rel)ortedl that
dlandleioii r-oot ctittilngs wNould(I not regenerate if the
(liameter was less thlial 1.25 mim or the lenigth less
tlailn 6 to 10 mim.

To restor-e bud and ro)t formation in 1.5-mm1111
C(():volviih/s r-oot begnients. add(ition of atixin \w,as
the only ihenvalnop)urine inhibited
tlhepironotion 1)v autxi of en(logenous organ forma-
tio11 lbut iii(ticed productioin of buds from the cut
suirface of the segments.

ani approach similar to that of working with
shlort seg,ments. hormiionial interactions in organ for-

m ationi have beeininvl7estigated in callus tissue. In
mauxy cases organization mtust also beinlduce(I by a(-
(litioln or wvithdrawal of growth regulators. Itwa.s

with suich a systeimi that Skoog and( Mliller (10)
showed that both a cvtokinin and an auxin were re-

qulire(l for organ formation. andl the relative conceni-
trations of the 2hormiionies determinied whether buds
or roots (levelopedi. In cell coloniies derived from cell
suspenisionls of Conzvolz'ulis root callus, Earle and(
Torrev (3) wvere able toind(utce bud formlationipre-
dictablvw ith balalnce(d concenitrationis of auxii and
cvtokinin in aa synthetic mediumii. Although in a few
instanices rootsw-ere in(luced in these culttures. 1o pre-
dlictable control of root initiation was achieved, in
I.5-ninmiCon011o017kulis root segmlienits. control of en-
(logenotis bud anidrioot formation1 (lifferelit inter-
acting concentrations of IAA and PAP wasnot
achieved. The formiationi of buds from the cutt end(
of segments wasmnlore closely alnalagotis to the re-
sponlse of tobacco calltus tissuethaln wasthe formlation
of en(logenious buds. Exogenouslv supplie(l cvto-
kinins werenot re(dtliredl for end(logeniotus bud or root
formationi.

The simiiplest explanation for the (liffereince be-
tw een the (listal1.5 mnmi of a 15-mmli segmienlt, whicl
nearly alvays is a site of lateral root formation, and(i
the excise(l 1.5-nim segmlient is the presence of stif-
ficienlt aluxini to cauise lateral root formlatioln in the'
(listal 1.5-nmmi portion of the longer segments. This
hiigh atlxini level must be dtie to )olar movement of
atlxin from the proximal regioni of the segmiient to
the distal end. Experiments using C14-IAA have
already cotnfirmiie(d the existenlce of polar auxin trans-
port inC(onvolvdl1s r-oot segmlients (1) Nddition of
exogenouis auxin would be expected to raise the level
of auxill alonig the entire segment axis anid result in
a markedlpromotioin of root formation. coupled with
a stuppression of the polar distribution. Such a re-
sponse wvas obtainedl wlheni auxin at a concentration
of 10-5 Mi w\as supplied.

The ollly significanit promiiotioni of bud formationi
observ\ed in 1 5-mmlil segmeints was in response to
auixin treatmlenit. Treatmiienit of segmiients for several
(lays in atixiin at a coincentrationi of 10- N, followed
by remov\al of the segmenits to medium lacking- auxim.
led to a significanit promotion of bud formation.
\\When segments vere allowved to remilain in auxim in-
stead of transferrinig them to medium witholut auxin.
only roots (levelope(l. These responses may he dute
to the initiation of a large ntumber of l)rimordia 1w
auxini, which can then (levelol) inlto either buds or
r-oots (lepend(inig ol stibsequent auxin levels.

\W"hether organ formationi in tuntreate(d segmlenits
represents coiitiniiie(l development of preexisting

prinlor(lia or iniitiationi and (levelopmlent of inew p1ri-
mllordia, the act of excisioii resulte(d in (lifferences of
organ-forninig capacity in regions which had been
adjacent to each other prior to excision. Roots de-
veloped only at the (listal end of segments. .\lthough
buds., \hich develop more slowly, were most often
foundi(I near the proximal end. they also freqIuently ap-
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peared near the distal end. This distribution of or-
gan formation requires that the chemical environi-
ment at organ-forming sites be similar enough to
bring about bud formation at both ends of excised
segments yet dissimilar eniough to cause restriction
of root formation to 1 end only. An explanation
for this distribution is suggested by the results of
table III. If the development of primordia into
roots reduces the ambient auxin concelntrationi at the
distal end of a segment to a level below that required
for root determination, then other more slowly devel-
oping primordia would develop into buds. A similar
explanation could be invoked for the development of
primordia into buds instead of roots, which was found
in the regions of the intact root nearer the root apex.

Polar lateral root formation in untreated seg-
mlents is believed to result from acropetal polar move-
ient and accumulation of auxin at the distal end.
Polar transport of IAA has been shown to be inhibited
bv TIBA. Niedergang-Kamien and Skoog (8)
found that TIBA at a concentration of 4 X 10-5 M
prevented accumulation of endogenous free auxin at
the basal end of excised tobacco stem segments. The
restriction of bud formation to the basal end was
also altered by TIBA, such that the region of most
active bud formation shifted from the basal end to-
wards the apical end as the concentration of TIBA
vas increased. Recently Hertel and Leopold ( :5))
showed that 2 X 10-5 M TIBA inhibited polar trans-
port of exogenously supplied C14-IAA in corn cole-
optiles. Similar concentrations of TIBA also in-
hibited lateral root formation in Conzvolviluis root
segments. If root formation depends on an accumu-
lation of auxin at the distal end, an inhibition of
polar transport by increasing concentrations of TIBA
would not decrease the polar distribution of root
formation but, rather, suppress root formation. This
result was obtained as the concentration of TIBA
was increased from 2 X 10- to 2 X 10-5 M.

Further evidence for the polar movement of auxin
and its role in root formation was obtained by auxin
application to the ends of root segments. By manipu-
lating the direction of application and the concen-
tration of cytokinin (BAP or K) and auxin (IAA),
it was possible to inhibit, promote. or alter the nunm-
ber and position of lateral roots. A segment could
be cultured such that a root would develop near the
proximal end of the segment and buds would develop
in regions distal to the root. Such a segment. with
regard to organ formation, exhibits a polarity op-
posite to that of an untreated segment. The polarity
of the segment was not changed, but rather the
gradients of organ-forming factors resulting from
the polarity of the segment were experimentally modi-
fied by auxin and kinin applications. Alterations of
the polarity of organ formation in root cuttings have
also been reported by Warmke and Warmke (17).

Interactions of applied auxin and kinin resulted
in root formation in the middle of segments, with
regions of the segment axis in botlk the proximal and
distal direction free from lateral roots. In intact

roots, which develop lateral roots at specific sites
along the root axis, localization of root formation
to these sites, as in the case of root segmients, may
be the result of a balance of inhibiting and( promoting
factors. Torrey (13. 15. 16) developed the concept
of control of lateral root formation in pea root seg-
ments by an interactioni of several substances. Lateral
root formation was foulld to be influeniced bv auxin.
thiamin. nicotinic acid, naturally occurring inhibitors.
micronutrient elements. adenine. and kinetini. He
suggested that localized lateral root formationi in the
intact root could be brought about by interactionis of
these factors. with the root tip acting as a site of cy-
tokinin production.

Gradients of interactinig factors may' be invoke(d
to explain localization of lateral root formation to
certain regions along the longitudinal axis, but these
gradients do not readily explain either the localiza-
tionl of root formationl to pericycle cells opposite pro-
toxylem points. i.e.. the radial localization, or the
limitation of priniordia to 1 or 2 of the poles at aniy
transverse level. Although the number of protoxvlem
poles varies from 3 to 6 in cultured Coolnvithoids roots.
nlo more than 2 or 3 primordia at a given level have
been observed in sections of ulntreated segments.

Treatment of Covolvuluts root segments with
auxin resulted in promotioni of lateral roots in 1.5-mm
and 15-mm segments, in p)romotion of bud formation.
in inhibition of bud formationi, and in alterationl of
the site of lateral root formation. The interpreta-
tion of these results can best be predicated on the
existence of an acropetal transport of auxin.

Summary

Isolated root segments of Convolvutius arventsis are
capable of developing into plants by forming both
endogenous buds and roots. Root formation in un-
treated segments was limited to the distal end of the
segments. whereas formation of buds, although tend-
ing toward the proximal end, occurred anvwhere
along the segment axis. The contrasting behavior of
the ends of root segments with regard to organ for-
mation was interpreted as the result of differing hor-
monal regimes at organ-forming sites along the
length of the segment. Several different types of
experiments indicated that movement of auxin fronm
the proximal to the distal end of segments might
underlie polar root formation. This hypothesis was
supported by the following observations: A) the po-
sition of lateral roots in segments was not altered by
auxin application to the distal end of segments,
whereas the position was influenced by auxini ap-
plication to the proximal end, particularly in con-
junction with cytokinin application to the distal end:
B) lateral root formation was inhibited by 10-5 m tri-
iodobenzoic acid, an inhibitor of polar transport of
auxin; C) short root segments, about 1.5 mm long.
rarely formed lateral roots in the unsupplemente(d
culture medium. They required only the additioni ol
auxin to this medium to form lateral roots.
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