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The natural existenlce of stichi varied growth
reguilators as auixiis, giblerellins, kiniiis, anid inihi-
lbitors, suggests that growth is a functioin of a coirn-
I)lex balance of stich reguilators alid niot a fiuinctioni
of jtist one. Ouir objective wx as to studl the corre-
lations hetween fruiit development of the parthileo-
carlpic navel orange, C(iti-is sinicusis ( L.) Osbeck,
and the existenice of auxinis and auxini anitagonlists
(5) within thle tissute.

TI'he autxini of plarticular iliterest ill this stt(l\- is
Citriis autxini (11) This compound is active in the
.Avcia curvature test aiicl ill basic paper chrolimatogra-
phy has aln RF very close to IAA. In other respects
the chiemical alid phxsical properties of Citrus auxin
alid( TAA are differenit (12) (table I).

Althotg-h the Avcona cutrvatiure test is a classic
assay, activity in this test (loes niot mean that the
copll)ound is imlportant as anl auxin to the soutrce
fruit. If somie correlatioll cotuld be established he-
tween the conicenitrationi of thlis componid alid imii-
portant stages of growth of the soutrce friiit, this
wotild streigtthen the nossibilitv that Citruis atixiin
ftunctiolns as a triie aulxiin in citirus frtilit.

Materials and Methods

TI'he \Washilgton variety of the niavel oranige was
tisetl ill this stuidy. This is a parthenocarpic friiit re-
qutiriinglno polliniatioll or fertilization for fruiit set.
h'l'e frtiit were grown oni ftill size trees in Riverside.
Califorinia. A block of trees was divi(led inito 4
replications of 36 trees eachi; care was taken at
each harvest (late to take an equal lportion of the
samlple fromil eachi of the 36 trees. Samples -were
harvested at approximately 2- eek intervals from
alithesis onl April 18 to Seltem)er . Actually April
18 was abotit the mid(dle of a 1(-d(lay period of 60 %
fuill blooim. A. miiiluitimi of 36 fr-utit ()r 100 g
wx hichever gave the lar-ger samilIb. wa s taken fromii
eadh replication. arly il tlle season 1(U) g relpre-
se'tet(l over 900 frulit w hile at the end(' of the season
36 fruilt weighed alimost 2 kgr Fresh weight, dryr
weight and friuit (liamileter- w\ere (dete'rmilne(l thiroug-h1-
oit the experiment.

1 Received October 26, 1964.
2 Paper No. 1576, University of California Citrus

Research Center and Agricultuiral Experiment Station.
Riverside, California.

'I'eli citir-e frtiit was frozeni in dry ice at harvest
time. grotin(l with a Waring Blen(lor, aln(d freeze
(Irnedl I'he chiemilcal conilpouindls xvere extracted fromii
the (lrie(l tisstue by shaking this tissuie in a milixtuire
of peroxide-free ether atid w-ater (80: 20), vv ) for
2 hiotirs. The ether extract was evap)orated to (Irv-
ness in vactio. T'he residtue was (lissolve(l in aceto-
nitrile and the restiltilng soltitiol washed with lhexanie
tilitil fresh liexanie app)eare(l clear. ''he acetonitrile
\vxas (Irie(l in v-actio ain(l the residute (lissolve(l in 5 %
so(litilm bicarbonate solutioln (pH 8.5). Reimaining
pigmelits and(I lipids were removed by wvashin g the
bicarbonate solutioni with peroxide-free ether uintil
freshl ether remainied clear. \djtusting the pH of
the r-uimaininig hicarbon ate extract to 3 () with TICl
anid shaking with peroxide-free ether restiltedI ill all
ethier soltition of the acidic fractioni of the originial
plant extract (12,13). This fractioi was purified
ftirther 1w 2-dlimeiisionlal descenldinlg paper chrolina-
togralihv on \Whatmiann 3 MAI\ 18 x 22 ilich paper
Wxith ii-hutanol aninioniumi hydroxidee xvater (4 1
1. v x ) in the first directioni, anid isol)ropanol: ai-
molitimn hydroxide :water (10 1: 1, v 'v) in the
seconitl. Fltiorescelit spots were detecte(d 1y scanning
the (Irie(I chromilatograms with tltraviolet lighit ot

primary 253) im/u wavelength.
The p)ertillent spots xvere eltite(d with 15 nil of

tlistille(l xvater alid the miiaximiutimii excitation x ave-
lengtli the imaximtliiiii fluorescent wavelen-gth and
the relative flilorescenit intensity ( RFI ) xvere (le-
termliiied. By chrolmaatogra)Iling in the amimonia,
salts of otir aci(lic unknoxvns xvere forie(l. As a
r estilt all eltiates fromi hasic chromiatographv hia(d
a )1H of about 7.0. pH is an iml)ortant cosiiideratioi
ill fltiorometrv as it may effect both (Itlantitatiol
anid thle absorption fltiorescent characteristics (3 ,9)
20,23 ).

Thlie excitation maxiiutim was fotiui(n by holding
the 11luoresceilt liioinochlromilator conistanit and(l scaing
with tile excitation nionochromiator. 'T'hie op)posite
wx as (lonie to flind tlle fltiorescenlt niaximumtlill. < F
is l mieasuire of the relative light einergy emiiitte(l by
the fluorescenit lighit as recor(le(d on the photonilti-
plier. Silce REF (delentIs oni the l)rol)erties of each
cOll)poutll (10,22 ), it caniniot lie tise(l to compare
conlcenitrationls of (lifferenit compounds hut lnly
conicentrations of 1 compound.

Following fluorescent characterization, the bio-
logical properties of the compounds xvere determinedl
1b various bioassavs. The coleoptile curvature test
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with Avena sativa (13) was used to detect the ac-
tivity of auxin and auxin antagonists.

The 15 ml chromatographic eluate was prepared
for the bioassay by acidifying to pH 2.8 and ex-
tracting with diethyl ether. The ether was taken
to dryness and the residue containing the auxin dis-
solved in 0.15 ml of 1.5 % agar containing 0.002 M
CaCL2 and 0.01 M citrate, pH 6.0. The final agar
block is 0.10 ml in volume. Therefore only 10 of
the original 15 ml are considered in the bioassay.
All subsequent quantitative values will therefore be
based on 10 ml of solution.

Auxin antagonists were bioassayed as described
above except that the agar block also contained
IAA or citrus auxin.

Little Marvel peas, Pisutnii satizvtn, the d, dwarf
corn mutanit, Zea mnavs (19), and the London cu-
cumber, Cutciuniis satiVus (2) were used to check
for gibberellin activity.

Thin layer chromatography was used to (lis-
tinguish citrus auxin from TAA and to further
characterize the auxinl; it wxas not used in the above
procedures for quantitatioln. The adsorbent was a
silica gel layer 0.25 mm thick anid the (levelopiing
solvent was di-isopropyl ether: acetic acid (95i/55
v /v) and benzene: acetic acid: water (8/3/5, v/v).
This latter solvent requires overnight equilibration
in the vapors of the developinig solvent (16). Since
the compounds involved in this study had the same
excitation and fluorescent spectra between pH 3.5
anid 7.5 no pH adjustment was needed for qualita-
tive comparisons. Quantitative comnparisons with
the eluates from the basic chromatogranws would re-
qtuire adjutstmenit of the pH to 7.0.

Results

Fruiit Developmienit. The ratio of fresh weight
to dry weight did not vary greatly during this study,
so growth is shown in dry weight since concentra-
tions of the hormones are based on this measure-
mient. Using either the cube of diameter to repre-
sent volume or the dry weight value as the ordinate
restulted in curves of almost identical slopes. Baini
(1) reported the similarity of growth curves based
on diameter and volume for Citrts sitnenlsis. Ap-
parently weight is equally reliable.

A semi-log plot of fruit dry weight versus har-
vest dates (fig 1) showed 3 different growth rates.
From anthesis on April 18 to May 16 the growvth
rate was highest. From iMay 16 to Auguist 1 the
growtth rate was slower anid appeared to be ex-
poinelntial. An arithm,.etic plot of this period showe(d
a sigmoid curve. From August 1 onl, the rate of
growth again seemed to drop.

The first 2 weeks in Juine was the period of
mlaximumn fruit drop often referred to as "June
drop.

Orange fruit color developed in mid-November
and the fruit was legally mature in January. There-
fore, the month of August was approximately half-
way between anthesis and maturationi.

Auixini-like Compound. The chromatographic and
spectrofluorometric characteristics of Citruts auxin
are compared with those of IAA in table I. The
activitv of Citrius auxin in the Avenia curvature
test for various RFI and similar values for IAA
are shown in table II. \Vhen the auxin conitent of
10 ml1 of a solution with RFI of 15 was applied to
12 plants. the maximum curvatuire was about l7°.

Table I. Chromiiatographic, Fluorometric, and Biological Characteristics of 1 Anxin and 2
Auixini Antagonists Presenit in Partlhenocarpic Navel Orantge Fruit

Test

R,,lRFl
RF.
RF3
RF4

Color in UN
Color in, visible
light after TI.C*:
with acetic aci(l
solvents
Color in visible
light after H.SO4
spray of TIC plate
Excitation
maximum (m,u)

Fluorescence
maximum (m,u)

Biology activity

IAA

0.25-0.31
0.29-0.34

0.83
0.16
Ash

Pilnk

Brown

290

360
Auxin

Citrus Auxin

0.26-0.32
0.33-0.40

0.32
0.10

Bluiishl -white

Nonie

Nonie

350

460
Auxin

Inhibitor I

0.78-0.87
0.79-0.88

0.88
0.33

Light bllue

Nonle

Pinik

330

410
Auxin antagonist

Inhibitor II

0.91-0.98
0.92-0.98

1.00
1.00

Puirple

Nonie

Dark green
280

330
Auxin antagonist

* The solvents used for these RF values are as follows: RFL - ni-butanol, NH3, H.O (4:1: 2, v/v), paper;
RF° - isopropanol, NH3, H,O, (10: 1: 1, v/v), paper; RFW - di-isopropyl ether, acetic acid (95: 5, v/v),
TLC; RF4 - benzene, acetic acid, HoO (8: 3:5, v/v), TLC.

** TLC - thin layer chromatography.
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FI(,. 1. Growth rate of fruit oIn dry wveiglht basis.

Higher RFI values thani 35 or lower thani 1.5 gave
no activity.
Variationis in the conicenitrationi per kg and(l rela-

tive amiiouint of Citrts auixin lper frtiit are showni
in figure 2. The conicenitrationi of auxini decreasedl
rapidly fromii a high onl April 3() to 4 % of this level
Onl ulie 7. After this (late, the decline in coniceni-
trationi conitiniued at a slower rate', oni August 1
there was a slight ilncrease, followed 1w a retuirni to
the July 18 level 1b September 5.

The disposition of auxini within the fruit cani best
be visualized 1w lookinig at chaniges in the total
amiiounit of the compound(l per fruit, as related to
conlcenitratioln chaniges. The total amounit per fruit
decreased fromii Ap)ril 3(0 to June 7 anid inicrease(l
from fune 7 to Aulgust 1. The rate of inicrease
(ltlrilng this latter perio(l was niot suifficienit to main-
tail) the coi)centratioin as ilidicate(l by the (Irop in)
RFI per kg. Apparently the growth rate hadl (le-
creasedl sufficiently by Augnst I to allow a build-uip
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FIG. 2. Seasonial changes in relative fluorescent in-
tensity, assumed to be correlatable with Citrils auxin
based oIn relative amount per g and total amount per fruit.
The activationi and fluorescent maxima were 350 m,u and
450 m,L, respectively. On a given linie, points not havinig
a commoni letter are significanitly different at the 5 %
level.

in conicenitrationi of autxin on1 August 1. Net ac-
cumuiillatioln per fruit began (lecreasiilig after Atigust
1.

Aiariai Antagonists. There were 2 auxini anitago-
nists or inhibitors l)resent in the developing fruit.
Both of these compounds inhibited IAA -indtuce(l cuir-
v-ature of the A7ecnia coleoptile. N-Neither of them w-as
active alone in the A,Icna curvature, dwcarf pea.
dwarf corni, or ctucumber hlvpocotvl tests in the coIn--
cenitratioins tested. The chromatographic and(l spec-
trofluoromletric characteristics for b)oth conmlpOunds
are given in table 1.

A 10-ml soluitioni of inhibitor I with RET of 4(1
completely inhibited the curxvature tyl)ically indtuce(d
1, 25( ,ag of IAA per liter of 1.5 % agar (table II ).
A soluitionl itlh a RFI of 0.40 p)artially inhibited
this curvIature, hut that with a RI'l of 0.04 did nlot

Tab)le I1. orrelatio)n of Re'lative Fliuiorcsc(ent IntensitA' (a)i(I BioMSMAV Ialih's

Citrus auxin Inlhihitor I

Curvature Curvature Conc
of IAA inhibitetd

,g/liter Degrees/50,uS RFI Degrees/lO ml RFI by 10 ml

>35.0 No activity
15.0 17
5.0 7-11
1.5 2-5

< 1.5 None

4 250 Ag/liter
0.40 100lOg/liter
0.04 No inhibition

Inhibitor I1

Colic
of IAA inihibited

RFI by 10 ml

4.0 250 jug/liter
0.4 250 Ag/liter
0.1 100 Ag/liter
0.04 No inhibition
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IAA

(,o0nc

RFI

10.10
4.50
1.10
0.45

250
100
25
10

24-28
11-13
3-5
None
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FIG. 3. Seasonal changes in relative fluorescent i-n-
tensity, assumed to be correlatable with inhibitor I based
on relative amount per g and total amount per fruit.
The activation and fluorescent m-axima were 330 and
410 mue, respectively. On a given line, points not having
a comimon letter are significantly different at the 5 %
level.

inhlibit curvature at all. This inhibitor also pre-

vented the cutrvatuire normlally induced by Citr uis

auxin.
Inhlibitor I as not (letected prior to Juine 7.

The amotunt of inhibitor I per fruit increased rapidly
froml June 7 to Auatgst 16 (fig 3). The early in-
crease was not sufficient to keep up with the rate
of fruiit growth so there was anlinitial decrease in

concenltrationi followed b1 a continual rise in con-

cenitrationi uintil Augtust 16.
Inhibitor II with a RFI of 0.40 in 10 ml of water

inhibited the cturvature tvpicallv induiced by 250
-g/l of IAA (table II). No inhibition was obtained

wvith the solutioln of RFI 0.04 in 10 ml. Apparenltly.
the 2 compounds (liffer in their relative antagonistic
activ ity . Inhibitor I was active over at least a 10-

fold ralige but inhibitor 11 was not.

Inhibitor II was presenit throughout the period
stu(lie(l (fig 4). The rate of accumulation per fruit
was fairlv conlstant unitil August 1 and then the

almloulnt pelr fruit begall decreasing. This rate of
accumiitulatioil did not keel) til) Nvith the growth rate

so that the concentrationi of the compound gradually
decreased to a low at the end of the experiment.
There was a temporary increase in concentration Onl
August 1 corresponding with the end of exponen-
tial growth.
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FIG. 4. Seasonal changes in relative fluorescent in-
tensity, assumed to be correlatable with inhibitor II based
on relative amount per g and total amount per fruit.
The activation and fluorescent maxima were 280 and
330 m,u, respectively. On a given line, points not having
a common letter are significantly different at the 5 %/
level.

Discussion

Seasonial Clhan9ges int A.rini. The principal peak
in auxin concentration was seen after anthesis and

probably acconmpanied fruit set. It was followved
by a rapid decrease in auxin concentration anid total
amouint per frtuit uintil June 7. This approximates
the most rapid period of fruit growth; and, accord-
ing to the work done by Bain (1) in Atustralia., is
probably the period of cell division.

Fromi junme 7 to Augtust 1, during the period of
exponienitial growth, there wvas a net accumutilation
of auxini per fruit as evidenced by the increasinig
RFI per fruit. This is the period of growth asso-

ciatedl with cell enlargement on the basis of Bain's
wxork. The increase per fruit meains there had to
be sy nthesis of the comnpoull(n and it wouild have to

be in some portionl of the fruiit other than the seed

siince all the uinfertilize(d ovutles hiave aborted this
timiie.

After A-igiust 1. there is a final (drop in the coin-

cenitration of atlxini and in the total amiiounlt per

fruiit. T'his miay mean that auxin synthesis has
essentially stopl)e(l. Perhaps at this point, cell dif-

ferenitiation begins with an accompanied slowing of

cell enlargement. The morphological and histolo-

gical details of this correlation will need further
study.

The seasonal changes in Citrius autxin levels seem
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tvypical of auxinl changes olbservNeti In other partbeiiii
carpic fruiit, but dliffer fromn those olbservc(l In see(lC(1
fruilt. lIn seedled fruiits, the higlhest conlcenitratioln
of auixini tistiallv, comies about halfxx ax between
anithesis and(l matuirationl according to the rep)orts oni
apple (15 ). llack cuirranit (25 -rape (4, 18). peach
(14.21) and straxvberrv (17) One or 2 smialler
p)eaks have lieen oIbserved1 at othier stages inlcluidingc
I shortlv after full bloom, In parthenocarpic grapes,
Coomb)e (4 ) ol)servedl the peak in auixini conicentra-
tioni early in fruiit development in the Black Corinith
and( Suiltaniia 1)ut I)ast imidi-seasoni inl the Seedless
E,mperor. TIhis latter variety is seedliess because
of embryo abortion ain(I so may' be atypical of par-
thenocarpic fruilt. Tt (loes aml)lifv the imlportance
of tlistlingtiishing- the tyl)e of p)arthenocarp)y In this
wNork. Nitschi (18) observed seasonial changes In
the auixini conltenit of the Seedless Concord grap)e.
11 ere the l)attern of chan,,e was v,ery\ simlilar to
that of the navel orange. Thle lprincil)al l)eak in
auixini conlcenitratioiinNwas shortly after fuill bloom.i
followed 1v a rapid (leclinie in conicenitrationi xwith a
seconldarv1 l)eak or shouilder later inl the seasoni.

The stimuitli responsible for these rap)id chanlges
in auixini level are ev,en miore obsctire i lpartheno-
carplic fruilt thian seededI onies. \Wittwxer (24) re-

l)ortedl a stimuitlationi inl aulxini production accompany-
ingo sxynapsis Inl ZCa 1110 VS. Perhaps th'at I's the cauise
Of the iniltial auxini l)eak in l)arthenocarlpic frutit.
Th'le cautse of the rapid disappearance of auxin fol-
lowving a l)eriod of high1 conicenitrationi is also a
my\stery-. Utilization of thle atixini in mletab)olism
andellgrowh mx be par't of the p)icture.1tth

hypothesis of WVittxwer ('224) that autxini is tranislo-
catedl ouit of the fruiit to stimiulate vegetative growth
couild also be imiportant. 'Nitsch ( 18 ) also suggests
that autxini maxv flow otit of a b)erry, in (liscussing
the relationi of auixini and frtlit (Irol).

fru-iit Set (1id Au.in~l. First Guistafsoni andi sub-
seoutentlxv manv othier wNorkers hav-e sho\\-n the (le-
p)endleice of frtuit set oni an adequate stpplyll ot auixin.

Gustafson (7) also rel)orted oni the high levels
of attxini activity in cruide extracts of l)arthenlo-
carlpic citruis anii( grap)e at the time of frulit set. The
lpeak conicenitrationi of Citruts auixini sooni after full
bloom stigg-ests that this coml)'otind cotil(l satisfy the
r-equliremienlt of ani atixini for- navel orange fruiit set.

F,riuit Drop mid Ait.rii. The change in thle lpat
terni of atixin accumutlatiOn arllOtini(l tine /7 is par-
ticularlv- interesting sinice thlis is also the period of
hea\vy frutit (Ir-ol) or 1 tine (drop) for the navel orange.
Ill thils studlv, Junie (l1rol) coinicide(l applroximately
with the chiange fromi (lecreasilng to inlcreazsing( auxinl
per fruiit, thle end( of the period of rap)id autxinl Conl
centration tlrop, the change fromi cell dlivision to
cell enlargem-ent, and( the iniitial detection of ani
auxini antagonist inhibitor I.

There was also a variable deviation of the growthi
rate fromi the linear relationship on June /7: althoughi
this difference was asstimied to be insignificant.
further wxork mav slioxx it to be correlatedI wNithi fruiit
dirop).

This- associatbion 1betxween heavy frutit drop and
bow atixin level hias also beenl showxn f'or apl)les (15)
(.oiicorcl grapes ( 18 ) and lpeaches (14.21) Suich a

niple correlationi between low auixin level and( fruiit
(Imop is p)rob)ably anl oversimplification sinice so miany
factors are known to be in tranisitioni at this stagye

and( the state of others stich acs gibberellin ani(l kininii
are unlkniowni.

AUXcui Anita,eanists. It is signlificanit to niote
that inhibitor I r-eachied its hig-hest lev-el per fruiit
tn(l highest concentration at thle harvest (late follow-
ing(, the Auguist 1 chiang-e in growth rate and( (le-
cr-ease inl auixini level. This compound was only
evidlent tltiring- tlic l)hase of growth associate(l withl
cell enlargemient and seells to be correlated xxitli the
cessationi of rapid cell enilargyemient.

Inhibitor 11 does niot seemi to be closely corrie-
lated with a growxtlh phenomeinon inl that its con-
cenltratnini change throughotit the season was'- small.
Its acctimuitlationi per frutilt (lropple(l off at thle cessa-
tioli of exp)onential growth. btit this maxy be (Itic to L

general slowving- of all metabolic funictionls.
C'onclulsionis. The correlations between Citrus

atixin levels anid frtiit s-et, growth, and abscissio
supplort the hyNpothesis th'at Citrus auixiii is not onlv
an atix'in in the senise of the classical Avzcna cuirva-
tuire bioassay but also as it relates to the Navel
orange. At least one auxin antagonist mlav' ailso 1w
anl iml)ortant reguilator In the (levelolpmeilt if tlhe
frulit.

Before this (data can be imore than correlatuiOns,
(letails will be nlee(le(l on the histological aiitl onior
phological changes associate(l wxith these auxinl
chiang-es as xxell as the changes iii other gri wtli reo-
iilators; suich as kiniiiis an1d g-ibberellins.

Summary

()niantitatixve clhanges in C itrus a'tixin and 2 auxin
antagonists haxe been correlated wxith the groxxfli
anIld (levelopment of the lpartheilocarl)ic 'Naxvel orangeL,
Citrus slin 00sis (1I )sbeck, to estiniate the iilorintaice
of these compounds to the sourice fruilt.

Frtiit set in the p)arthenocarp)ic orange is corre-
lated xxith a hig-h lexel (if Citruls auixin typlical of
the p)attern shoxx i for 'gra pes and( sulgg-eStl'd fM
citrus.

Th'le period of mailximumii fritit drop seemis t

colinci(le xxith thle chiange fr-oni cell divxisioni tio cell
enlargement, a change iii the piatterni of auxiii ac-

cutiiitlationi, and the initial (letectiol of aii aluxil
aiitagronlist, Inhibitor 1

Thle highiest concentration ii f inihib ito r \vx Is
associated xxith a chaiige inthle groxwth rate of ihe
frulit anild a (lecrease in atixini lexel.
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