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Abstract. Transport of 1- 14C-IAA in successive stem segments of Cuscuta
was strictly basipetal in growing and non growing regions of the vine with a
flux velocity of 10-12 mm/h (intercept method) . This transport showed a
distinct peaked profile, increasing from a low value at 10 mm from the
apex to a maximum between 50 and 90 mm before declining to a low value
again around 160 mm at which elongation growth ceased . The IAA trans-
port profile paralleled the in vivo growth rate profile, though the latter
peaked ahead of transport . A better correlation was observed between the
profile of growth responsiveness of the vine to exogenous IAA application
and the profile of IAA transport . Growth responsiveness was determined
as the differential in growth rate of stem segments in vitro in the absence
and presence of growth optimal concentration of IAA (10 µm) . Retention
of exogenous IAA in the stem was maximal where transport decreased,
and this coincided with the region of maximal conjugation of applied 1- 14C-
IAA to aspartic acid to form indoleacetylaspartate (IAAsp) . In addition to
aspartate, IAA was conjugated to a small extent to an unidentified com-
pound. IAA destruction by decarboxylation was greatest where transport
was low, particularly in the nongrowing region, where lignification oc-
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curred (i .e ., beyond 180 mm) . At concentrations up to 20 µM, a pulse of
1- 14C-IAA chased by "cold" IAA moved as a peak (with a peak displace-
ment velocity of 12-18 mm/h) in the "growth" region of the vine, but
became diffusionlike where growth either fell off steeply or ceased . At a
higher (50 µM) IAA concentration, though uptake was not saturated,
transport in the growth region became diffusionlike, indicating saturation
of the system. Reduced IAA flux in the region where growth responsive-
ness to IAA declined coincided with the region of increased IAA conjuga-
tion . However, it cannot be concluded whether increased IAA conjugation
was the cause or effect of decreased IAA flux . Application of benzylad-
enine to the vines in vivo, a treatment that elicited haustoria formation by
72 h, resulted in the inhibition of both IAA transport and elongation
growth rate in the subapical region. In vitro treatment of vine segments
with BA similarly increased IAA retention and decreased IAA transport .
IAA loss was suppressed, and conjugation to IAAsp was enhanced .

The axial organization of higher plants arises from a polarity that is established
early in development (Coleman and Thorpe 1985) . The factors responsible for
the establishment of polarity are poorly understood, but hormone gradients
appear to be important, and the transport of auxin, which occurs in a polar,
predominantly basipetal manner, takes on a special significance . Indeed, polar
auxin transport is believed to play a major regulatory role throughout growth
and development of plants, with evidence suggesting it to be "a controlling
factor in elongation, tropisms, cambial division and vascular differentiation,
apical dominance, senescence and abscission" (Goldsmith 1977) . Rubery
(1980) has suggested that by producing pH and electrical gradients in the tissue
through which it moves, auxin may also set up polar movements of other sub-
stances such as gibberellic acid and abscisic acid . Thus, besides the effects of
auxin per se on growth and differentiation, its polar movement may play a
special role in development .

In several plants, comparison of in vivo elongation rate and basipetal auxin
flux down the length of the shoot has shown that the former peaks ahead of the
latter. This has led to the comment that "while maximal polarity or basipetal
movement of auxin is likely to be the stage with maximum elongation, con-
comitant elongation is not required for strongly polar basipetal movement of
auxin" (Jacob 1979) . Moreover, cytokinins, known to inhibit shoot elongation
in some plants (Zeroni and Hall 1980) and cause lateral cell expansion, pos-
sibly through their effects on ethylene formation (Fuchs and Lieberman 1968),
are believed to exert their action by influencing auxin transport, retention, and
metabolism (Jacob 1972, Lau and Yang 1973) .

Free-hanging Cuscuta vine is an ideal system for the study of auxin transport
and its relation to growth and development because of its simple, cylindrical
morphology, the absence of secondary sites of auxin synthesis such as leaves
and a long zone of elongation . Besides, in vivo or in vitro application of a
cytokinin like BA precipitated the complete syndrome needed for the survival
of this parasite, namely, promotion of subapical coiling growth to twine around
and the induction of haustoria to draw nutrients from a host (Paliyath et al .
1978 ; Rajagopal et al . 1988, Ramasubramanian et al . 1988) . These cytokinin-in-
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duced effects appeared to be initiated by low endogenous auxin, since applied
high auxin inhibited them . This paper describes some features of auxin (IAA)
uptake, transport, retention, and metabolism in Cuscuta in relation to its
growth, in the absence and presence of applied cytokinin .

Methods and Materials

Plant materials, vine marking, in vivo and in vitro growth measurements,
and incubation following BA treatment were as described in previous papers
(Rajagopal et al . 1988, Ramasubramanian et al . 1988) . Segments were treated
with cycloheximide (10 µg/ml) and chilled immediately after the growth period,
to arrest further growth during length measurement in a microcomparator . In
vivo application of BA in lanolin was as described by Paliyath et al . (1978) .

Auxin Transport

Was measured by a modification of the classical donor-stem-receiver setup
(Went and Thimann 1937) .

Donor

Labeled auxin (1- 14C-1AA) normally 10-20 µM, in melted buffered agar (1 mM
't21"4-Citrate buffer, pH 5, containing 1 .5% agar), was drawn into surgical-

quality polythene tubing (i.d . 2 mm). After cooling, the tubing was cut into
2-mm cylinders with a sharp razor blade . Measurement of radioactivity in sev-
eral individual blocks indicated a deviation to be normally within 5% of the
mean, which was taken as the donor-initial (Di) value for a particular prepara-
tion. Di counts were usually between 8000 and 16,000 cpm .

Stem

These were 6.4-mm segments excised from the desired 10-mm regions of the
vine using a two-bladed cutter after marking the apical end with indelible ink .
Trimming segments at both ends to 6.4 mm eliminated the increased cut-end
IAA-decarboxylating activity that developed in isolated 10-mm segments fol-
lowing prolonged incubation . The apical 0-10 mm of a vine was always dis-
carded because of numerous lateral buds .

The diameter of the cut surface of the stem bit facing the apical end of the
transport segment was measured with a microcomparator at x 15 magnifica-
tion (Rajagopal et al . 1988) to calculate cross-sectional area .

Receiver

Discs (6 mm) of Whatman No . 1 filter paper dipped in melted buffered agar
(see donor) and placed on individual 1-cm 2 polythene sheets served as re-
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ceivers . A 5-µl drop of the same buffer applied to the receiver improved con-
tact with the stem during transport .

Transport was allowed to proceed at 27 ± 1°C in a humid atmosphere . At the
end of the transport period (normally 3 h), donor, stem, and receiver were
transferred to individual vials containing 5 ml of scintillation fluid and counted
after overnight extraction, to obtain the following parameters : transport (T) =
cpm in receiver; retention (R) = cpm in stem after transport ; loss (L) of
radioactivity of applied 1- 14C-IAA = Di - (Df + T + R), where Di = initial
cpm in the donor, Df = final cpm in the donor ; uptake (U) = (Di - Df) _
T + R + L .

Pulse-Chase of 1-14C-IAA

The procedure of Goldsmith and Thimann (1962) was employed . A 32-mm seg-
ment from the desired region, following treatment, if any, was trimmed at both
ends to 30 mm and set up for transport in a holder . Radiolabeled donor was
placed at the apical end for 15 min and replaced by a "cold" donor containing
unlabeled IAA at the same concentration for the desired time (30-90 min) . The
segment was then cut into 10 equal segments from the apex (S1 to S10) and
individually counted . Radiolabeled and cold donor blocks were also separately
counted to obtain Df and to determine if any back diffusion of counts occurred
from the stem cut surface into cold donor . Total c .p.m. in all segments (S1 to
S 10) was taken as pulse uptake and retention (PUR) and represented pulse
uptake minus any loss due to back diffusion into cold donor and decarboxyl-
ation .

Radioactivity Measurement

The scintillation fluid (Naqvi and Gordon 1965) contained 5 g PPO and 250 mg
POPOP in 1000 ml of a mixture of toluene and freshly distilled ethanol (3:1,
v/v) . Counting of samples (1 or 2 x I min) was done in a Beckman LS-100 or
LKB-Rackbeta counter.

Chromatography of IAA Metabolites

Following 3 h of IAA transport, stem segments (16 or 40) of each region were
extracted overnight with 10 ml of methanol (analytical grade) at - 20°C . The
segments were reextracted twice with 5 ml cold methanol and 5µg carrier IAA
added to the pooled extracts which were then flash-evaporated at 30°C . Ali-
quots of the residue were redissolved in methanol and counted or chromato-
graphed on silica gel precoated plastic TLC sheets (Eastman Chromogram No .
6061) with authentic IAA and IAAsp as reference markers . Solvent systems
for TLC were (1) chloroform : methanol: acetic acid (75 :20 :5, v/v); (2) Ben-
zene:n-butanol :acetic acid:water (95 :5 :5 :1, v/v) ; (3) isopropanol :ammonia
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( 28%):water (8 :1 :1, v/v) . After chromatography and drying, lanes representing
each sample were divided into sixteen 1-cm segments and individually
counted. Reference indoles were visualized by spraying with p-dimethylamino-
cinnamaldehyde (PDAC) reagent (Mahadevan and Stowe 1972) .

Labeled IAA and IAAsp in aliquots of stem extracts were confirmed by
reversed-phase HPLC on a Micropak MCH-10 column (Varian) using the
Varian 5000 HPLC instrument . Using a flow rate of 1 ml/min and a 20-60%
gradient of methanol in distilled water containing 0 .033 M acetic acid over 20
Min, the elution of reference IAAsp (retention time 5 .6 min) and IAA (reten-
tion time 10 .6 min) was monitored at 290 nm with a Varichrom UV-Vis mon-
itor. One-milliliter fractions of the HPLC eluate were collected, and radioac-
tivity was determined in the IAA and IAAsp elution regions .

Chemicals

3-lndolyl-1- 14C-acetic acid (52 or 59 mCi/mmol) was obtained from Amersham
International, Buckinghamshire, England . Hormones, PPO, and POPOP were
purchased from Sigma Chemical Co ., USA. IAAsp was chemically synthe-
sized by the procedure of Mollan et al . (1972) and stored as a solution in ace-
tonitrile at - 20°C . Other chemicals were reagent or analytical-grade .

Results

Pattern of Auxin Transport, Retention, and Destruction Along the Vine

Transport of IAA was strictly basipetal in all regions of the vine tested up to
600 mm from the apex . Figure 1A shows the extent of IAA transported by
freshly excised segments in various regions of vines up to 300 mm . Transport
Increased from low value in the 10- to 20-mm region to a maximum between 50
and 90 mm before declining to a low value again around 160 mm, where growth
ceased (inset, Fig . IA) . Transport thereafter remained more or less the same
up to 300 mm . The region of maximal transport varied in individual vines and
normally occurred between 50 and 90 mm . Typically, during a 3-h experiment
with 25 ng of IAA in donor block, the amount of IAA transported into the
receiver was about 5 ng where transport was maximal and about 1 .5 ng where
it was low. The velocity of transport was about 10- 12 mm/h in all regions (data
not given) as determined by the intercept method of Van der Weij (Went and
Thimann 1937) .

Retention of radioactivity in the stem segments from the 10 to 300 mm region
during IAA transport (Fig . 1B) also showed a pattern of increase and decrease .
Maximum retention occurred around 120-140 mm .
Depending on the region, about 20-40% of the applied label of 1- 14C-IAA

was lost, i .e ., not recovered in donor, stem, or reciever, after 3 h of transport
(Fig . 1C). In similar experiments using 1-14C-a-naphthaleneacetic aicd (1- 14C-
NAA), which was transported like IAA but not decarboxylated, 90-95% of the
applied radioactivity could be recovered in donor, stem, and receiver after 3 h
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Fig. 1. (A) Patterns of 1- 14C-IAA transport in Cuscuta vine segments (10-300 mm) . Each data
point is the mean percent ± SE of applied IAA transported in 3 h by segments from six vines
Transport was measured in 6.4-mm segments excised from the desired regions of the vine as de-
scribed in Methods and Materials . Inset : Pattern of in vivo growth rate along the vine during 8 h of
growth . (From Fig. I of Rajagopal et al . 1988 .) (B) Pattern of radioactivity retention in alternate
Cuseutu vine segments (10-300 mm) following 3 h of 1- 14C-IAA transport: Each data point is the
mean percent ± SE of applied radioactivity retained in stem from four vines . (C) Pattern of loss of
radioactivity in alternate Cuscuta vine segments (10-300 mm) following 3 h of 1-t4C-IAA trans -
port. Each data point is the mean percent ± SE of applied radioactivity lost during transport if'
segments from four vines . (Dashed line indicates nonspecific loss . For details see text .) Data are
pooled from experiments done on different days at different times of the year . Intervening alternate
segments of B and C were used to generate data such as those given in Fig . 5 .

of transport irrespective of the region of the vine (data not given), indicating an
average 8% nonspecific loss (including enhanced quenching when label is dis-
tributed in stem and receiver) . The loss of label of 1-i 4C-IAA above this value
of nonspecific loss (dashed line in Fig . IC) was taken as region-specific oxida-
tive decarboxylation of IAA, occurring at the cut ends and possibly within the
tissue. Decarboxylation loss was low (10-15%) in the regions of maximum
transport or of stem retention and conjugation (i .e ., 50-180 mm) and increased
to about 30-40% in the later, nongrowing region (i .e ., >180 mm) . Loss ap-
peared to be somewhat greater in the apical (10-40 mm) region also .
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Fig, 2 . Pattern of distribution of radioactivity following a pulse (15 min) of 1- 14 C-IAA application
and chase with cold IAA (at the same concentration) for various time intervals in segments from
growing (20-50, 70-100, or 110-140 mm) and nongrowing (180-210 mm) regions of Cuscuta
vines . The chase time intervals were 30, 45, and 90 min for the growing regions and 60, 90, and 120
min for the nongrowing region . Di = 11,000 cpm . At each time point, different regions of the same
vine were used for determining the distribution of radioactivity . (For other details see Methods and
Materials .)

At growth-optimal concentration of IAA (10-15 µM) in donor block, about
50-85% entered the stem during 3 h of transport . Depending on the region and
donor concentration, 10-50% of this uptake was exported into receivers .

Patterns of Transport of a Pulse of 1- 14C-IAA

The patterns of distribution of radioactivity in 30-mm segments from 20-50,
70-100, 110-140, and 180-210 mm regions of the vine following application of
a Pulse of 1- 14C-IAA for 15 min and a chase with cold IAA for 30, 60, or 90 min
is given in Fig . 2 . At the donor concentration used (about 15 p.M), IAA moved
as a distinct peak in the 20-50 and 70-100 mm regions, but transport appeared
Progressively more diffusionlike in the latter two regions . Capacity for uptake
111 the latter regions was apparently greater than their capacity to transport at
this concentration. The velocity of the transport in the first two regions, calcu-
lated from peak displacement, was 12-18 mm/b, which was somewhat greater
than that obtained by the intercept procedure .

Pulse uptake and retention (PUR) and movement of IAA in the actively
growing regions (20-50 and 55-85 mm) of the same vines were compared,
using a range of IAA concentration in the donor block (about 10-50 .tM)
(Table 1 ; Fig . 3) . PUR of IAA by the 55- to 85-mm region was about 70% more
than in the 20- to 50-mm region . However, the increased uptake and retention
of IAA by segments from the later (55-85 mm) region were not solely due to
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Table 1. Uptake and retention of a 15-min pulse of 1- 14 C-IAA by segments from two regions of the
same vines .

a PUR as percent of applied counts (± SE) following a 15-min pulse of 1-' 4C-IAA and a 90-min
chase with cold IAA . For experimental details see Methods .
b Cross-sectional area of segments at the apical ends : (mm2 ± SE). Parentheses : % of 20- to 50-mm
values .

1- 14C-IAA concentrations in donors were (a) 9-13 µM (8 replicates) ; (b) 22 µM (2 replicates) ; (c)
49 µM (4 replicates) . Cold IAA donor for chase were for (a) 10 µM, for (b) 20 µM, and for (c) 50
µM .
** Significance 1% of 20- to 50-mm region value .
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Fig . 3. Movement of a pulse of 1- 14C-IAA in 20- to 50-mm and 55- to 85-mm regions of the same
Cuscuta vines at low (transport-nonsaturating) and high (transport-saturating) IAA concentrations .
Nonsaturating (up to 20 µM 1AA) : 0	0 + SE (10 replicates) . Saturating (50 µM IAA) :
0	0 + SE (4 replicates) . Pulse was with 1- 14C-IAA for 15 min, and chase was for 90 min
with about the same concentration of "cold" IAA in donor block . (Distribution of radioactivity in
the vine segments (S1 to S10) is expressed as percent of PUR . For other details, see Methods and
Materials and Table 1) .

its greater cross-sectional area, as this had increased by only 24% (Table 1) .
PUR was correlated with donor concentration in both regions (r' values 0.94
and 0 .93), indicating nonsaturation of uptake in this concentration range of
about 10-50 pM (Table 1) . Transport of IAA was not saturated up to 20 µM
donor concentration where a pulse moved as a peak, but it was saturated in
both regions when concentration was raised to 50 µM, and the pattern became
diffusionlike (Fig . 3) .

Comparison of Growth Rate and Auxin Transport Patterns

The general region of increase and decrease of IAA transport coincided with

Parameter

Region (mm)

20-SO 55-85

Percent PURa 7 .9 ± 0 .5 (100) 13.5 ± 0 .7 (171)**
Area of uptakeb 1 .13 ± 0.11 (100) 1 .40 ± 0.14 (124)

correlation coeff ., r

Donor concentrations vs. PUR 0.94 0 .93
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IN, 4. The pattern of 1-'4C-IAA transport and the pattern of sensitivity of vine segments to
growth-optimal concentrations of exogenous IAA along the length (10-160 mm) of Cuscuta vines .
(A) 1- 14C-IAA transport (as percent total radioactivity transported) in freshly excised ( )
segments or segments floated in water for 2 h (	) prior to transport . The transport
period was 3 h . (B) Sensitivity to exogenous IAA is expressed as the difference in the in vitro
growth rate (µm/mmlh) in the presence and absence of 10 µM IAA . Growth rate was measured
after 3 h (

	

) or 8 h (	) of growth. Twenty replicates were used for determining
growth rate in each region . For experimental details see Methods and Materials .

the in vivo growth rate profile (Fig . 1A, inset) ; however, the peak growth rate
(40 mm) clearly occurred in younger segments than the peak of transport
(50-100 mm). Figure 4 compares the pattern of the difference in in vitro
growth rate of segments from various regions of the vine in the presence or
absence of growth optimal (10 p.M) IAA during either 3-h or 8-h growth with
the pattern of auxin transport in similar segments, either freshly excised or
floated in water for 2 h before transport. It may be seen that segments from
regions capable of increased growth in the presence of applied IAA also trans-
Ported IAA better, and the in vitro growth rate fell off sharply where transport
also declined .

Retention and Auxin Metabolism

Following 3 h of 1- 14C-IAA transport in segments from the 10-to 200-mm re-
gion of a vine, alternate segments were immediately counted, and the re-
maining segments were counted after incubation in a Petri dish in a moist at-
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Fig . 5 . Pattern of retention of radioactivity in Cuscuta segments along the vine following basipetal
transport of 1- 14C-IAA. Segments (6.4 mm) were excised from successive 10-mm regions of a vine
(10-210 mm) and set up for basipetal 1- 14C-IAA transport as described in Material and Methods .
Following 3-h transport, alternate stem segments were either immediately transferred to vials with
scintillation cocktail and counted (open bars) or following incubation for 24 h at 27 ± 1°C in the
dark (solid bars), During incubation, segments were placed horizontally in a Petri dish lined with
filter paper moistened with buffer (see Table 3) .

mosphere for 24 h . Figure 5 shows that radioactivity declined by 35-50%
during 24 h of incubation, probably being lost as 14CO2 following decarboxyl-
ation of the carboxyl-labeled IAA . The pattern of residual radioactivity
showed a peak around 100 mm. This residual activity was resistant to loss
during further incubation and was predominantly 14C-IAAsp, identified by
comparison with synthetic IAAsp by TLC (R f 0 .33, 0 .03, 0.29 in solvent
systems A, B, and C) and by retention time during HPLC (see Methods) . A
small amount of radioactivity was also found in an unidentified metabolite, X .
The relative abundance of IAA, IAAsp, and compound X following 3 h of

transport in segments from regions 40-50, 80-90, 130-140, and 200-210 mm
in two experiments (using two solvents systems) is given in Table 2 . Conjuga-
tion of IAA to IAAsp was highest in the 130- to 140-mm region in terms of
actual counts as well as percent of total counts in the extracts chromato-
graphed . The pattern of metabolism of IAA to IAAsp in the four regions was
(130-140) > (80-90) > (40-50) > (200-210) mm, which paralleled stem reten-
tion of radioactivity during transport .

Effect of BA on In Vivo Growth and IAA Transport

Application of 0 .5% BA in lanolin to vines in vivo inhibited overall elongation,
caused loose coiling growth, and induced haustoria production by 72 h (Pa-
liyath et al . 1978). In 8-h in vitro growth experiments, BA increased growth
rate and curvature of segments from the subapical 5- to 40-mm region and
exhibited synergistic interaction with IAA (Rajagopal et al . 1988) . Auxin trans-
port and retention following in vivo BA application was therefore examined .

Figure 6 compares the pattern of in vivo elongation growth in the three re-

0 cpm in stem (3 hr)
cpm in stem (24 hr .)
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Table 2 . TLC separation" and distribution of labeled IAA, IAAsp, and compound X following 3 h
of 1- 14C-IAA transport in segments from growing and nongrowing regions .

a
TLC solvent system (see Methods and Materials) : Exp . 1, solvent A ; Exp . 2, solvent B .

b cpm, Equivalent of eight segments, loaded and (% recovered in IAA, IAAsp, and X) for the four
regions were :

glons I, II, and III of vines marked initially at 20, 50, and 100 mm from the
apex following application of lanolin (control) or lanolin containing 0 .5% BA .
Though BA-treated vines showed loose coiling, these could be gently straight-
ened for growth measurements. Vines coiled on themselves were discarded .
Overall inhibition of growth by BA treatment after 48 h was about 28%, inhibi-
tion of first-day growth being 1 l % and that of second-day growth 41 % . Inhibi-
tion of second day growth in BA-treated vines was maximal (67%) in region II
( 1 e •, the initial 20- to 50-mm region), which after 24 h of growth extended from
37 to 93 mm from the apex (Fig. 6A) . This region roughly coincides with the
40- to 100-mm region of normal vines, segments from which zone were maxi-
mally growth-responsive to exogenous IAA (see Fig . 4) .
Transport and retention of 1- 14C-IAA was measured after 48 h in the 20-to

90-mm region of the control and BA-treated vines . This length overlapped the
Zone of maximal growth inhibition in BA-treated vines at that time. The results
(Fig . 6B) showed that in BA-treated vines, IAA transport was drastically inhib-
ited, whereas its retention in the stem increased in this region when compared
to the controls . On average, IAA transport was inhibited by about 85%, and its
retention increased by about 70%, in the central (30-70 mm) part of this re-
gion. The zones of growth inhibition, decreased auxin transport, and increased
auxin retention more or less overlapped, and this was the region where the
maximum number of haustoria were produced 72 h after BA treatment .

Effect of In Vitro BA Treatment on IAA Transport

Segments of the 30-to 50-mm region were most responsive to BA in in vitro
induction of haustoria (Ramasubramanian et al . 1988) . Auxin transport (3 h) in
trimmed segments from the 30-to 40-mm region was therefore measured imme-
diately, or 24, 48, and 72 h after BA (50 µM) treatment for 1 h and incubation

Exp . Regions (mm) (cpm)b

No Compound R1 40-50 80-90 130-140 200-210

1 1AA 0.94 5556 7038 7529 8256
lAAsp 0.33 2068 4276 5288 1836
(%)c (14) (23) (29) (12)
X 0.03 1627 983 212 2762
IAA 0.78 5633 4752 6555 5021
IAAsp 0.03 3087 4232 7887 2896
(%)c (18) (23) (33) (18)
X 0 .5 439 495 640 400

Exp • 1 : 14,331 (65) ; 18,493 (66) ; 18,118 (72) ; 14,937 (69) .
Exp. 2 : 17,034 (54) ; 18,364 (52) ; 23,888
Percent of counts loaded in lAAsp .

(63) ; 16,200 (51) .
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under conditions optimal for haustoria production (Ramasubramanian et al .
1988) .
The tendency for reduced auxin transport by about 30% was noticeable even

after 1 h of BA treatment, as shown in Table 3 . However, variability in this
region of increasing auxin transport (Fig . 1) could mask significance unless
many replicates were used . At 24 h after BA treatment, transport in controls
has fallen sharply, but BA induced a further significant drop. At 48 and 72 h,
transport was low in both control and BA-treated segments . The most signifi-
cant difference was in enhanced stem retention of radioactivity, which was
152-183% of the control values . Enhanced stem retention at any point fol-
lowing BA application was apparently not primarily due to enhanced uptake
but rather due to decreased loss of radioactivity possibly owing to decreased
decarboxylation of the 1- 14C-IAA.

Conjugation of IAA in BA-Treated Segments
Segments treated with or without BA were trimmed and allowed to take up
1-14C-IAA during 3 h of transport. Segments were extracted with methanol,
and extracts were analyzed by TLC . The results (Table 4) indicated that about
two times the amount of label was extracted from segments treated with BA .
IAA and IAAsp in BA-treated vine were 2 and 2 .8 times those in untreated
controls, respectively . BA-treated segments therefore showed increased reten-
tion of IAA, enhanced accumulation of 1-14C-IAA, and a lowered loss of radio-
activity of 1- 14C-IAA taken up .

Discussion
The strict basipetal polarity of auxin in both growing and nongrowing regions
of Cuscuta vine perhaps reflects the unidirectional development of this para-
site where all materials move from haustoria to the shoot tip and where excised
vines exhibit the "growing in front while dying behind" syndrome so essential
for its survival . The absence of a bidirectional flow of material at any stage of
development may be a reason for the absence of acropetal auxin transport,
characteristically seen in some aging stems and petioles (Jacob 1979), which
support such a bidirectional flow, spatially or temporally .
Along the vine, IAA flux increases from a low value near the apex to a

maximum before declining again to low value around 160 mm, where growth
also ceases. Though this region overlaps the region of growth, in vivo growth
rate peaks ahead of auxin flux along the vine, as seen in other plants (Jacob
1979). However, a comparison of the profile of growth responsiveness of seg-
ments to exogenous IAA with the IAA transport profile indicated that they
more or less superimpose . The region nearest the apex (5-20 mm) exhibiting
greatest endogenous growth rate in vitro was also the region most growth-re -
sponsive to added cytokinin (in the presence or absence of IAA) but least re-
sponsive to added IAA alone, whereas the region maximally responsive to ex-
ogenous IAA (40 mm to 100 mm) and where auxin flux peaked showed no
added growth response to any other hormone (Rajagopal et al. 1988) . The re-
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Fig. 6. Effect of BA application on in vivo elongation growth and 1- 14C-IAA transport and reten-
tion in Cuscuta vines . (A) Cuscuta vines were marked at 20, 50, and 100 mm from the apex to
delineate regions 1, II, and III and treated with either plain lanolin (control) or 0 .5% BA in lanolin
(0 h; center) . Dashed lines indicate relative position of markings after 24 and 48 h of growth in
control (left) or BA-treated (right) vines . Numbers alongside vines indicate length (mm) of each
region at 24 and 48 h ; numbers below indicate total length . Numbers in parentheses indicate per-
cent inhibition of growth following BA treatment during the previous 24 h as compared to equiva-
lent region of control . Values are the average of seven (BA-treated) or eight (control) vines . After
48 h, the 20-to 90-mm region of the vines (shaded region) was used for IAA transport . (B) Trans-
Port (T) and stem retention (R) of 1- 14C-IAA by segments from the 20-to-90-mm region of control
(left) or BA-treated (right) vines after 48 h growth . T (top) and R (bottom) are expressed as percent
of applied radioactivity . Segments (6 .4 mm) were excised from successive 10-mm portions of the
20 -to 90-mm region of either six control or BA-treated vines to determine IAA transport or reten-
tion, Transport period was 3 h . Di = 14,800 .

gion with the capacity for maximal auxin flux therefore, exhibited maximum
Sensitivity toward applied IAA for growth, irrespective of whether this growth
was realized in vivo .

31

CONTROL

	

BA

	

BA
24h

	

Oh

	

24h

	

48h
n BA in

38
ZO f tanotin 37

74
30 (18-1.)

56 50 56

	

Q S- .

68
(67°1°)

/ ' // 100•
, mm \\ 65

	

` ~
71

i
158 mm s.

	

66

,~ 165 mm

	

(11 °1°)

208 m m
( 41 °I°)

CONTROL

	

BA-TREATED



32

	

G. Paliyath et al.

Table 3 . 1-'"C-IAA uptake, retention, transport, and destruction in 30- to 40-mm region segments
following BA treatment .

' Segments were treated with or without 50 p.M BA for I h prior to incubation under haustoria-in-
ducing conditions (see Ramasubramanian et al . 1988) . Di = 8900, 9000, 9200, and 11,000 cpm at
the four time points .
a, b Replicates : a = 13 ; b = 15 ; others 16.
* Significance 1% of respective control value ; others not significant .

Table 4 . Distribution of label in IAA and IAAsp following 3 h of 1- 14 C-LAA transport by segments
from the 30- to 40-mm region incubated for 72 h following treatment with or without BA .°

Total cpm extracted from 40 segments were control-102,800 cpm ; BA-treated-214,900 cpm .
a BA treatment as in Table 3 . Ends of segments were trimmed prior to IAA transport .
b Total cpm in IAA or IAAsp following TLC using solvent A (see Methods and Materials) .
Parentheses : radioactivity in IAAsp as percent of extracted counts .

A comparison of the amount and distribution or radioactivity during the
transport of a pulse of 1-14C-IAA in segments on the upslope of the transport
profile suggested that both uptake and secretion of IAA by cells in this region
had increased. These two processes are believed to occur by the cooperation
of two elements in the plasma membrane, namely transmembrane diffusion of
undissociated IAA and/or evenly distributed saturable, specific H+/IAA"
symport for uptake and asymmetrtically distributed, specific saturable, pos-
sibly electrogenic, auxin carrier for secretion (Rubery 1980, Goldsmith 1977,
1982, Hertel et al. 1983) . Both of these elements could be increasing in seg-
ments in the ascending limb of the transport profile, with the necessary p14
gradient for enhanced IAA uptake being provided in a self-reinforcing manner
(Rubery 1980) by the increased proton efflux caused by IAA-induced growth in
this region of increasing sensitivity to exogenous IAA .

The capacity for IAA uptake and transport clearly increased along the length
of the vine from 20 to 100 mm when tested at the growth-optimal concentration
range (10-20 l _X) . At a higher concentration (50 µM), uptake was not satu-

Treatment'

Incubation

(h)

Uptake Retention

	

Transport Loss

(cpm ± SE)

None 0 5523 ± 179 1387 ± 42 1785 ± 77 2351 ± 168
BA 0 5689 ± 202 1426 ± 53 1281 ± 74* 2982 ± 190
None 24 5654 ± 141 1816 ± 68 186 ± 25 3653 ± 177
BAe 24 5877 ± 245 2760 ± 92* 32 ± 5* 3085 ± 268
None 48 6220 ± 169 1649 ± 183 57 ± 8 4515 ± 250
BAa 48 6196 ± 235 3000 ± 119* 46 ± 9 3150 ± 272*
None 72 7071 ± 205 2404 ± 130 53 ± 9 4614 ± 286
BAb 72 7202 ± 353 4110 ± 218* 47 ± 7 3050 ± 366*

Treatment

Radioactivityb

IAA
(cpm)

IAAsp
(cpm)

None 49,800 29,500 (29)`
BA (50 i.M) 102,400 82,250 (38)
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rated, but transport was . Thus, transport of IAA appeared to occur without
saturation of the secretion or uptake sites when growth optimal concentration
of IAA was applied to any region in the ascending limb of the transport profile .
Significantly, this concentration of applied IAA induced straight growth in seg-
ments from the subapical 5-to 40-mm region, at which concentration it could
override the coiling growth induced by BA (Rajagopal et al . 1988) . A lower
auxin concentration (0 .1 µM), on the other hand, enhanced BA-induced coiling
growth, and it was argued that such interactions could occur in vivo to produce
the interconvertible straight and coiling modes of growth seen in nature (Raja-
gopal et al . 1988) . IAA transport capacity in this region therefore matches its
uptake capacity at a concentration where straight growth is possible . Ex-
tending the argument, a fall in the production of auxin at the apex with a con-
comitant decrease in its availability for transport should be interpreted as
curved or coiling growth in vivo .

Beyond 110 mm, both uptake and transport capacities declined, the latter
more than the former, leading to its saturation as seen by a change in the ap-
pearance of the pattern in the transport of a pulse and by the increased reten-
tion of label in the stem during conventional transport . Increased retention of
IAA, characteristic of the descending limb of the transport profile, may arise
by any of the following reasons : decrease in auxin carrier sites, buildup of an
endogenous transport inhibitor, increased sequestering of IAA in the vacuole
due to increase in its pH, and chemical conjugation .

Although no evidence exists for the first two, a comment can be made on the
third. Maximal transport through existing carrier sites would be favored if cy-toplasmic auxin concentration is kept high by maintaining cytoplasmic pH 1-2
units above wall and vacuolar pH, a condition achieved when IAA-induced
proton efflux into these compartments occurs as a prelude to growth (Rubery
1980, Sze 1985) . As the cell expands and the vacuole becomes the largest com-
partment of the cell, more IAA would be present in the vacuole than in the
cytoplasm, though its concentration in the later compartment would be higher .
With a decrease of proton efflux and growth, any increase of vacuolar pH
Would cause more IAA to move into the vacuole from the cytoplasm with an
eventual decrease in its availability for transport . A rise in vacuolar pH with
age of the cell has been reported (Guern et al . 1982) .
Conjugation of IAA to IAAsp increased steadily and reached a maximum

Where transport fell off . Though induction of IAAsp-forming enzymes in other
plants has been shown to occur in 2 h (Sembdner et al . 1980), it is unlikely that
the pattern of conjugation seen in Cuscuta vine arises exclusively by the de
novo induction of the conjugating enzymes during the 3-h transport period, for
this explains neither lower conjugation in the nongrowing region nor the
greater conjugation in the BA-treated segments . The pattern rather suggests
the distribution of activity of the enzymes already present in vivo, a viewpoint
that may be resolved by in vitro assay of the conjugating ability along the
length of the vine or following BA treatment .

Much of the loss of label of applied 1- 14C-IAA appeared to be due to enzy-
matic decarboxylation of IAA, as results of other experiments not given here
showed that the label of 1- 14C-IAA was not similarly lost . The loss was greater
in the nongrowing (180-300 mm) region, where the capacity for IAA conjuga-
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tion also fell off . This region also coincided with the zone of lignification of the
secondary xylem (Nagaiah et al . 1977) .

The inhibition of the auxin transport system following BA application, mani-
fested in vivo by a reduction in growth rate below the point of BA application
and in vitro by a reduction in auxin flux after BA treatment, reinforces the
argument for a low auxin status needed to initiate cytokinin-promoted suba-
pical coiling growth or haustoria initiation (Rajagopal et al . 1988, Ramasubra-
manian et al . 1988) . In the opposite direction, GA application, while promoting
elongation growth of isolated stem apices in culture, also enhanced auxin
transport (Maheshwari et al . 1980). Significantly, GA also inhibited BA-in-
duced haustoria formation in vitro (Ramasubramanian et al . 1988) .

With a fall in auxin transport, auxin retention in vine tissue increased fol-
lowing BA application, whether applied in vivo or in vitro .The increased IAA
retention, associated with decreased IAA loss (i .e ., decreased IAA decarbox-
ylation), apparently results in its increased conjugation to IAAsp . Increased
auxin in the tissue 24 h after BA application, however, has no inhibitory effect
on haustoria development once induced (Ramasubramanian et al . 1988), and
auxin may even be a requirement for the cell division activity associated with
this process .

In Cuscuta, therefore, the several general effects of cytokinins, namely, low-
ered shoot elongation growth and concomitant enhanced lateral expansion as
a possible consequence of altered auxin transport, retention, and metabolism,
have been combined with a rather unique ability to form haustoria, enabling it
to lead the life it does .
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