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TRANSPOET OF ROOT-FORMING HORMONE IN WOODY OUTTINGS

It has been repesbedly cbserved since sarly %Himes That if stems
from some of our common woody planbe are girdled adventitious roots may be
formed above the glrdle. Although this regeneration phenomenon way result
in pard froo an interruption of food ﬁr&mg&rﬁ, recent evidence indicates
That the regeneration is conbrolled by hormouss which are transported in
the phloem. The greator part of the experimental work on the mebwre and
transport of these hormones in the plant has been done with Aveps coleop

tiles and pea (Plsun %&'ﬁim} sutbings. Ww‘-&(m} demonstbrs

growthepronoting Pactor from Aveps coleoptile $ips will diffuse out of

them into a layer of ager, and that devapibated coleoptiles will grow cone
siderably faster if blocks of this agar are placed on the cub swrfaces

than il they are supplicd with pure sgere. The chenmistery of this growth
substance has been worked oub especially by Xdgl, Hsazen Smit end mmm&ﬂ@
Thrpe different orystalline substances weres isolobed, which physiologically

can not be disbinguished. They have been named auxin & (O3gfss0s)s auxin b
{CigHaghals and heberowcuxin (indolewSwavebic ncide-CigHgOzi)s ILeber
Thimangm&m} Pound That systhetic heterosauxin esuses voobt Pormation on

poa cublings as well as promobing growbh by cell elongstion. &lwgﬁwwm}
has shown thet heleroeauzin induces root Cormation on lemom, £ig, Asal

gnd Lanbany stem cubblings, and Zimmerman and Wﬁwxm{w} have found
that heteromguxin causes local initiation of advanbitious voots on stems
and loaves of bomabo and tobacco plants.

Experimental work, especially by Van der Way(1%s16), on the trens
port of awrin in Avena has shown that auxin is transported basipetally



2o

only, and that 1t is intimately connected with 13ife procssses. To cover
these fasbs Went(18) proposed the theory thet naturelly goccurring pobens
tial #iffevenses in soleopbiles and other organs {apical pards being
wegebive agelnst basal pexbs) would pmé;sw an elestrophoresis of the
sogatively charged ions of suxin boward the paﬁifcifm bags, |

In addibion, it was found by Went(1%) that the tramspart of sube
stances causing root formation in Acalypha is rectilinears rigorously
polar; snd independent of the branspord of carbohydratess In contrast o
these resulbs showing sz trenspord of hormones as & basis of the wellw
Inown morphological polarity in hvena, Acalyphs, and other plants, Hitcheosk
snd Zimmerman(®) ebserved mo strickly poler movement of seversl synthetic
aompounds, Including hetersesuzing in oither sbems or leaves of the tomako
and tobsswo plemts. They Cound thet these substances when applisd te the
soil in highly comesnbreted water solutions were shsorbed by the roots end
- were transporied wpward in the zylem in the transpivation sbream. A&lso,
that vhen water solublons were admitbed throwgh the cub surfece of o shem
ar leaf there was e Iongitudinel movement in either direction through
dead shem tissue, this movement being infivenced by tremspivetion. Thus
they concluded thad living cells were pobt sssendlal for the transport of
these substances, and thet the mein chanmel of transport is in the fvense
piration streamn,

These resulbs obtained by Hitcheook end Zimmermsn, however, do nob
prove thet the normel chonnel of fransport of hormom

o8 In the plent is In
the transpiration stresm. The tramspiration ﬁ‘i;rm miy possibly provide

a means for the upward transport of substences absorbed from the soil by
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The roubs, but 1% doss not provide for the dowwsmrd bransport of hormones

Pound in leavey {w@mfm? and ﬁwryiﬂ), It ig Bavdly possible theb they

would nornelly nove dowmwsed in the zylem in the oppusite divection fron

the rasopivabion stream. Thet roobeforming substences, extracied from

leaves, do move downws

rd in the stem has been shown by wentl14) with
doalyphe oubbings. Also, ﬁw;zw{g} has foumd thet heteroesuxing or some

substencs In the sten sotivabed by heberosaurin, will nove downward in

lomon ewbbings. Thevelfore, with the gbove considerations inm mind, 1t ssems

highly probable thet roobeforming subsiances normally move dowrmw
phlogms Results of girdling sund loeal chilling experiments presented in

this pepor give gvidence thal rosb-forming hormones do move downw
the phloen in lomon and rose cubbingse |

Synthetic heteroeauxin wes used in ell ewperiments eund was applied
%o the cubbings either by the lanolin methed of Iaibechl®) or in water
solubion. By the former method ons part of hotersesusin was mized with
2000 perts of pure lenoling f.tes 0:5 mp heteroesuxin per gr lanoiin,®
& small pordion of this paste-sroughly about 10 mge-was smeaved both on
the cub surface of the spical end of the ecutbing and on a smell aves of
one side of the ecutbing near the top which hed previcusly been seraped %o
renove the epidermie and ouber cortical Iayers. This poaste was left om
throughout the experiment, Vaber solubions of wvericus concenbrabions were
applied To oither the splcal or bessl end of the vutbings by scaking 8 %o
24 hours in the solubions alber treatment the cutbings were placed in sand

.*ﬁzﬁs consontration was used in all experiments with the lanolin paste.



in the propagabing frome, Condrol oubbings for the lamolin method were
treated with pure lanolin, while sountrol eutdings Por the waberssslubion
aethod were soeked in btap wabter Por the same lewghh of biwe and wmdsr Hhe
same atmospheric condi%ions as wore the trested outbings,

A1% lemon cutbings, usuelly ebout 12 em long and 5 ma in diameter,
wore made :ff‘m:;n twigs of mature wood of the current season's growbh and
weve obbained in all insbances from the ssme grove in (lévemont, Calify

The cutbings were set in sand either im s sachwcovered propegsbe

ing mfm@ without betbom heat in the greeshouse or in a thermostatically

conbrolled propugabing frame st Terrey Pince, Calif,™ 1% the Iabber place

the tenperature of the send was keph st 85 to 88°F. A% Pasadens Yhe sand

usually held & temperature near 5%,

Giraling Brperinents

Threw Gtypes of rings. a5 illustraded in Figure I, were used in
%&ww experiments. In type & (Figs 1) 2 complete ving of phloem sboub 12
mn wide was removed from the sbem of the sublings about £ on frow the base.
Type B was only partly ringed, a streight verbiesl hridge (a)

wide being lef't across the ring. Type € wes also only partly ringed, bub
in this case o twowrighteangled bridge of phlosm (beo.d) about 2 e wide
was loft etvoss the ring. These methods of ringing sre stullar to those
used by Czapek(3) in 1897 in studying ¥ho effectivenses of leteral transfer

¥ The writer is indebbed to Dre LeC.darshell of the U,S.Depariment of
Agriculbure, Field Station abt Torrey Pines, 0alif, Por the use of the PO
gabing facilities st Torrey Pines and for care of the entbings while in the

propageding fraves.



Figure 1. Diagrams of different types of girdles nsed. A, complete ring
of phloem removeds By partly ringed with straight vertical bridge of
phloem (a) lef't agross the girdle. C, partly ringed with twoerighte
sngled bridge of phloem (bycsd) left meross the girdle. (b) upper
vertical erm, (o) horizontal arm, (d) lower vertical arm,
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of foud through sbom cubbings. of soveral woody plants,

Zince these culbings wers kepb in sashesovered propogebing fremes

where the relabive hunidity was always high, it was oot nscessary %o take
the preceution of eonting the expoved ares with warm paraffin to provent

drying oub of the xylem issus, as was found necessary by Curtis(2) with

ringed tissue on trees oubt of doors. The faet that the cabim often
become webive and regenerated now tissue when the bark was romoved is
gridence bhat the xylew had mob dried oub.

The effect of ringing on yoob formation on lemon cubbings which had
been treated with heterosawtin is shown in Table T and Sigure 2. When bobh
syiem and phloee above o conplete ring were drented, elther with heberoe
guxin lenolin mixbure or with heteroeanzin weter sclubiony roobs formed

at the base of the cubbings. Vhen a nerrow verbdical bridge of phloom was

lof% aorcss the ring roobs would form af the base, though in smeller number
than on the poneringed cutbings., This is wvery good svidence that Hhe
hebercegunin, or some roobeforming substance present in the cubbing snd
activabed by the helorowguxing is twansported downwerd meinly in the phloem,
Hoot formation at the base of the cutbings with s twowrighb-angled
bridge of phloenm seross the ring {Fige 1-0) was found to be infiuenced by
the horizonbal distance {o) bebtween the side of the upper veriical srm (b)
sud that of The lower arm (d)s Whers this distance wes greaber than 2 »m
There was usually e strong callus development ab the sides and base of the
upper werbicsl srm bub very 1ittle sm the horizonial ars and noue on the
Aower wertisel arme In soms instences roots would appesy et the base of
The vpper wortical are bub none on the horigonbal arm or ab the base of the

cublliog, Howewer, in cubbings where the horisowtal arm {(c) was less then 2 mp



Table T

Effovt of Ringing on Roolt Pormation of Heterowaugin

Treated Lemon Cubbings™

Beberow Weeks  Average mumber of Roobs per Oubbing™
Leaves wzﬁm; &k bar Hot ~ Complote Harvow bricge of
Troe: wﬁﬁ;ﬁ Ringet Ring  phloem straight
mang . : | BETess rimg,n

& + lapelin mizbure 4,8 G Sat

Fure lonolin 245 o ——
Por 18 houwrs
do

442 0 :&fi
5,58 5.2 240

ﬁ@* waker 18 m%’&’w
do

042 o 0o
1*@ O .6

460 o dud

G M o, M B, &

for 18 hours

Tap waber 15 hrs. & L7 o o

* A1 cutbings treated at splical ends

¥ Average Trom 10 cubbinge.

¥ Two roots on one cubbing.
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an peeasionul oot would form ob the base of the cubbing, bub at nmo bims
was oot formabion as great as on outlings with a straight verticel bridge
across the pirdle.

In another szperiment with two lobs of pardly girdled eukbings
{type B) hormome solubion was applied in ome lot %o the enbire cub oud of
the apex (Fige 2-B) snd inm the other lot only %o the side of %the apenr
opposite the phloem bridge sovoss the ring (Fig. 2«0, Wb roots were formed
on the cutbings to which hormone wes spplied enly on The side opposite the
GUridgese bub in the other ot roobs formed ab the base of dhe sutbingse These
resulisy along with those obbained with the twowrighteangied type girdle,

indicate clearly that the hormone moves dowmweard in the phicen mainly in

straight lines parallsl to the phlosn elements,

UsoDaniels and Curtis(®) roport thal when Iaberal trausfor of food
in apple tres trunks was Sorced by spival ringing more rapid latoral cone
duction wes provided for by structural changes in the phloem, beginmming soon
wfber ringing and resulting in the resorientabion of the combium eo as bo
be parallel with the spirel ring. They stabe thet partisl accommodabion
wo the changed condition of sonduekion probably ccewrred fmsdistely afber
ringing by the first formed cloments being conneebed through thelir radiad
wallss Perhaps this would account for the slight lateral movement of the
roub-Lorming bormons ohsorved with the twosrighbeangled type of glrdle on

lomon cubbings.
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Local ﬁhiﬁiﬁﬁ Erxperiment

Chilling et B3-40%Fs and ot 5848°F, of about 50 mn of the ghems
near the mideportion of leafless lemon cubbinge wes accomplished by imserte

ing the cubbings through special imsulated chilling wnits. These wers set

up in the propegubing frame so thet bases of the cutbings wers in the sand
which had & bemperature near 80°F.s 50 mm of the mideportion in the chilling
devices and the tips, Yreated with hebtero-auxinelonciin pﬁ;emﬁ in the air ab
& Gemperabure near 70°F. The chilling unit comsisted of small waberetighb
bin cans inbo which were soldered 10 copper tubes in & vertical position
aad paraliel 4o cach @ﬁaw; This arrangement of copper tubes peraibbed
insertion of cubbings through the deviee so that when cold wuter wes cire
culated through the cun the portions of the cubbings in the twbes wore
chilied withoub avtually coming in combach with the water. Two such chille
ing wnibs insulebed with one-half inch of celotex were comnechbed with
rubber twbing. Vaber ab sbout 32%. was circulated at o slow vabe Shrough
the two-mmit system for bwo weols. ﬁ@%‘m@a in the Pirst uvolt wore chilled
locally bto 3B«40%F,, and in the socond unit to 38.48%7, |

Af%er two weoks of chilling the hetero-amxinelonclin puste was re-
moved from the tipss the outbinge wers taken oub of the device and re-set
in the ﬂaﬁm; There was mo sign of cellus formetion at ihe bass of either
of the chilled lobs, while a strong esllus hed Formed on the sutbings which
had been treated with hormome bub not locally shilled. Uue wesk laker, or
thres weeks from bime of sobbing in sand, roobs appesred on the nomechilled
cubibings, while roots did.mob appesr on the chilled cutbings miil three
weeks after chilling, or five weeks sfbor sebbinmz in send, snd then largaely

on the B8-40edegres lobt. (Table 2}« Thus we see thet root formation on the



Teble IT

Infivence of Locul Chilling of Lemon Cutbingg ou Dowmwar

Hovenont of Reobsforming Hormons®

T8

,mam nw:ﬂ:sw of roote per m%x.
Heborow Chilling gﬁ x ng

auein N — Tnd of 2 One week  Three weeks Five %‘6@%:& ,

Weaks afboy albor ol oy

Chilling ﬂhﬁim@ ﬁhﬁh% Chilling

s uot ¢hilled Ol s 3»&%

A & ‘ DT Bud Hal

O
o

+ o chilled 3%.40°F., © o Gl Dud
@

2 ehilled 88487, & Bu? a9

FHeberomauxin lanclin paste spplied at %op of oubbing ebove chilled srea.
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locally chilled cubbings was delayed by two wookgesdhe lenghh of the ohille
ing pevicdessnd thabt root formsbion on ehilled cubbings nover 4id approsch
thet of the nomechilled lob. Looal chilling, then. mest heve acbed in

preventing the trensport of heloroeguxin downmard becsuse the fow roobs
which formed during the five Wﬁﬁm after ehilling con be seeounted Ffor by

axburally ccourring rosteforning hormone: This scoms obvisus

since the unbreabed entiings showed more vooss then were formed on the

chilleod cubbings,

This evidence that local chilling acbunlly doos prevent the dowmmed
tramsport of heteroweurin indicates that Iiving eells talke an active pard
in the bransport of heberceauxin or some substance in the sten sobivated by
heberowawnine, Ib therefore seems well esbablished Prom the combined Ve
sulbs of the girdling and loscal chilling emperiments thet the hormone ie

tronsporbed downward in the phloems

Effect of Basal Applicetion of Heborosausin

Solubion Boobt Pormation

By sosking the base of lemon or rose cubbings in heteroesusin
solution of relatively high concentration (0.5 mg per ce of water) for elght
hours before sebbing in sand & much greater wmuber of roobs were induced
on the treated then on control cutbings {Pigse 3 and 4)s Algo it was Pomd
that the number of roobs were from two %o five Bimes ax grent when trested
&t the base as when treabed at the bip, provided a highly concentrated
solutlon was useds The definite relation bobtwsen the %ime of irestment,

concentration of solubion, and mwber of roobs Pormed has not beon deborpined.
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Howevery resulbs shown in Figwre § for bessl troobtment of <08 1, o2 8 mg
hetergeauzin per oo of waber indleate that basal treatments are effective

unly in concenbrations of 1

and ghove for a léshowr breatment of lealy
oubbings, and «2 and shove for o 12«hour treatment of leaflesy culbings.
liove dilube solutions applied ab the base caused mo move root formation then
tap waber, It was noted that o6 mg per oo solublon applisd ab the base
vanssd some injury, so very likely the effechive range of concenbrabtion
for basal tremtoent of lemon cubbings for 12 So 15 hours is from o1 or o8
Te of mp per oos o

Some ides as Yo the reason for this roobing respouse o basel treate
menby of heberownurin solution is obbained from a sbudy of Table B Gube
Tings In experiments 4 amd B wers placed in a nearly saburabsd stmosphers
in the propagabing f‘r&m at Torrey Pines during the porisd Wﬁm £he basss
of the cubbings wewe soaked in hetercesuxin solubion, thus very 1ithls
opportunity was afforded fur branspiretiom. Yeb in both instences there
was sonsiderable incresse in nusber of roots infuced on the tresbed cubbings
over thet of the conbrols, However. when the portion of the base of the
cutbing which was sctually in the heterosauxin solubion {aboub three-fourths
of an inch) was cub off, the offeet of the treatment was elimimebed, This
suggested that there was very 1i%tle or no movement of the heberceserin
solution up ¥he sbem. The solution was, however, effective only when ape

plisd ot the cub ond bessuse, when the oub ond was venled over with paraifin

belore sombing in the heberowsuzin solubion and ihe parefPin lober vemoved

after the btreatment there was no inerssse in muber of rools over the

sontrols.
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AUXIN SOLUTION ON ROOT FORMATION
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In experiment Oy lealy lemon cubbings were exposed o laborstory

alr {tomps 70%.s relative hunidity sbout 754} durimg She Fiftesn hours

the oub end of the bases were in heberosawxin solubion, thus affording
oppertunity for transpivation. A4S s consequence: an sverage of 2 oe of
solution was baken up by sach cubbings, probably in the zylem in the travnse
pivetion stremm, As a result of these conditions the uumber of roobs

the subbings with the treated portion of bases oub off was pgreaber than

the combrolss yet the muber was only about oneethird that of the ecubbiags
from which the freated portion of the base had not been cub offe This

probable upward movement of the heberowaurin in the zylen however should

not be mistaben for the normal

movemsnt of nsturally ocourring hormopes in
the plant because, as stabted by curtis{s) “hen solubions of nost eny sord
of substencs are Introdused inmbo cub gbems these solutions are carried
swbensively and alnost oxelusively in the xylem dissues and ﬁ; is obrious
that Wwanspiration determines both the divection swd radbe of wovement of
the solubion Introduced¥,

In experiment , evidence of possible upward movement of heberow
guxin in the franspirebion streem is of 1ittle signilicence, Lut the Pack
of groatest imberest is theb if the treated portion st the base of &
sutbing was exeised and the base again treated the nuiber of roots formed
wus no greater than that of s siniler cutling whioh had not been re=trenteods
Ihis was vbserved apain with leafless lomon cubbings in experiment Uy in
which a solublon of »5 mp of helevosauxin per ep of waber was useds In
This instance the number of voobs on subbings with treabed buse oub off
and on sinmiler outbinge with base treabted agein was the sems as on conbrols,
while brented subbingss bub with the base not removed, showed nearly thres

timed ag many roots gy conbtrols. Resulis similar to thege were also obe
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tained with lealy cubbings of the rose {var. Iedy Perkins)e
It iz oloar from those labior vesulis that there $s¢ sone Peotor
other then heberowamin soncernsd in root Tormptlon. IF ouly helerowguxin

. base

wera involveds, rewbtreoking the mt*%m@; afbey venvving the treated
should give nearly the sene r@amnw as the originel treatments In order
to lnsuwre egual anmovabs of »s;%mﬁ food and other substances the Pinel
length of the oubbings in ull experiments was mde the ﬁ'w Cubbings
whose treated bases were 1o be cub off wers made longer in the beglmming

tem ot the bases

o allow for the removel of o porbivn of the s
Summarizings we Pind that (1) when opplied ot the base of cubbings
Tor 15 hours only & strong solution of heterow.auzin is effective in induce
1y
slimingbes the offect of the treatment, (3} reetreating efter cutbing off

ing root Tormation, {(8) ww%mg off the treated pordicn of the buse neay

the treatod bage causes no more roobs thes when not veetreated. To cover
These facbs it is suggested thet & stromg selubion of helercesuning when
applied o the beses causes the repld movement dowrmward of a subsienoes
rhizocaline, prosent in the lesves and sten snd whieh is necessary for
rout formatioms. Cubblug off threewfourths of an imch of the base afber
treatoment cuts off most of the supply of rhizoesline and further freaiment
with heteroeauxin has 1i%tle effect sinece heteroesuxin is only one of the
substances necessery for root formabions

The sifectivencss of treating the basal snds of lemon or rose
cubbings with a strong solublion of heterceauzin in inducing rood Pormation
suggests o now lime of atback in efforts Bo root cubbings éi‘ apple end
other woedy planbs which do m&fé root reddily from cultbings. With Iemon.

rossy hollys and Chrysenthemum cubtings this mothod of tresiment wes much
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nors effective than the lenolin methed of Laibachs The mazimum namber of
roots per culbing obbeined on Iemon cubtbings by the lenslin method was aigh‘#&
while as many as sevenby«five were obtained by sealking the base in heberge
suxin solubion {5 mg per oo of waber) for eight hours. The seme concentvraw
Cion of solubion induesd furmation of twenbyfive roots per culbing on the
Cecil Brimer rose snd fourboen roobs per cutting on o spociss of Chinese

holly (flex corauta) while the lanolin method produced only Five vooks per

cultbing on the rose end none on the holly. Beern morve &‘%ﬂ%ﬁm@ rosulis were

obiained with Chrysanthemm cutbings as is shown in Figures 6 to 8, bub in

this instance & hetercesuxin solubion of o1 ng per oo of waber was found

most effeshive as stronger sofubions were doxic %o the Sissue of the buse.”

* Sinse preparing thiy paper it hes come to the sbbention of the writer that

AEHiNchoook and Pl Eine an {Conbribs Boyse Thompson Inst. S:88e79, 1938)

Y

cbiained exvellent results with the roobing of cerdain speciss of Iiex ant
Jaxus by soaking the bases of ocubbings in water solubions of m@séx*mwm in
& paumer similer to the method deseribed in the proseut papers These mubhors
in digeussing a former paper by the present weiber; published ju Plant
Phy%awgy{m stake, "The qualitetive and guantitative differences resulbing
Prow Greatwent of lemon cubbings heving leaves ave not clear, since there is

no iliwstration of coubrol lots with which do compars the thrse trented lots

shown"s Reference to the article will show the® in Teble I, page 79y ave
given the wmumber of roots per cubting formed after ‘two, three and Pour weeks
on both treated und wmbrooted Jealy lomon cubbingse Although these figures
in themseives prodide complote proof of Ygualitative snd quantitative dife

Perences®, there are also included illustrations of both frested and contrsl

cubbings. Reliable date on rooting cen mots of cowrse, be derived from

illustroations slone; therefors in this
includeds

poper both phobtographe and tebles are
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Summry.
{1}  Ringing swperimenbs with lemon cublings indicabe that hebero-guxinm
ar some subsbence in bthe sten scbiveted by hebercesuxin., iz tronsportsd
dovmard in the phloen aznd In & streisht line porgllel to the phloon olemenise

{2} Losal chilling cxperiments Indlsate thad living sells feke an

aSivg @M‘ﬁ; in Hhe dovo

3 bransport of the hormone and suppords the
avidense, cbbalned in the ringing experinments, thet dowmward transpord

She hormone beles pluce in the phlvenm.

{8}  Whon the cut snd of the base of & leafy lemon or rose w%mg is
ploged in hetere-aurxin solubtion there is some upward wmovement of the
soiublon depending on the rete of branspirebions

{£Y  Then solutioms of hoberoesuxin gve applied ab the bass of cubbings
for 15 howrs only strong ones sre effective in indusing root formations

{8}  Cutbing off the treuted portion of the base of oubbings neerly
alininabes the effect of the trealumende

{67 Reebresting with hederoesuzin solublon afber cubbing off the treated
buse of cubbings couses no more rvoobs than when not reebresbeds

{73 The hypothesis thet a shrong solubion of heleroesuweing when applied
%o Yhe btase of n oubtbing, cavses the repid dowmward novemend of &mzm‘twm#
vhizeealive, which oeeurs in the leaves and stem and vhich is necessary
for root foyrmation, iz offered as en m&mﬁifm of the facbs stated in

&y Gg and G _

{8}  The sPfectivensss of treabing at the base cubbinmgs of lomon or rose
with strong solubions of helero-auxin in causing root formabtion suggests

o new line of abback in affor®s %o roob oubbings of apple and other M&&y

plauts which do not root readily fron cubbings.
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