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ARSTRACT

The mqjority of experiments deéling with carbohydrate
translocation in the higher plant have indicated a Qlo of
mors than one, that 1s, a greater transport et higher temp-
erature. Certain of the experiments reported in this work
have suggeétéd that under certain conditions, in the tomsato
plant, a mechanism of translocatlion may be operative which
acts almost independently of temperature, or even shows a
Q10 ©of less than one.

In addition to different 0,,'s for carbohydrate trans-
location, vastly different rates of movement have been found,
ranging from less than 15 minutes to almost 48 hours, for
tfansport to take place from one leaf to the roots, the
growing point, or to the le%ves. These experiments have been
aceomplished by utiiizing thé valuable tools of raediosctive
tracers, end e bleeding technique, which is described in
the text.

Judging from the variety of results, concerning both
temperature effisct and rete, 1t eppears unlikely thaet one
mechanism of transport 1s sufficiently versatile to account
for all data., On this basis, more precisely deseribed in the
text, the possibility of two mechanisms being operative in

the same plant is suggested.
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INTRODUCTION

Tranélocation of food materials is of importance from
the time the seed first begins to germinate throughout the\
entire life of the plant. Carbohydrates, which are manue
factured only in the green cells of the leaf, are needed by
every living cell of the plant for the manufacture of other
foods, for respiration,; for osmotic effects, and for other
purposes. Sugar must, therefore, be moved from the leaves
to every living cell in the plant.

The problem of translocatlon is probably one of the
nost controversial in plant physiologye Despite the vast
anount, of research accomplished during the two decades pre=-
cé:ding Yorld Var II, the problem is still essentially
unsolved. There still remeins a divergence of opinion as
to the exact mechanism involyed in solute uovenent.

Little will be said here regarding the general field
of transiocation. The reader is referred to the nonograph
of Curtis (1935) and to the reviews of *ason and Phillis
(1937) and Crafts (1939) for excellent discussions of the
general problems involved,

Probably the first careful observetion on ftranslocation
was made by Halpighi about 1670, in which he noted that a
erude sap ascended from the roots through the fibrous pore
tion of the wood to the leaves. There it became elaborated
into a “formative" sap, which spread through the phloem and

‘probably into the bast bundles, to places of growth or storage.
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He was led to this conclusion by observing that the seed
leaves of a vegetable-marrow plant developed into green
leaves not very different from the ordinary ones, and that
if they were cut off, the young stem did not grow. Thus

he supposed that leaves in general were organs for changing
the crude.sap brought up from the roots into substances fit
for promoting growthe -

‘The fact that carbohydrate translocation occurs pri-
marily in the sieve tubes is woll established. Hartig (1837)
first noted the existence of sieve tubes: "Long chains of
cells whose contents communicate by means of pores in the
transverse walls". He later observed exudation from cut
phloem and assumed that there was a mass flow of sieve tube
contents,'as has been more recently postulated by itinch
(1930). The work of Schumacher (1933, 1937, 1941) and
others has established beyond questibn that the sieve tube
is the.princibal path for carbohydrate transport.

There is also 1ittle question but that sucrose is the
chief translocatory carbohydrate in most plants. Vent (1944)
has shown this to be true in the tomato, The fact that
sucrose was found to be the only sugar to show marked dliurnal
fluctuation in the leaf blade of the cotton plant led Phillis
and Mason (1933) to conclude that is was the primary fdrm in
which carbohydrates were translocatede. Ringing experiments
also caused a far more rapid accumulation of sucrose in the
leaves than any other sugar, and darkening an isolated leafl

resulted in rapid loss of sucrose by the blade, but a gain by
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the petiole. Engard (1939) demonstrated that even though
sucrose was in considerably lower concentration in the
entire raspberry plant (by 10X) than other acid-hydrolvze
able and reducing sugars, it nevertheless made the largest
accumulations above stem girdles, thus indicating its
important role in translocation. Huber (1937) has shown
that the primary solid in the phloen exudate df_certain
plants is sucrose., Snith (1943, 1944) denonstrated that
suecrose content changed very rapldly in leaves during

active photosynthesis. Ilie found that the carbon assimilsted
in photosynthesis could Le quantitatively acecounted for in
the carbohydrates formed, béfween periods of 0.5 and 2.5
hours, 4t the shorter period, sucrose made up 55%.3 per cent
of the carbon absorbed. Starch was somewhat less, and mono-
saccherides accounted for 4.4 per cents He also noted that
sucrose content of the leaves of sunflower plants grown at
10° ¢, to be about 40 per cent higher than those of plants
grown at 20° C., whereas the reverse relation of concentra-
tion to temperature held for the hexoses.s That sucrose 1s an
early product of photosynthesis, but that there are still

R

earlier products, has been shown very elegantly by Benson,

Calvin, et al. (1949). By nmeans of allowing the algae

Chlorella and Scenedesmug to pliotosynthesize for very short
periods in the presence of CO, containing lsotopic 014,

these investigators haveldetermined the very first products
into ﬁhich the €14 becomes incorporated. After only 5 seconds

of photosynthesis, about 70 per cent of the activity is
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found in the 3-carbon compound, phosphoglyceric acid,
Small amounts of fhe tracer are also present in triose
phosphate, glucose~l-phosphatey and glucose~ and fructosc=
é-phosphate., After 30 seconds, dctivity becomes established
in alanine, malic acid, and aspartic aclid, and at the end
of only 90 seconds’it may be found in the sucrose molecule.
The mechanism of these transformations will riot be discussed
here, but this informative work clearly Indicates sucrose
as an early product of photosynthesis., By partially sube
merging the leaves of red clover and wheat in a 10 per cent
glucose or fructose solution for 24 hoﬁrs in the darl,
after the plaﬁts had previously been kept in the dark for
24 hours, Virtanen and FNordlund (1934) were able to demon=
strate the synthesis of large amounts of sucrose. |

There is also a certain amount of evidence that sugars
other than sucrose are 1mpor§ant in translocstion. For
example, Ripperton (1927) noted that sucrose was the chief
sugar in leaves of the canna plant of Hawali, but that
hexoses were present greatly in excess in the stems., Hexoses
were congidered to be the primary form of translocatiof.
Bulgakova, et al. (1930) found monosaccharides to predominate
in the portion of sugar beet plants above ground, but the
concentration of sucrose increased steadlly from the leaf
parenchyma to the roots., The close correlation of length of
photoperiod to monosaccharide concentration indicated this
form as one of the first products of photosynthesis, and

the form in whieh translocation to the roots occurred.
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Davironnent may exert a profound influence on the type
of sugars most common in translocatory tissues. These
tissues in the sunflower plant have been demonstrated by
Leonard (1936) to have a hexose/sucrose ratio highly depen-
dent on moisture content, The reason for this is not come
pletely clear, although it is probable that the activity
of invertase varies considerably with changeg/in molisture,
temparature, pH, etc. The fact that sucrose was always
less concentrated in the leaves than in the bark, and that
the reverse vias true for the simple sugers, led the author
to conclude that the latter were converted to sucrose between
the leaves and barke.

Although there has been a considerabvle amount of work
accouplished on the general problem of translocation, rela-
tively little has bheen done on the effect of temperature.
Yost of the research involving temperature effect on the
translocation of ecarbohydrates has indicated a Qg of more
than unity at temperatures below 309 C., that is, an enhanced
translocatlion at higher temreratures, Some of this work
will be briefly cited.

Using red kicéney bean, Curtis (1929) found that cooling
the petiole to 1-6° C, greatly retarded translocation from.
the leaf during darkness, as determined by loss of solids,
When the petioles were chilled only to 9-10° C., however,
transport was approximately the same as in contrels at
20-25° ¢, In a later paper (Curtis and Herty, 1936) it was

found that this loss of dry weight from leaves of chilled
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petioles was highly dependent upon the time of c¢hilling,

17 hour period of chilling gave a considerably greater
amount of transport at the lower temperature than did a
@ hour period, but even with a 4% hour erposure at the
low temperature a significant amount of transport still
took place. The above relations held regardless of whether
just the petioles were cooled or the.entiro plants were
placed at the 1oﬁer tenperature. 1In one of the experiments,
each of which involved temperatures in the high, medium and
low ranges, the translocétion at all three tenperatures was
almost identical, and was significantly greater than losses
from the control leaves which had scalded petioles,

Uslng an inmproved technique and a greater range of
temperatures, Hewitt and Curtis (1948) investigated the loss
of dry matter and carbohydrates from leaves of bean, mnilke
weed, and tomato., HRespirational losses during a thirteen
hour dark period at temperatures ranging from 49 C. to
40° ¢, were determined by analyzing palred leaves =-- one cu
at the beginning of the periody and the other cut at the
beginning but analyzed at the ond of the period, the differ-
ence In carbohydrate content Leing attributed to respiration.
Translocatory losses during the sane parioa were deternined
by also leaving an intact plant under the same temperature.
conditions, removing one leaf at the beginning of the dark
period for immediate analysis, and the paired one at the end
of the period. Difference in carbohydrate content was

attributed to translocation, which was found to be greatest
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at 20° C.; and fell off considerably at higher-and lovier
tenperatures, vBy-separating leaves, stens, and roots both
before and at the end of the dark period, and analyzing all
at the end of the period, the diffemences can be ascribed
to translocation, It was found that the roots gained nost
at 20° Cey whereas the stems lost at all temperatures, but
slightly more at 20° C., The leaves iost almost equally at
20°, 309, and 40° C, and somewhat less at 10° C, The
authors consider that the comparatively small translocation
losses at 30°, and especlally at 40° C., may be due to the
smaller amounﬁ of carbohydrate available for transport,
since it is largely used up in respiration zt the hi
terperature,

Utilizing the bean plant, Swanson and Bshning (1951)
have recently obtained some interesting results regarding
tenperature effect on the rate of carbohydrate transport,
in the range of 5° C. to 40° C, Transport was reasured in
‘terms of rate of elongation of the stem and first trifoliate
leaf, By the use of speclal temperature Jlackets, only the
temperature of the petiole was varied, the other parts of
the plahts being naintained at 20°% 1% T, for all treastments.
During the experimental period of 4 to 5 days, the plants
were kept in total darkness, sucrose being supplied to the
plants by immersion of one leaf blade of the temperature
treated leaf (the only one left on the plant) in 0.75 molar
sucrose solution. The maximum transport, as measured by

elongation of stem and leaf, occurred at petiole temperatures



in the range of 20° - 30° C. At temperatures of 5=7,50 Ceoy
the rate of transport was diminished 20=45 per cent, this
being significantly lower than the optimum rate only at the
5 = 6 per cent level. The rate at the higher temperatﬁres
of 400 - 420 C, was diminished 25-75 per cent, which was
very significantly lower than the optimum rate at 20° - 30° C,
The rate-tenperature curve superinposed fa?orably with that
established by Hewitt and Curtis, whieh has been desecribed,
but the latter authors' findings indicated a considerably
greater depreésing effect of low temperatures than did those
of Swanson and BBhning. It was interesting that at a 20° C.
petiole temperature elongation rate remained almost constant
throughout the five days, but at lower temperatures, the
retarding effect on tranélocatioﬁ.progressively decreased
with time, whereas at higher temperatures 1t progressively
increased. This apparent acclimation at the lower temper-
atures with inereasing time is not unlike the phenomenon

discovered by Child and Bellamy (1919), to be presently
discribed.

Cfafts (1932) found that chilling the stems of Cucurbita
to 20 - 49 ¢, for Several days ecaused about.a 50 per cent
reduction of phloem exudation from the cut stem. ¥hen the
entire plant waS»chilled, even a greater retardation of
exudation was found. This was explained by the author as -
being due to an increased viscosity of the golution of nutri-
ents, the retardation therefore being proportional to the

length of conducting channel chilled. One should, however,
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not confuse exudation {rom cut or injured stemns with true
translocation, even though he considers translocation to
occur by a similar type of mass flow. The total composition
of the exudate was not significantly different in the chilled
and unchilled plants. The facﬁ that protoplasuic streaning
is completly stopred by temperatures uzed in this experiment
would seem to indicate that protoplasmic streaming as a
mechanism for solute movement, as first suggested by deVries
(1885), is completely untenable, at least as a primary meche
anisme Even at higher temperatures where streaming does oceur,
its rate is far too slow to account for reparted rates of
solufe novement, A4lso it is very questionable that streaming
takes place In the mature sieve tube at any temperature,

Using the none-toxic dye fluorescein, Schumacher (1933)
observed its novement throhgh Pelargonium and other plants
by means of ultravielet light, After application in a
gelatin block to either a leaf or stem surface which had the
cuticle removed, the dye could be followed through the pro=-
toplasm of the sleve tubes. tiovement in this manner was
_found to be at a rate of 20-30 cm. per hour at temneratures
of 209 - 300 C, %o which the entire plants were exposed, At
19 - 49 C, the movement was reduced to only 1-3 cm. per hour,
Yihen first applied on the leaf surface, at 200 ¢, the dye
passed through the entire petiole in one hour. At 110 - 12° C,
it took 3«4 hours for detectable amounts to pass even into

the veins, and at 1© - 4© C, 10 hours were required before
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movenent into the vein could be detected., After this long
perlod, movement suddenly comiuenced and the dye was carried
throughout the plant at the rate of 1«3 cmes per hour nene-
tioned aboves The author conslders that the data do not

support a protoplasmic streaming mechanisn since streaning

et

s rmuch slower than the rates observed, but suggests that a
‘living protoplast within the sieve tubes is a requirement
for the transliocation of fluorescein. It snould be zept in
mind that fluorescein 1s a foreign substance to the pnlant
and therefore its transport way not follow the laws of cer4
tain other naturally occurring produets,

By chilling the petiole of Ziloxi soybean to 3° C,
during a four day photoperiodie induction period, Parker
and dorthwick (1941) notired that export of the flowering
hormone from this one leaf (all others having been renoved
from the plant) was greatly inhiblted, as determined by the
number of flower primordia later forming on the plant, Also
“the increase in length of the center leaflet ol the lowermost
leaf in the terminal bud was about 2-0X greater in control
plants compared to those with the one peticle chilled to
3° ¢. Apparently the cold treatment reduced the transloca=
tion of carbohydrates traveling from the one leaf to the
groﬁimg point, When the growing point was cooled rather
than a leaf petiole, the same general inhibiticn of {loral

3,

primordia appearance held. Increase in length of the young
leaflet mentioned above, within the cooled tip, was even

considerably less than when the petiole of a mature leaf was
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cooled instead, clearly indicating the strong inhibltory
influence of cold on the growth process itself.‘ In all of
these experiments, the temperature required to reduce mater-
ially the amount of f{loral initiation was about 3° C., very
little inhibitory effect being found at the range of
6° - 10° c,

In a more receht experiment, Parker and Borthwick
(1943) demonstrated that when only one leaf blade (rather
than a petiole) was chilled during the five day induction
period, while the rest of the plant was on long.days and at
normal temperature, only 7° C. served to almost completely
inhivit formation of floral buds. There was also an inhi-
bition of flower bud formation when the leaf was exposed to
temperatures above 32° C., for five days during its short |
day induction period. The greater sensitivity of the leaf
blade to cold tem?eratures than the pétiole, may well indi-
cate‘thét the cold effect is primarily on the photoperiodice
reactions occurring in the leaf blade, rather than on transe
location itself.

Buds in the cotyledonary axlils of the scarlet runner
bean and the Lima bean normally never develop. However,
Child and Bellamy (1919) have found that if a 3 ém. section
of stem above the cotyledons and beloﬁ the first palr of
leaves is cooled to 3° - 52 C., the buds do develop, and
the plant'above the cooled éone appears normal or athmost
- i3 only slightly retarded in grbwth-for two or three days.
Release of inhibitiOn on buds farther up the stem may be

likewise accomplished by cooling the stem immediately above,.
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It is interesting that 6° C. was found to be about the upper
limit of effectiveness -~ about thé same threshold value as
certain other teumperature phenomena in the plant. After
several déys the buds wéuld azain become inhibited due to
an apparent acclimation of the cooled zone, which occurred
more readlly at 6° C. then at 3° cC, |

An interesting corollary was later notiééd by the same
authors (Child and Bellanmy, 1920) with Bryophyllum. %hen
the leoves were partially submerged in water or placed in
moist air and cooled about the peticles to 2.5° - 4% ¢, for
a few days, there later arose a great increase in the out-
growth of plantlets about the periphery of the leaves.
Submergence of the leaves alone caused only a very slight
increase in outgrowth, Cutting of the petiole or compressing
it to one=half of its original dlameter with a screw clamp
also augmented the outgrowth, but to a much lesser cxtent
than ¢hilling of the petioles. The leafl opposite to the
one treated usually had almost as great an outgrowth as the
treated'leaf, and leaves at adjacent nodes above and below
the treated one also devéloped extra plantlets, but to a
lesser degree than the treated leaf. The significance of
this experiment, and tlie question as to whether the Inhi-
bitory influence of chilling was on the carbohydrates or
on an auxin will be left to the dlscussion.

In addition to the experiments previously ﬂescribed,
which essentially indicate a Q1o of more‘than one for
solute and carbohydrate transport, there 1s considerable

evidence for a Qio of unity or less, OSome of these
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experiments will now be briefly reviewed,

Evidence for a (i, of one, for the yelocity of trans=-

ot

-

port of auxin in the Avena coleoptile, has becn demonstrated
by van der Velj (1932). By measuring the transport through
a coleoptile section interpozed between a donor and a
receptor agar block, he fbund that amount transported per
unit of time increased rapidly from 0° C, %o 35=-40° ¢, and
had a Q10 close to 3, whereas the veloclity was completely
independent of temperature,

The data of Kruseman (1931) also tend to indicate a
Q10 of about one for carbohydrate transloeation in the case
of Phaseolug multiflorus Imk. Using simply the iodine test
as an indicator of starch, his early experiments showed an
inhibited transiocation when the petioles were chilled.
Later work, in which translocation was determined as a
funetion of change in dry welight per unit of legf area,
gave variable results and failed to show any correlation
with temperature when the petioles were cooled to tempera-
tures between 3° and 11° C. EKruseman did conelude however,
that the living protoplasit exerted some influence on the
process of translocation.

“iontemartini (1928), in working with Ceratconia siligua,
found photosynthesis to be very weak at 39 C,., but that
transloeation was not stopped until the temperature was

below 0° C.

By utilizing early floviering Chrysanthemum as a longe
day plant (actually the early flowering variety is indeter-

minate) and the late flowering variety as a shori-day plant,
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Graingér (1938) noticed that the late llowering variety
contained a larger proportion of siareche In such plénts,
this gtarch was not hydrolyzed to reducing sugar at all
during the short nights of early and mid summer, and,dnly
by artifielally increasing the length of the night during
nid-summer was the late flowering vériety found to econtaln
some reduclng sugars toward the end of the night (which
were soon lost by transloecation and respiration), and made
to {lower early. The long-day plants, on the other hand,
have reducing sugar present during most of their 24 hm
cvcle, much of which is lost during even the relatively

short nights of early summer, This would seem to indicate
that translocation takes place essentially at night. 1I¢
of course is open to question whether this greater nocturnal
translocatlon is primarily a result of lower night tempera=-
fures or of an increased accuwaulation of photosynthetie
asslmlilates toward the end of the daye

Tschesnakov and Bagzyrina (1930) determined photosyne

thesis of pea and potato plants by COp uptake, as well as
making studies of respiration and translocation by noting
changes in dry weight., The course of translocation during
day and night was found to be very different in the two
plants. Translocation in.the pea was simultaneous with
the maximum intensity of photosynthesis in the early aftere
noon, and decreased toward evening, although continuing at
a slow and uneven rate throughout the night. In certain

céses it ceased completely at night. The potato, on the
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other hand, was found to exhibit translocation primarily
at night, beginning at 16:00-18:00, reaching a maximnunm
about 20:00, and continuing all night., It was absent
during intense phbtosynthesis of the daylight hours.
Sinece the potato was found to accumulate insoluble carbo-
hydrates in the leafl, whereas the pea accumulated soluble
sugars,vit seens very probable that there 1s a relation
between the type of storage material present and the course
of translocation. The author alsc noticed that monosacchar-
ides d1ld not change a great deal during the day and night, .
as did sucrose, these findings being confirmed by Went
(1944b) in the cace of tomato. The reason for these differ=-
ences between day and night translocation is rather obscure.
Although the type of storage material is undoubtedly ime
portant, a temperature function would also appear quite
likely, the former of course being somewhat dependent on
the latter. TFurther investigation must be carried out
beforce the answer can be found,

Upon growing various plants at controlled temperatures,
hrthur, et ale. (1930) found that lower temperatures of
about 200 C., compared with temperatures of 26° C., caused
& considerably enhanced tuber production in the Irish Cobbler
rotato, The higher temperature produced heavier aerial‘
portions but little or no tuberization. An»increésed photo=-
period and light intensity combined with high temperature
increased the growth rate only of the aerial portioh of the

plant, whereas 1f combined with a lower tenperature, 1%
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primarily increased tuber production. Lacking further data,
it is difficult to say whether the deficient tuberization
at high temperatures is due primarily to an inhibition of
translocation at such temperatures, or primarily to lncreased
respiration and utilization of carbohydrates within the serial
portion of the plant, thus leaving little or no surplus
available to the roots. 4 careful respiratory study of this
plant under different environmehtél conditlons 1s certainly
indicated in order to determine whether respiration is a
major factor here or not.

: Some interesting findings regarding translocation of
carbohydrates into date fruits have been published by Curtis
(1947)., He noted that dry weight of the fruits increased
considerably during the night due to influx of sugar, whereas
little or no increase was found during the day. 1t was shown
that less than 10 percent of the net daily gain in weight
was consumed in respirastion during the dayvlight period. 1%
is known that the date palm stores a large amount of starch
in the trunk whieh 1is hydrolyzed to sugar during the late
summer, and furnishes a supply of carbohydrates for the fruil.
Thus, with a constant source of'carbohydrates, translocation
into the frult would depend upon the efficiency of the transe-
porting channels daring the day and night, and accumulation
in the fruit. It would not depend upon photosynthesis with
resulting diurnal fluctuations in concentration of assimilate,
as was probably the essentlal cause of ﬁasbn and Maskell's (1928)

finding in the cotton plant of accumulation of dry material
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in the cotton boll chiefly during the day. The most likely
explanation‘for this phenomenon would seem to be that the
high day temperatures inhibited translocation more than
the lower night temperatures. » |

Goodall (1945, 1946) did a considerable amount of
experimentation on tomato plants, working primarily 6h
change in the éry weight of various organs, both intact and.
separated from the plant, and on translocation rates. He
found roots to show an inecrease in dry weightvduring the
daytime and a loss during the night in summer, but in winter
they remained constant during the day énd increased during
the evening. This would seem to indicate that in summer,
movenent of material formed during the day is aimost comQ
.pléted before nightfall, whereas in winter, translocation
is greater during the night. Also, during the winter evenings
the young leaves gained at the rate of 2.77 per cent per hour
in dry weight, while the plané as a wnole decreaéed in éry
welght. During the summer evenings however, the same type
of young leéves lost rapidly -- about 3 per cent per hour.
This wonld seem to confirnm ﬁﬁe lmpression that in winter
transloention econtinues throughout the night, but ceases
at dusk during the swmer. As to the stems, there was
praotically no change in the dry weight between dusk and
midnight, the loss by respiratlon apparently just being
balanced by transloeation to the stem. Retweeﬁ midnight
aﬁd dawn héwever)_there was a narked increase in dry ﬁeight
' due to an increased transloeation. This relation was found

during the summer, but not during the winter. It is
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difficult to say whether this enhanced translocation during
the pre-dawn hours was due vrinceipally to the colider tem-
peratﬁres to which the plants were subjected at that tinme
during the summer, but not during the winter when the greeaQ
houses were kept heatsd at a nore or less constant tempera=-
ture all night, or whether it was due sinnly to a different
lagwperiod resulting from different initlal concentrations
of assimilate formed during the summer end winter. A4t any
rate, these experiments glve a strong indieation of an in-
creased translocation rate at lower‘temueratures. A statlse
tical analysis of the effects of several environmental Tactors
upon the raté of translocation showed that the fate was
inversely proportional to the temperature, indiecating a Q10
of less than one. This inverse proportionality, although
smally was statistically significant when the means of the
different experiments were considered.

In addition to the experiments just desecrided, nost of
which suggest a QlO of one or less in the higher ranges of
temperatmfe, there is also evidence that the same Qg rela-
tionship holds under certain cqn&itions &t temperatures even
down to 1° ¢, Utilizing tomatoes grown under controlled
conditions, Went (1945) has shown that although the optimum
tenperature for the growth process lies around 30° C., the
optimum night temperature (when most of the stem elongation
oceurs) is considerably lower, probably being due to a

decreased sugar translocation at higher temperatures. As
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a normal day in the grgenhouse), some interesting rela-
tionships were deronstrated by Vient and Engelsherg (1946),
especially when the plants were kept at differem@ temper=
atures during the night. The young full-grown leaf blades
had somewhat less suerose throughout the night if plants
were kept at 17° C. as compared to 26° C, Planﬁs kept at

3= C..howéver, contained somewhat more suerose in the

blades, at first showing a rapid rise in concentration from
18:00 up to about 24300 due, apparently, to the conversion
of somé other metabolite into sucrose at the low temperature,
and then followed by a rapid decreaée in sucrose content
‘between 24:00 and 8:00., Since one would expect little res-
piration at this low temperature, the rapid disappearance

of sucrose after midnight must be accredited mainly to trans-
location out of the leaf. The relationship is shown in

Table 1.

TABLE 1

Suecrose Content in Per Cent of Dry %Weight of the
Leaf Blades of the 3 Youngest Full Grown Leaves,

Hight Tenmperature, @ C;
260 17° 8°
18:00-24:00 (Mean of 18, 20, 22, 24:00) 0.79 0.90 1.63
04:08-08:00 (Hean of 4, 8:00) 0.67 0452 1,14
Difference (Translocation) 0,12 0,38 0.49

If respiration were considered, it would be greater at the

higher temperaturésg and thus if deducted would give an even
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greater relative difference in transloecation at therdifferent
temperatures., This experiment gives almost indisputable
evidence for a Qig which is less than unity. It was élso
found that at a night temperature of_8° Ce., the sucrose
content of the roocts dropped somewhat Eetween 16300 and 19300
but increased by about 200 per cent between 19:00 and 08:00
the next morning. At the higher temperatures of 17° C. and
26° ¢, the sucrose content steadily dropped off during the
entire night, slightly more at the latter tempe?ature.' Even
if accumulation of sucrose in the roots at low temperature
is partlally due to a decreased utilizatlion in both leaves
and roots by respiratlion and growth, the fact that the
inerease in sucrose content of the roots so closely parallels
the rate of loss 1In the leaves suggests very strongly that
the root carbohydrate is derived from the leaves, and that
its rate of translocation 1s greatest at the lower temperatures.

It had previously been demonstrated (tient, 1944b) that
in general, when tomato or lettuce plants are kept at a
relatively warm teumperature during the night, the following
morning they invarlably show a higher sucrose concentration
in the leaves. For example, when kept during the day and
night at 26.50 Cey the leaves of tomato plants showed at
08:00 a sucrose content of 1.%9 per cent of the dry weight,
whereas if the night temperature was lowered to 19° Cey the
value dropped to only 0.96 per cent. This difference is
found in spite of the fact that one would expect a higher

respiration at the higher night temperature and consequently

& lower residual amount of sucrose in the leaves., 3Since
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actually a smaller amount of sucrose is found in the leaves
of the plants kept at the lower night temperature, it is &
strong indicatlon thau a larger amount of the suerose is
translocated out of the leaves during the night at the
lower temperature; and consequently Iindicates a QlO of less
than one. ZKeducing sugars and starch were also analyzed
for in these experiments, but showed very little relation
with temperature, as did sucrose. It was also shown that
if ftomato plants were girdled by steaming a short section
of the sten, the entire plants then being placed at either

.5° €, or 18° C. in the dark for 24 hours, a small but

o
ON

significant émount of sucrose would accumulate only above
the girdle of the cooler planis. TIwo different experinents
gave essentially the same results, thus indicating an in=
crease in translocation at lower temperature. Cne of the

experiments is shown in Table II.
TABLE II

Sucrose €ontent in Per Cent of Dry ieight of
Tomato Plants kept for 24 hau"s in Darkness
at 26.5° C. or 18° ¢,

1809 c. 26,59 C,
Girdled Non-Girdled Girdled Non-Girdled

Above Girdle 30&9 3.70 2.65 . 2.93
Below Girdle 3.10 3.65 2067 2690

A similar experiment was also performed, in which the volume
of exudate was measured rather than the sucrose conceéentration.

Xeasurement of exudate makes an excellent tool in the study
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ofvtranslocatibn. Its use will be later déscribed., Tomato
plants were girdled or not girdled and placed for 24 hours
in the dark at either 18° C. or 26.5° C., just as in the
last experiment., A4t the end of this period all plants were
decapitated and placed at 26.,0° C,, during which time the
exudate was collected over the 50 hour period following and
also a later 42 hour period, and measured. The girdles
effectively interfered with the downward translocation of
substances necessary for the produection of bieeding, and
indieated that living cells are essential for this trange
locations Data for the exudate collected during the Tirst

£0 hours is shown in Table III.

TABLE IIX

Volume of Exudate in cc. Given off during 50 Hours
Following a 24 Hour Pre=-treatment in Dark at the
Tenperature Indicated Below,

’

18° 6. 26,57 B,
Girdled Plants 4,60 % 0,48 3.44 £ 0,33
 None-girdled Plants 8.47 ¢ 0,43 4,62 2 0,59
Plants decapitated 9.76 = 0,87

at Ltime of stearming

From this relations&ip it would appear that the signifi-
cantly zreater amount of exudation occurring in plants kept
at the cooler temperatures is due to a greater amount of
osﬁotically or metabolically active material in the roots,
thls material apparently having been translocated to a

greater extent at the lower temperatures. Even though
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respiratory lossss in the aerial porsion of the 26.5° C.
plants would be somewhalt greater than in the 18° C. plants,
the difference would be small, and it appears very unlilkely
-

that the volume of exudates would be a function only of the

residual carbohydrates. 1.e., with & higher respiratory

+y

ate, there would be less residual carbohiydrate left to be
translocated to the rootse. The possibility of interconvere
sion of non-osmotically active carbohydrave inteo osuotieally
active carbohydrate within the roots at 18° ¢, can not be
uled cut. liowever, previous knowledge of leuperature-
carvohydrate relations nmalkes 1t appear most uniikely that
such a conversion would taxe nlace a2t a temperature as high
as 189 C., and in such a short tlme. Aanother bléeding
experiment clearly demonstrated that the amount of exudate
couing from decapitated plants having been previously kept
at different teuperatures, is not dependent upon variable
interconversion of the carbohydrates within the roots at
the different temperatures, but rather is dependent upon

translocated from the

<3
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the amount of material prex
serial portion to the roots. This was done by decapitating
the plants 5 eme above the ground and placlng them for 24
hours in the dark at temperatures ranging from 8% c. to

9,5 59 Ce, along with controls wiich were not decapltated.
At the end of this period, the intact plants were docapl-
tated and drip tubes were connécted to both sets of plantse.
The difference in exudate collected over the next 48 hours
between %he pre and ﬁhe postedark period decapitated plants

was compared for each of several temperatures. The difference



at any given tempersture was taken as a measurement of
carbohydrate translocation intec the roots which had occurred

in the intact plants during the 24 hour dark period, This

&
bto
3
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difference was very great at 8 C., and decrease
linear fashion to a very low value at 26.5° ¢,

Thus we see that there exists a rather wlde arrvay of
experlimental results, as Tar as temperature cifect on transe

location In concerned. The controversy regarding the exact

s

nechianism involved in orgenic solute movement, which will

|

ater be discussed, is probably oven more unsettleds ™ It is
hoped that various types of experimentation in?blving te§~
perature effect on the transloecagtlon of carbohydrates may
eventually create one more bullding block which will be

useful in the fingl solution of the translocation problem.
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BXPERIMENTAL

Bleeding -« 4 useful Tool in the Study of Carhoe
hydrate Translocation

Literature Review

Most plants will exude a sap 1if they are injuréd or
aecapi*ated, this exudation usually being from the trans-
piration stream moving up the xylem. Tomato plants, pro-
viding they are in good condition and well watered, may
bleed in this manner for five days or worey, after having
been decapltated, Went (1944b) first demonstrated that
tomato plants, after having béen partially depleted of
carbohydrates by 24 hours of darkness, and then decapitated,
will bleed conslderatly more during the next two days if
one or two of the leaves on the stump are placed in a solue
tion of » td 10 per cent sucrose. This clearly indicates
that sugar limits exudation in partially starved plants,
and that bleeding rate may be expected to depend on the
anount of respiratory metabolite présent. Thus by care=
' fuily noting the rate of bleeding over an extended period,
one should have an accurate measure of the extent of carbo=
hydrate translocation from other parts of the plant to the
roots | |

When the tomato plant 1s kept in the dark for a longer
neriod of 48 hours, Dubnoff (1944) has shown that only a
slight increase in exudation taltes place when the leaves
are submerged in a 5 per cent sucrose solution. The plant
apparently reaches a certain degree of starvation beyond
which it is unable to utilize an external source of carbo

hydrates, It will s$ill recover at this point however, if
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returned to light,

It was also found that if all leaves of a plant except
one were remo?ed before a 24 hour dark period, the plants
bled less during this period than if they had not had the
leaves removed. The one-leaf plants, whether the leaf was
subﬁerged in a8 sucrose solution or not, bled significantly
hqre if the temperéture during the 24 hour darit period was’
70 C. rather than 18° C. This phienomenon held true in spite
of the faet that absorption of water by the plant under
conditions of low soil temperature is considerably decréasaﬂ9
as shown by Kramer (1940) in the case of sunflower and
privet, and by'the present author in the case of tomato.
Grossenbacher (1939) also found that the sunflower bled
very 1ittle at 109, nore at 15° and considerably at 30°, but
slowly dropped off after several days at the higher temper-
ature. The inereased bleeding noted by Dubnoff at the lower
temperature nmust be due either to a general conversion of
carbohydrates to their most osmotically active form within
- the stem and especially within the root, or to a gr@atéf
translocation toward the root at 7° C. than 18° Cc, The
phenomenon can not be asceribed to the loss of assimilates
through respiration at the higher temperature,‘because the
incressed bleeding rate at the lower temperature 1s apparent
almost from the beginning -~ long before any significaht
amount of assimilate could be lost through respiration at

elther temperature.
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The manner and form in which externally.supplied
carbohydrates are absorbed and translocated is of interest.
Sald (1948) has found that when cut ends of barley leaves
or slices of storage organs are dipped in sucrose solution,
they do not absorb sucrose as such, but only the products
of inversion. @Evidence will later be presénted which indie
cates that products other than the hexose sugars aré also
translocated when sucrbse is applied to the leaves, |

Bleeding in itself is an exceedingly intricate and
sensitive process =- a process which is not well understocd,
If one considers two plants which are of'identical genetic
background, of identical age, and which have been grown side
by side under the sawme environmental corditions == plants
which to the eyevare identical twins, it may nevertheless
be that when these plants are decapitated one will bleed
profusely whereas the other will not bleed at all. Such is
the case 1in tomatoes, and is the reason why large numbers of
plants must be utilized to establish results which are
étatistically significant. A satisfactory explanation for
the variability has not been found,

Bleeding has been variously ascribed to osmotic forces
and to active or "vitalistie" forces. Experiments involving
temperature and narcotlic or anaeroblc effects have generally
indicated that energy for bleeding is provided by respiration,
Yorking with excised root systems of tomato,'vanOverbeek

(1942) found root pressurc to be made up of two componentss
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an osmotic factory, and an actlve factor, the latter being
reversibly inhibited by 10"4M KClls The active factor was
‘deseribed as being dependent upon respiratory processes,
in conjunction with heaﬁy metal catalysis. Heyl (1933)

utilizing decapltated stems of Janchezla, Ricinus, and Brasgica

also denonstrated that exudation of sap from the cut surface
could be inhiblited by hydrogen or marcoties such as ether and
chloroforme. These experiments indicate that the blesding
mechanism is loeated in the roots and involves active
exeretion of water by living cells. A wesk electric current
was also found to enhance the bleeding whereas a stronger

one hindered ﬁhe process. leyl also concluded.that the
mechanism of bleeding rwust depend upon certain processes
whieh are not entirely osmotie in nature.

On the other hand, Daton (1943), by investigation of
osmotie values ol bathing solution and exudate under dif-
feﬁent condltions, came to the conclusion that simple osmosis
'and'capillary forces account for root pressure and bleeding
- of the tomato planﬁ, and that there is scant basis for the
view that vital activity is involved. This view, however,
is not supported by Skoog.

Actual pressures developed by thé rool system are very
,éonsiderable. %ihite (1938) found that tomato roots in
culture solution, when attached to a menometer with six
atﬁospheres of pressure applied, were not apﬁreciably
retarded in secretion; thus indieating that the sap movement

takes place under pressures considerably exceeding this value.



Upon walking over & wooded area which had been partially
logged four years previously, Friesner §1940) noted a strik-

ing exudation through the uninjured stems of Acer rubrum,

one to two inches in diameter. The exudation came only from
stump sprouts, none being found from virgin timber. The
stumps were 3 to 5 inches in diameter. This observation

does not indicate that osmotiec activity of living eells in

{-te
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the stemnm not inveolved, but certainly suggests that root
pressure 1s a facter of groeatl sigﬁ ficance, It is interesting
¥o note at this point Schumacherts finding that root pressure
has no elfTect upon the veloelty of fluoresceln transport.
There 1s a natural periodiclty in the bleeding rate
of most plants, with a maximum usually about noon and a
ninimom during the nizht.e A diurnal fluctuation of this
| type in root activity was probably first reported by
Hofmeister (1862)., ile found that although such fluctuations
could occeur independently of environmental changes during the
tinie of observation, they could however be modiiled by such
changes. Bleeding experiments carried out by Speidel (1939)

on Helianthus, Ricinus and other plants clearly demonstrated

the existencé of a dally periodicity. Bleeding was found to

be dependent on time of cutting and temperature. Also using

felianthus, Grossenbacher (1939) found that the diurnal coycle
of exudation was independent of the time of day that the |

plants were decapitated, provided they had been growing under
normal greenhouse conditions. Under constant tenperature

of 20° C, and continuous light of either very low or 300 foot
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candlé intensity, the plants exhiuvited a 24 hour cvele of
maximum and minumum exudation, but the first peak was

about 12 hours after depacitation, regardless of what time
it was nade. The following peaks were spaced at 24 hour
intervals from the first peak.

White (1938), using tomato plants grown in culture
solution, noted that upon decapitation they would contine-
uwously and fbythmically secrete sape. 'Experiments of ¥ent
(1944b) in which an accurately measuring bleedometer was
used, and later experiments of the author have demonstrated
a maximum usually around 11:00, in the case of tomato when
kept at a constant temperature.during the bleeding.

That bleeding tends to be rather erratic and not wéll
correlated with any other known function has been found by
different investigators, For example, Krasovskaya (1947)
uses the volune of flow of exudate from the cut stump per
unit of time as a measure of root system vigor, She finds
absolutely no correlation between root weight and quantity
of exudate, but did notle that exudate per unit of fresh
weight of tops was less in shade plants than in sun plants.
Dubnoff (1944) also failed to demonstrate a proportionality
between rate of bleeding and root weight, and found but
slight correlation between bleeding rate and sucrose content

i roots, whether or not the plant had been fed sucrose
through the leaves,

In sﬁita of the irregularity of the bleeding process

and of 1ts fallure %o correlate well with any known function
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or guantity within the planty i1{ nevertheless becomes ah
exceedingiy useful tool when properly used. 4 recent study
was made by Went and Hull (1949) on the effect of temperature
on carvohydrate translocation, utilizing the bleeding
phenomenon as a primary tool. Tomato plants of the San Jose
Cenner Variety were used for the experiments at an age of
about two months, when they averaged around 7% cme. in
height. All leaves were plnched off from the lower 22 cm.
of the stem.to allow Installation of cooling collars, This
was done at least four days before the experiment, since 1t
has been shown (Went and Carter, 194%5) that removal of the
leaves during spelication of sucrose solution to two leaves
reduces the bleeding stinmulus considsrebly, as well as
subsequent growths The effeet is more marked when the leaves
are cuﬁ than when they are plnched éff, but deereases nuri-
. edly after several davs. The two leaves remaining immediately

above the removed leaves were then submerged in ¥ per cen%

"
s

sucrose (or in water as a control), and the plant was'decapw
itated just above these iwo loaves. Rubber tubing which led
to a dripping recorder was connected to the decapitated sbump
in such a way 2s to make any change in the rate of bleeding
immediately visible, It was fdund that 1f the lgavés were
ubmerged in 7 per cent sucrose there was a sudden increase
in the rate of bleeding after about 11 hours at 23° - 24° C.,
as compared to control plants with leaves in water. If,
however, the stem was chilled to 1° C, by means of an insu-

lated metal eollar in which cold water was circulated
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(through copper tubing soldered to the collar), it was

found that only about 8 hours were paken instead of 11

for this increase in rate Qf bleeding to be noted. The
relationship is shown graphiecally in Fig. le Internediate
taenperatures between 1° ang 24° C.'gave lzg periods more

or less intermediate between the extremes, as indicated

in Fige 2+ This inverse relation would seem %o indlecute
that sucrose or at least some ﬁetabolically aetive sube
stance is translocated into the roots, thus causing the
inecrease in rate of bleeding and that the rate of downe

ward translocation of tiis substance is greazter at the lower
temperatﬁre.

In considering only plants which had either 7 per cent
sucrose or water supplied to the lesves, but not those which
had cooled stems, reducing sugarsl of the roots of plants
supplied sucrose were egual to or greater by about 10 to 30
per cent than those of the plants supplied only water, in
nine cases out of ten. In-the case of the sucrose content
of rcots however, there appeared %o be no correlation between
control plants and sucrose-fed plantse. Thisg strongly suggests
that the added sucrose reaches the roots_in the form of
hexose sugars, but gives no enlightenment as to the locus
of inversion. The faelt that one mole of sucrose upon invere-
sion yields two moles of hexose, and consequently twice the
i.- 5h; ée;e;m;n;t;o; ;fnr;d;cZné ;uéa;s”i; Eh;s; ;x;e;ige;ts
vas not made from extracts cleared of none-sugar reducing
substances with lead acetate, and conseguently a small amount
of the reducing power must be due to these substances,
Sueroge wag determined siumply by the difference in reducing

power before asnd after inversion wilth invertase, reducing
power being determined according to the method of Hassid (1937).
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Fig. 1. Rate of bleeding of plants having two leaves in
water or two leaves in 7 per cent sucrose. Stems of one
group of sugar—treated plants cooled to 1° C. The proportion
of the rate of bleeding of both groups of sugar-fed plants

in per cent of that of the water controls is plotted.
( After Went and Hull, 1949)
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before the effect of the applied sugar can be observed.
(plot includes all experiments) (After Went and Hull, 1949)
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osmotic activity should not te forgottén in explaining
the greater bleeding rate of the suecrose-fed plants,
| If only the plants fed sucrose are cohnsidered, which
had their stems either cooled or at room temperature, it
is seen that in 16 out of 17 experiments a higher sucrose
content existed in the roots of plants with stems maintained
at roon témperature. The average difference in sucrose
content of the roots between these two series was 1.6 mge
per g. of dry welght., Reducing sugars oi these two groups
showed no correlation, being slightly greater in roots of
cooled stem plants in about half of the experiments and
slightly greater in the roots of the room temperature group
in the other half, This relationship within the sugarefed
plants indicates an apparent negative correlation between
sucrose content of the roots and bleeding rate. Towever, it
must Ee considered that the plants were always harvested
after the excess bleeding rate caused by sugar application
had tapered off to that of the controls., The faet that the
analyses were nct carried out when the differences in hHleed-
ing rate were most pronounced would tend to invalidate the
above inverse correlation considerably.  In general, all
sugar analysis data showed a definite trend toward an lnverse
correlation betweeh sucrose content and reduecing sugar con=

tent of the roots.
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Experimental Methods

Certain other experiments were carried out by the. au-
thor in order to determine optimum conditions for bleeding.
Tomato plants var. San Jose Canner or Herglobe used in
these experiments, unless otherwise stated, were grown
in two large concrete tanks contalining Hoagland's nuirient
solution, The solution was maintained at 282 « 30° by
means of electric immersion heaters. Ty use of such
elevated nutrient temperatures, Gericke and Travernettl
(193%6) were able to grow tomatoes at the fate of one ton
a year in a basin ares of 100 sqg. {t.

A special metal trough was constructed from which
twelve plants ecould be vled, and the rate of bleeding
recorded simultaneously. Vater in the trough was slowly
cireculated by means of an eleetrlce stirring motor and was
thermostatically controlled to within 0,1° C. The water
was usually kept at a nmoderately high temperature of
about 26° to 30° C., since it had been noticed on several
occasions that bleeding was inhiblted at lower tenperatures.
Kraner (1940) had in fact shown that the transpiration
rate of sﬁnflower and privet plants was reduced to 20-30
per cent of the rate at 250 Cs when the soll was cooled to
2% ¢, Although, in general, plants bled no better when in
qulture.solution than in sand, 1t was hoped that this method
'would give a mére exact comparability among the plants of

any one experiment,
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In order to roughly determine whether aeration of the
nutrient during growth was beneficial to root growth and
to the subsequent bleeding rates, four tomato plants were
grown in gallon jars containing licagland's nutrient solu-
tion. The solution in two Jars was aerated by means of
sintered glass blowers, whereas the other two were not
aerated, At the end of two weeks the roots were'measured,
the plants were decapltated at 15:00,and é mme i.d. transe
lucent rubbser tubing attached to thé stumps. The tubing
was f1lled with distilled water to a central mark, so that
elther back suciion or bleeding could be determined by the
rate of change of the column height. This is shown in
Table IV, where the rate is indlcated at the mid-point of

several time intervals. The advantage gained by aeration
TABLE IV

Bleeding rate of Aerated and Non=-aerated Plants.

ot Aerated Lerated

Plant number 1 2 3 4

Root length, cm. 21 23 39 45
Time Bleeding rate (Change in Column ht., mm/hr)
15315 "'8.0 “600 +4,0 '4'36.0
17.45 «l.5 ~ls1 +2.7 + 4.9
21.45 "'1a7 "104 +2.0, -+ 507
03:30 =0e9 -lel +lel (Leaked)
03345 "006 "1.3 ) "0.7 - 006
22315 "003 "‘009 "003 B 003

was obvious. Aeration systems were set up in both the large
growing tenks and the bleeding trough, and used thereafter

unless otherwise specified.
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Pasadena city water varies considerably during the
year as to total mineral content and to added chlorine,
When 1t consists. cf almost pure Colorado River water, the
solid content runs about 800 ppm, bﬁt when diluted with
local well water, as it sometinmes 1s, the content is con=-
siderably lower. The fact that the plants appear less vige
orous and somewhat chlorotic at certain times of the year,
in spite of careful control of pH of the nutrient and
added iron, suggested that the tap water may be toxic,
especially with respect to chlorine. To find if this were
true, and also if any addendum %o the nutrient would be
effcetive in overcoming this toxleity, an experiment was
set up involving different treatments of the nutrient,
411 solutions were 100 per cent Hoagland's, were malntained
at pH 5.3 and had additional iron added once a week, unless
 otherwise specifiéd. After two weeks the plants were decap=
itated and bled, the exudate being collected and measured
over {ive different periods. The results will not be |
presented in detail, but are sumnarized in the following pointss
l. HNutrient made of distilled water gave somevhatl
better bleeding than that made from tap water,
2. If pll were not constantly adjusted, it slowly
rose to 7.0 or over and resulted in slightly
chlorotie plants, but the bleeding of such

plants was not inhibited.
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Fallure to add extra iron éid not reduce growth

or cause chlorosis over the two week period of

the experiment, and bleeding was only very slighte-
1y reduced, Apparently an acidic pH is far wmore
important for absorption of the iron ion than
having a high concentration of the iron salt
preseht.

Aeration again proved beneficial,

Boiling of tap water to remove dissoived gasés
aided somewhat, The plants bled gbout as well as
when distillied wate; was used for the nutrient,
Addition of carbon black as an adsorbent proved
exceedimgly toxice Plants became chlorotic and
dia nof grow well, They bled only about one-third
normal.

Variation of magnesium sulphate, calcium nitrate
and potassium nitrate individually from 25 per cent
to 200 per cent of the amount called for in normal
Hoagland's solution failed to cause any very |
significant differences in bleeding, although con-
clusions should not be drawn on this point until
more plants are useé,

Pfeffer's solutlion gave results not unlike Hoag=

land's.

Guided by thesevfindiggs, all successive plants were grown

under ~candltions of aeration, caraful pll control, and

utilization of distilled or deionized water whenever any
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evidence of toxicity was found in the tap water,

It seemed probable that plants partially starved by
being placed in either CO, free alr or darkness for allength
of time would be more sensitlve to externally applied suce
rose, Conseguently twelve plants were selected and placed
in darkness at 30° ¢, for 48 hours, ﬁﬁ the end of this
period they were decapltated and had either seven per cent
sucrose or water applled to two leaves. Not only did the
sucrose=fed plants fail to bleed more than the cont;ols as
found by Dubnoff, but only one out of the entire twelve
plants bLled at ally, that being one of the controls which
bled only very feebly.

Yhen a low carbohydrate plant failed to show g ﬁleeding
response, as just deseribed, it was then considered whether
or not one excessively high in assimilates would be any less
sensitive to added sucrose, as one would teleologically
beiieve. Four days before the experiment, the plants were
nlaced under continuous artifieial (fluorescent) illumina=-
tion of 400 foot candle intensity, at 72° ¢, Upon dscapie
tation and bleeding, there was {ound to be a sharp increase
in the rate of bleeding of the suerose-fed plants about 8
hours after application of the carbohydrate, This response
was slightly faster than would normally be expected at 550 Coy
but showed ﬁnéeniably that the reception of the bleeding
stimulus by the roots is independent of the degree of

previcous assimilation, providing that reserves are not
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conpletely depleted, The experiment strongly suggests
that the mechanism of translocation operating in this case
was completely independent of concentration gradient.
3uerose anélysis of roots at the end of 20 hours of bleed
ing indicated 5.2 nmge per gram of dry weight for the suc-
rose-fed plants, and 4.2 mg. for the controls, a hardly
significant difference, |

Previous experiments had denonstrated that a sucrose
sclution of anywhere between % and 10 per cent applied %o
two leaves gave excellent bleeding increments over conirolse.
In an effort to find the optimum concentration of sucrose,
an experimengfgarried out utilizing an 18,7 per cent
solution of this sugar, actually a hypertonic concentration,
Twelve plants were set up-on the bleedometar in the normal
manner, as preﬁiously déscribed. Fi%o! 8° Ce. cooling collar
was applied to each of the first four plants, and 24° collars
~to the second set of four, both sets recelving the concen-
trated sucrose solution through two leaves on each plant,
The third set, the control plants, simply had water applied
to the leaves., ¥hen the bleeding rate of the sucrosé-fed
plants was plotted as a percentage of the bleeding rate of
the controls, there was no inflection at all in case of the
249 ¢, plants, and only a very gradual rise in the 8° C. |
plants. This relationship would seem to indicate that.
plasmblysis of'the leaf cells, caused by the concentrated
éucroée solution, resulted in a decreased uptéke and transe

location. Since Dubnoff (1944) had already shown that there
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was no significant difference between the volume of exudateﬁ
of tomato plants with leaves in 1 or 2 per cent sucrose and
control ylahts, it was assumed that 5 to 10 per cent ﬁas
about the optimum range of concentration, OSeven per cent
was used in most suceseding experiments. |

In ordér to determine‘whether other sugars were as
effective as sucrose in promoting the bleeding stimulus,
an experiment was undertaken utilizing 3.7 per cent glucose
and 3.7 per cent mannitol. These concentrations were used
because they had the same osmotiec concentration as 7 per
cent sucrose. nach solutionkwas supplied to two leaves of
two plants, the third pair of control plants having water
supplied to the leaves. o stem cooling was used in this
easé, the plants being bled in the dark room, which was
vept at 23° C, The sugars were applied at 11:00 and the
bleeding rates recorded over 24 hours. Bleeding rates of
the plants supplied glucose and mamnitol were plotted as
percentages of bleeding rates of the control plants, the
curves being shown in Fig. 3. Also plotted in this graph
for means of comparison, is the percentage curve common to
sucrose, at the same temperéture, this curve having been
prepared from the means of the bleeding rates of about
200 plants. The first point of interest is the upward ine
flection of the mannitol curve at a time identical with
that of the sucrose curve., Although mannitol may be utile
ized by Rhizobium as a source of carbon (Petersoh and

Peterson, 194%), ané although it is found rather widely
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in higher plants, there is no evidence of its being utile
ized in metabolism by the latter, Judging from the curves,
it appears evident that mannitol may bLe translocateé by
the same mechanism as sucrose, even though it may be a
rather “forelign" substance to the tomatb at such concentrae
tionse If further experimentation with mannitol indicates
this suggestion to be true, then the sugar may prove an
ideal substance for the study of translocation, since, being
metabolically inért, it would not be involved in respiratory
losses, If it is truly inert, then the increased rate of
bleeding which it produces must be ascribed only to an
-osmotie effect, the “vitalistic"vtheory previously discussed
being Inapplicable in this case. It is of course possible
that mannitol, even though it be translocated to the root
as such, increases the latter's metabolic activiity in a
rulti-fold mannery and that the Increased bleeding noted In
this case is simply a measure of the osmotie component.
Interpretation of the glucose curve is more difficult. The
fact that there is a constant rise almost from the time of
application of the sugar, and that the final maximum reached
is Quite highy, it would seem to indicate that the sugar is
absorbed by the leaf and translocated véry rapidly. Also,
it may be utilized by the root both metabollecally and osmo=
tically in creating the very high bleeding rates, If abe
sorption of sucrose does not occur as such, but only as its
inversion products, as postulated by saia (1948), then the

apparent rapid absorption rate of glucose as compared to
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sucrose may simply be due to the fact that the fcrme? has
hé,lag due to the inversion process. It should he mentioned
that ¥Went and Bonner (1943) found & sclution of sucrose to
be more active than glucose in causing growth of tomato
plants in darkness, when applied to the leaves. TFurther
experiments involving these and other sugars should be most.
enlightning,.

At this point it appeared of Interest to deteruine
'whether the 11 hour interval (at 23° C.) between applicae-
tion of the sugar and initial rise in bleeding rate held
regardless of the time of day of applieation. Seven per cent
suerose was applied in the normal manner to three plants at
11:00, to three more at 16:00 and to the final set of three
f at 22:00. Three conirol plénts had water applied at 11:00,
The data indicated first of all, a sudden surge in the bleed-
ing rate to about double its previous valﬁe, lnmediately
after application of the sugar sclutlon -« regardless of the
time of application, This was apparently due to the rising
sap, which had previously been partially lost by transpire-
ation through the leaves, now being diverted to the stream
exuding at the cut surface. Also, a small amount of water is
ébsorbed by the leaves and probably aéds to the bleeding
stream. It was noted that there was the normal increment
overlcontrol plants 11 hours aftor the sugar was applied at
11:00, When applied at 16:00 the response was very weak and
seemed to come after only 6 hours, whereas with the 22:00

applicatlon, no response was exhiblited. Thus, appllication
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was most effective if timed so that the response came
~during the evening hours or reriod of minimum diurnal bleed-
ing. |

Since it was deemed desirable to study the'effect of
 1ow temperatures upon the absdrption of sucrose by leaves,
several experiments were run in which the sucrose solution
surrounding the leaves,as well as the stems,wére cooled,
In the first run, two plants had the stems cooled to 5° C,
and the 7 per cent sucrose sclutions about the leaves maine-
tained at 10° C. by means of cold water circulating through
-small diameter rubber tﬁbing which was colled in the solu=-
tionss Two other plants simply had sucrose appllied to the
‘leaves, and the final two acted as controls with water about
the leaves. Dark room temperature was 24° C., The bleeding
data showed an increase over the controls 7 hours after
sucrose application for the cooled plants and 10 hours after
appiication for the plants at room temperature. Considering
the inherent variation among individual plants, 7 hcurs is
hardly éignificantly ghorter than 8.5 hours, which is the
mean for sucrose fed plants with the stems only cooled to
5° Ce A second experiment was run in the same manner except
that four plants were used in each group, the stems being
cooled to 1° C. this time and the leaves to 8° Co Again
there was an upward inflection of the bleeding percentage
curve sonewhat short of the mean time for plants with stems
only cooled to 1° C. The inflection came after 5 hours

compared to a mean of 8 hours at 1° ¢. BSucrose analysis



of the roots at the end of the bleeding failed to show é
significant difference between any of the 2 groups. Thus
we éan say that cooling the surrounding solution and the
iaaves does noﬁ hinder, and probably slightly enhances
absorption by the leaves and translocation of darbohydrates
within the rachis.

In order to further determine which process took the
greater amount of time, absorption by the leaves or trans=-
location down the petioles and stems to the roots, the
following experiment was designed., JSeven per cent sucrdse
was applied to nine plants at 13:00, all plants being .
decapitated and connected to the bleedometer., 0f these
plants, three were left intact, two had the petloles of the
two leaves submergéd in the solution tightly pinched by
means of screw clamps at 17:00, two more were so treated
at 19:00, and the final peir were clamped at 21:00. Three
plants were used as controls with leaves in water, and
petioles left intact. Between 02:00 and 06:00 the next
morning all of the sucrose«~fed plants which had clamped
petioles failed to show an increase in bleeding rate over
the controls. Those in which the petioles were not pinched
showed the normal increase over controls. The relationship’
is perhaps more resdily apparent if the average absolute
bleeding rate of each set of plants 1s indicated aﬁ 02: 00
(just wheh the sugar effect was beginning to take place)
and at 06:00 (when the effect has reached its maximum), as

shown in Table V.
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TABLE V
Bleeding Rate in Drops per Hour of Plants Fed

Sucrose at 13:00, and Petioles Clamped at
Various Intervals as Indicated.

Treatment Time of Measurement Change
02:00 06300

Not Clamped 02 Oud +0.2

Clamped 21:00 1.5 l.2 0.3

Clamped 19:00 1.9 1.5 otk

Clamped 17:00 0,5 - 03 =0e2

In this experiment it was assumed that 1f translocation
had proceeded into the stem at the time of clamping the
petioles, there may be a sufficient amount accumulated in
the stem to pass on down and increase the metabolic acti-
vity of the root, resulting in an increased bleeding. .The
fact that none of the plants with clamped petioles inecreased
in bleeding rate between the hours of 02:00 and 06:00 pro-
bably indicates that absorption by the leaf and transloca=
tion down the rachis and petiole talkes considerably longer
than movement down the stem to the roots. No correletion
was noted between the different times of clampinge.

In order to deterrmine whether transloéation was cyanide
inhibited, and consequently completely dependent upon the
metabolic activity of living cellsy a 3 cm. ring of NaCR

in agar was applied around the stem of tomato plants, near
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the base. Nine plants roceived sucrose through the leaves
at 12:00 and three received wator. Qf'the nine, three had
0.25 1 HaCli applied, three had 0.,0025 U HaCd, and the third
set had plain égar¢ Thellast set of three with leaves in
water served as controls. As seen in Fige. 4, the bleeding
rate of the plain agar rinbed plants with respect to the
controlsy began increasing about 23:00. The plants with
the lower concentration of cyanide, although bleeding at
almost the same rate as the plain agar plants at 18:0C, at

1.

first began to decrease, bul Iinally reached a maxlimum at
07:00 about half as great as the plain agar plants, DPlants
with the high conecentration of 0.29 1 showed no response at
ajl, and constantly decreased while the cther plants were
increasing. 4t about 06:00, however, they did begin %o
recover, and by 13:30 had reached a rate equal to that of

plants not given cyanide. The higher concentraticn of

cyanlde visibly injured the stem, as did an equivalent

molar concentration of sodlum chloride in agar, even
hypo‘)'omc
though such concentrations are osmotlcally,to the stenm

tissues 1t is probable that the phloen wvas ccmpletely

killed Ly the higher cyanide concentration, and consequently
the faet that the bleeding recovered and became esqual to that
of the untreated plants would indicate that although the
narcotized phloem effectively inhibited the downward transe
location of organic materlals, the xylem, which undoubtedly

received a fair dose of cyanide by diffusion across the
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canblum, did not suppress the upward flow 6f sape The fact
that the sucrose gffect was completaly abolished in the case
of the higher concentration would therefore indicate the
necessity of liviﬁg tissue for reallzation of thils effect.

These findings are In line with the previously mentioned

. work of Heyl (1933) in which the bleeding sap was suppressed

by hydrogen or certain narcotiecs, and also of Speidel (1939)
who found that bleeding was decreased by the addition of
phenylurethane to the nutrient medium or by decreasing the
avéilable oxygen supplry, Ile also noted that potassiva de=
creased the bleeding ratey whereas calcium inereased it,.
These addenda, however, were a2ll in the nutrient solution,
and therefore are not compsarable with the author's experi-
ments in which application was aroundé the base of the steme.
Sinece future experinents were planned utilizing sucrose
isotopically tagged with 014, it wasg deemed necesséry to
find the most efficient method of application to the leaves.
Obviously, because of the expense of the isot:ope,_a 1arge
volume of solution of which only a minute amount would be
absorbed was out of the guestion, To test the absorption
from a small aliquot, ordinary sucrose was made up in a
solution éfvlo per cent concentratlion in 1 per cent agare
On the first four plants, 1 cc. was applied on bLoth sides
to each of the five leaflets of two leaves, a total of 10 cec.
per'plant.' The seccnd sot of four plants had 1 cc. applied
only to the termihal leaflet of each of the two leaves or

2 cc. per plant. The four control plants had application
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similar to the lattery minus the sucrose, Bleeding data
indicated a behavior almost identical as if the leaveé had
been in & sucrose solution. Both the first and second sets
of plants showed an increased rate of bleeding over the
controls at the end of 11 hours, the normal time for é
teuperature of 209 C., at which the room was naintained.
The final maximum was slightly greater in case of the plants
supplied with 10 ec., as would be expected, This experiment
also‘indicates that the rate of absorption and/or transe-
loeation 1s independent of the turgor of the leafl and pos=-
sitly the rachis and petiole cells, the tissues almost surely
being under a higher turgor when submerged in a solution
which is actively absorbeds The agar soon became dry aﬁd
could not contribute much to the leaf turger. Also, the
fact that different concentrations of sucrose (5, 7; and 10
per cent), each of which would give a different turgor
pressure within the leaf, all result in about the same trans-
locatlon rate as determined by the bleeding process, again
suggests that turgor, within certain limits, is not a factor
in translocution ratee. This hec been noted by Dijketre (195%).

| A siﬁilar experiment was performed in which a 7 per cent
sucrose solution in 0.8 per cent Drene (a detergent to cause
better adherence of the solution) was painted directly ohto
the leaves., The first zroup of three plants had just the
lower surfaces of the two leaves painted, while the second
group had both‘surfaces paintéd. Controls were thus supplied

wlth detergent solution only. Although the plants did not
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bleed a great deal due to the high foliar ﬁranspiration,
the data showed an increased bleeding rate after 11 hours
in the case of the plants with both suffaces of their
leaves covered; thus indicating the method to be success=
ful. This was the method later adopted for application
of c1% sucrose to the leaves. The fact that Went znd
Carter (1948) have shown mafked growth responées of tomato
plants by either dipping leaves into or spraying the foliage
with a 10 per cent sucrose solution also substantiates the
efiectiveness of such a method of application.

A preliminary bleeding experiment was performed using
squash, Cucurbita pepo, and was set up just as in the case
of tomatoes. Two leaves were left on eaeh plant, just below
~ the decaﬁitated stump, and were lmmersed in the solution.
Below these leaves the cooling collar was applied, being
1° ¢, in this experiment. Four plants had 7 per cent
suerose and 10 C, collars, the second set of four had the
sucrose and 230 C, collars, and the final four were controls
with leaves in water and 23° C. collars. Pen of the twelve
plants bled for only 9 hours or less, but two bled for
over 56 hours, one of these being a cooled-jacket plant
and the other being a control. The control plants bled
from 2 to 12 times faster than any of the gsugar-fed plants
for the first 2 to 3 hours, but rapidly decreased in rate,.
sb that by the end of 7 hours (now considering only the
two plants which bled well) the rates had reversed, and

the 1° C, sucrose-fed plant was bleeding faster than the
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control. There was no sudden upward infleection in the per=-
centage curve, but only a general rise beginning rizht after
sugar application -~ not unlike the experiment in which
glucose was- applied to tomato plants. At any rate, it was
deemed that squash was a less satisfactory plant for blesed=-
ing experimentation than tomato, and no further work was done
with it. Also, it was a rather difficult plant to properly
set up on the bleedometer,

In a preliminary experiment to check the possibllity of
different amounts of carbohydrate in the exudate being depen=
dent upon treatment, twelve tomato plants were set up in two
groups of six plants eache One group had 7 per cent sucrose
supplied to the leaves, and the bther had waters. The groups
were further subdivided into 1° C. stems and 20° ¢, stems,
each sub=group containing three plants. Sucrose or water
vas applied at 13:00, the plants decapitated, and the exudate
collected and measured over three following periods: 16300 =

19:30, 19:3C = 10:00, and 10:0C - 17:30. Volunmes showed the

-

(

general trend previously described by the more accurate

bleedometer recordings. Sucrose analyses were nade on eXue-
dates from the niddle period for‘each of the four groups of
plants. The values obtained, however, vwere exceedingly low,

ranging from 0,000 to C,Cl3

&

per cent. Reducing power before
inversion was even ruch lower than the increment due to ine
version, and consequently reducing sugars were utterly non-

existent in the exudate., o general trend was noted,
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It seemed possi
fractionated into 1C short periods, comuencing immediately
after decapitation, a élight increuent in the sugar concen-
tration of the exudate which might be associated with the
inereased activity of the root system at the 8 to 11 hour
period, might be plcked up., The design of the experinent
was identical to the one last deseribed except that the
plants were decapitated at 10:15, right after arrangement
of the cdoling collars, and the sucrose was not supplied
until 13:00. This was done so that in case of any initial
increment in sucrese content of the exudate, it could be
attributed to an artifact caused by the cutting, and not
to addition of the sugar. The first sample was collected
immediately following decapitation, all periods bLeing indie
cated in Table VI. The volume of exudate {low per hour is
indicated for each period and group of plants as is the
sucrose content in per cent, these data being derived from
the exudate of all three plants in each group lumped to=-
gether., Just as in the last experiment, the sucrose values
are exceedingly low. The accuracy of the analysis at this
conceﬁtration runs about + 00005 per cent, and thus some
of the smaller fluctuations are not significant., The higher
concentration found in the first sample of threé of the
groups is significant, however, and is most likely due toc a
sudden release of the highesugar content phloem sap at the
cut surface, or of the contents of the wounded cells, with

consequent contamination of the transniration stream rising



TLBLE VI

Bleeding Rates and Sucrose Concentration of Irudates
Over Zeveral Periods of Time of Tomato Plants
Supplied Sucrose or tater Through the Leaves and
With Stems Maintained at 1° C. or 20° C,

Period of Stems at 1° C. Stems at 20° C.
Collection Suerose Vater Sucrose Yater

Rate Conc, Hate Conce. Rate Cone. Rate Conce

ce/hr & ce/hr & ce/hr % ee/hr &

10:15=11215 5.9 0.0009 4,1 0.0034 4.6 00,0021 3,9 00,0024

11:15=14:45

10,0003 2,7 06,0011 2.9 0,0008 3.3 0,0027

14545-18:45 2.4 (C,0000 1.3 0©,0018 2,0 0,0014 2,1 C©,0011

18:45-22:45 1,8 0,0008 1.4 ©,0018 1,1 0,0018 1.5 0.0011

22:45=02:45 1.7 0.0006 1,4 00,0009 1,0 0.0011 1.3 0,0008
g

02:45=07245 1.5+ 0,0008 1.3+ 00,0012 1.2¢ C,0011 1.1+ ©,0000

07:345-12:45 1.7 0,0005 1,3 Ce0009 2,1 C,0008 1,2 C.0006
5

12:45-18:45 1,1 0,0C06 G.8 00,0009 1.0 0.0012 0.8 0,0006

8:45-23:15 0,9 0.,0008 0.6 06,0014 0,9 00,0017 0.7 0,0015
23:15=08315 0C.8 0.,0008 0.6 00,0018 0,7 0,0011 0.5 0,0017

through the xylem, In none of the plants was there & signi-
ficant increase in concentration at the & to 11 hour period,
or at any other period other than the first one. Heduelng
sugars, along with other reduecing substsncesy had a value
considerably lower than sucrose, and did not show as greatb
an increase at the first pericd.s It would seem that the ine-

creased bleeding rate due to sugar appilestion is medlated
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through active metabolisn of the root cells, but in such a
way that all carbohydrates are retained within the cell or
tost through respiration, and not released to the transpive
ation streams The above findings =gsentially confirm the
work of vanOverbeel (1942), in which he noted that the firs:
sample of exudate coliected from decapitated tomatoes cone
ained never over 0,01 per cent of sucrose anurﬂlucoge,
whereas later samples seemingly contained no sugore. Chemical
analysls of the exudate from Cueurbita pepg have been nade
by Litvinov (1927). Xe also found no sugar, but small
amotnts of plant acidsy albumens, amino acids, nitrates,
nitrites, and certain other inorganic lons. Dry residue
aond ash had a value of 2.6 and 1.1 grams per litre of
exvdate respectively.

In all of the previously desecribed experiments, the
bleeding response was nedlated through externally applied
carbohvdrate. In an effort to delternine if the response
could alsoc be caused by ihe naturally formed assimilate of
the plant, a series of experiments was planned in which
light was to be the activating mechanismy thus causing the
plant to manufacture its own carbohydrate. If different
intensities of reaction or different time intervals betwesn
application and reaction were noted when compared to sinmilar
values of experimenits involving sucrose-feeding, some light
may be shed upon rates of absorption within the leaf, the

rmost comion form of sugar translocated, ete., Vould one



+59
expect the externally applled sugar which had to travel
largely through stomata, intercellular spaces, vascular
sheaths, and finally into the phloem of the leaf veins,
to reach the petiole faster than natural carbohydrate
photosynthetlically elaborated within the parenchyma cells?
Perhaps this type of experiment would help answer these
problens.

Initially, twelve San Jose Canner plants which had
been grown in be-inch pots with a 50=50 mixture of vermi-
culite and gravel, were brbﬁght to the bleeding room the
evening before the experiment., In an attempt to prevent
transplration from the leaves which may cause failure to
bleed, the room was hunidified to a relative humidity of
7ct=02 per cent, the teuperature being 24.5° C..t 2.0° c,
The planté were divided into two groups, those with
collars at 2% €., and those with collars at room terpera=
ture. Ilalf of ecach of these groups (3 plants) had the base
of the sten girdled by application of stean Jets for three
minutes. Upon decapitation and illumination at 11:0C, the
plants failed to bleed. At 19330, still not bleedling, th
petioles were all tightly pinched with screw clamps, bul
this treatment did not induce bleeding. AL 16:30 the lights
were extinguished, and at 22:30 the plants were harvested
for sugar analyses, the three individuals of each group

being lumped together. 3tem sections of 1.5 cme length,



immediately above the girdle, or at corresponding positions
on non=girdled plants, were analyzed, as were roots. The

data ere indicated in Table VIIy and are discussed later,
TABLE VIX

Sucrose Content in mge. por ge. Dry Weight of
Stem Sectlions above Girdle, or of Corresponding
Sections on Ungirdled Plants, and of Roots,

Treatment 1.5 cra, section Roots
above girdle
2° C. Stem, Girdled 0.98 0,40
20 C. Sten, Not Cirdled 0464 | 1,48
24,5° C. Stem, Girdled 1441 1.21
24,59 C, Stem, Not Girdled 1,09 2443

4 similar experimént to the above was set up, except
that all of the leaves were placed within tightly closed
clear plastle bags which had previously been wetted inside
to help maintain a virtually saturated atnosphere within.
Lights were turned on at 1ézOO and the bags wére supplied
with CCp every few hours. Although a prelinminary experi-
ment on one plant indicated fairly good bléeding when the
leaves were thus enclosed, only two of thé twelve plants
bled for more than several hours, At any rate, lights were
extinguished at 18:30, and the plants were left connected
to the bleedometer until 11:00 the next day, at which time
they were harvested. Since the two plants which bled were

both in one group (24.,5° C. stem, not girdled), no conclusions
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could be gleaned from the bleeding data. Sucrose analysis,
just as in the last experiment, was made of stem sections
and roots, and 1s presented in Table VIII. Although the

two experiments described are not comparable as to sucrose
TABLE VIII

Suerose content in mg. per g. Dry Weight of
Stem sections above Girdle, or of Corresponding
Gections on Hone=girdled Plants, and of Roots.

Treatment ' 1.5 ene section Roats
above girdle
20 ¢, Stem, Girdled 1.57 1,08
2° ¢, sten, Not Cirdled 1,10 1.62
2445° Co Stem, Girdled 1.13 1.08
24,5° ¢, Stem, Not Girdled 1.64 1.62

content, since the latter one was harvested the follewing
morning, and did not have the petioles clamped but did

ave leaves in plastie bags, there nevertheless are some
deductions which may be nade from both experimentss

le The roots are higher in sucrose in every ecase where

the plants are not girdled, regardless of stem btemperature,
It 1s interesting to note that the r@ducing power of the
roots Letween any conparable group of girdled and none-girdled
plants never differed by over 5 per cent, whereas the suc?ose
values, as seen from the above tables, differed by up to
almost 300 per cent. This clearly demonstrates the
effectiveness of the steamegirdles in preventing transe

location to the roots,; and also suggests that carbohydrate
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is translocated almost entirély as sucrose, or else undere
goes conversion to this form within a very short tinme after
arrival in the root,

2. then the stem sections are considered it appears
that in three out of the four possible comparisons between
girdled and non=-girdled plants, regardless of stem tempera-
ture, a 40 to 50 per cent greater accumulation of sucrose
was found above the girdle as compared to corresponding
sections on non-girdled plants., Reducing power in all four
of these comparisons was greater in the stems of nonegirdled
plants, but only to a very slight amount of about 6 per cent,
thus  strongly indicatling transport ;n the form of sucrose,

3+ It should be emphasized that all of these carboe-
hydrate values are exceedingly low, and that a difference of
only one drop in the titration could cause a reversed relae
tion of sucrcse concentration in any two comparable groups
of girdled and nonegirdled plants.

4, 'The data do not appear to include a sufficlent
numbér of plants to draw statistical conclusions regarding
tenmperature effect.

In an effort to give plants light, and still have them
bleed, it was decided that the light wouid have to be given
first, and then the stem decapitated below all of the leaves,
thus preventing robbery of the bleeding stream by foliar
transpiration., This method was not consldered ideal, since
the exact time of arrival of the carbohydrate into the stem

was not known, and its arrival, of necessity, should be
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before decapitation. In order to determine whether suech a
nethod would be feasible, two tomato plants were removed

to the dark bleeding room in the evening. The following
morning at 08315 one was exposed to fluorescent light, the
other being left in the dark at the same tenmperature

(23° C.)e 4t 12:00 both plants were decapitated below the
three upper mature leaves, which were the only ones that
had been left on the plants, and connected to the bleedo=~
meter. The plant given light started out bleeding at about
twice the rate of the darkened plant, and at the end of &
hours was bleeding over four times as faste The datum is
suggestive of a rather rapid translocation rate from leaf
to root, but of course is not significant with Just the two
plants.

An enlargement of the above experiment was planned,.
in whiech the plants would be subjected to different lengths
of photoperiod before decaplitation and bleeding. Twelve
San Jose Canner tomato plants, all about 60 em, in height,
were selected and taken to the bleeding room the evening
before the experiment. The plants had previously had all
of the lower leaves removed, leaving only the upper four or
five mature leaves present, which were of approximately an
equivalent area in each plant. A4t 09300 four plants were
placed uﬁder fluorescent illunmination (500 foot candle)
at 24° C., the other eight remaining in the dark room at
the same temperature., At 14:30 four more were removed %o

the lights, and at 20:00 the lights were extinguished and
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the plants decapitated and bled. Thus the three groups
receilved an 11 and a 5 hour photoperiod, and no light
respectively., Two leaves were left on the stems just below
the point of decapitation in order not to completely deplete
the plants of a reservolr of carbohydrate. Vhen the plants
are not 1lluminated, transpiration appears to be sufficiently
reduced so that bleeding still takes place in spite of the
leaves remaining on the stumpe. 4ll twelve plants bled very
well, sonme of them up to five dayse. The bleeding rates of
" all three groups are plotted in Fig. s a8 are the percentag
values of 11 hour photoperiod/dark, and 5¢ hour photoperiod/
darke. The striking mamner in whieh the long-photoperiecd
plants bled at such a high rate immediately after decapita-
tion is of interest, A4lthough the peak of the curve is a

2:00, we have no way of telling when the increment first
began, since the plants were still intact at the time when
it probably v 1 have occurred. Sincey in this group of
plants, light was first given at 09:00, we can say that
translocation to the roots occurred between the hours of
09:00 and 02:0C, or within 17 hours. Considering that tho
curve may begin to increase many hours before 02300, and thatl
there must be a consgiderable lag between formation of the
first photosynthetic assimilates in the leaf parenchyma and
their transport in significant quantity to the sleve tubes,
it appears likely that the actual transport aceurred in far
less than 17 hours. On the other hand, upon consideration

of the plants'which received only a 5% hour photoperiod,
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we see that the increase over controls (dark plants) did
not begin to take place untll after 02:00. 8ince these
plants first recelved light at 14:30, this would imply that
translocation took place Detween these two periods, or withe
in 11% hours. This interval would be shortencd only by
- subtraction of the above-mentioned lag due to movement fiom
.parenchyma to slieve tubes. Another point of interest, in
the case of the longer=-photoperiod plants, is the second
and even greater peak occurring at 03:00 on the following dave
It would seem to represent a second surge of carbohydrates
to the root, completely separate and distinet from the
first movement. Thesec two separate increnents in bleeding
rate, as compared to the darkened plants, apparently arose
from assimilates elucidated by one and the same photoperiod-
~the only one given., If this interpretation is true, it is
strongly suggestive thatl either maximum transport occurs
in cyecles, only at certain period of the day, or that it
occurs more or less constantly once the assimilate is formed,
but is activated by two distinet mechanisms, each .operating
at its own velocity. The peaks can not be ascribed to
change in type of carbohydrate present or other factors
caused by temperature alterations, because temperature is
held constant once bleeding is begun,

It has been noticed on several occasions that very
large plants invariably bled very strongly, as would be
expected from a well-developed root system. It was cone-

sidered possible that the transpiration stream of such



Y
plants may have a sufficient volume of flow to overcome the
transpiration of two leaves left on the plant, even when the
leaves were brightly illuminated. Two such plants (1 m. tall)
were brought to the darkened bleeding room one ewening and
were decaplitated the next morning at 09:00, After 23 hours
of intense and almost equal bleeding in the dark, one of the
plants was illuminated with both fluorescent and Yazda’
'lighting. The latter apparently pave off sueh intense

1.
H

infra-red radiation that {!

e heating effect on the leaves
rapidly Increased transpiration, resulting almost in cessa=-
tion of bleeding. Upon observation of this effect, about
two hours after illumination was begun, the Mazda was turned
offe The fluorescents were extinguished at 13:30, havihg
been on over five hours. Although the bleeding rate of the
1lluminated plant was slightly less than the darkened one
while the lights were on, due probably entirely to increased
transpiration, the rate came up to that of the darkened
plant by 17:00. By 02:00 the next morning the bleeding

rate of the illuminated plant had risen to . 5 times that of

the darkened one, the lncreased rate first becoming apparent

between the hours of 20:00 and 22:00. This again indicates
a translocation rate of about 12 hours from leaf to root,
It also, along with the last experiment, directs attentlion
to the somewhat greater root activity that may be achieved
through the action of naturally formed assimilate as compared
to artificially supplied carbohydrate.

Thaese experiments in bleeding have dealt only with a

relatively narrow range of methods and materials «- several
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of the carbohydrates. That there are other substances of
great importance synthesized and utilized in the plant, and
which are 1lmnortant in the processes of absorption andi
translocation is not denied. For example, Sloog (1938)
has shown that application of indole-3~-acetic acid
(10 mge/g« of lanolin) to the upper part of a decapitated
etiolated Pisum shoot or to a decapltated flellanthus shoot
caused about a 4X increase in volume of éxudation during
the next 160 hours. The auxin was considerably more effec-
atxyg%in‘increasing exudation if applied near the upper part
of the decapitated shoot, making it hard to visualize its
effect on exudation acting via translocation to the root.
The ineffectiveness of basal applicatlon may of course have
been due to a lower sensitivity or absorptive power of the
more mature basal tissue. The fact that & large increase
in exudation was found only when application was near the
tip, regardless of whether the shoot was cut short or long,
may indicate that the influence of latersl buds above the
point of application has an inhibitory effect. Such ree
sponses In hoth specles of plants are dependent upon the
presence of the attached seed or upon previous illusinationy
thus demonstrating the requirement of stored material for
continued exudation, It is probable that the inf{luence of
- auxin is rélated to utilization of this storage material.
Dubnoff (1944) has in fact shown that tomato plants supplled
indole-3-acetic acid to the roots and sucrose 301uticn to

the leaves, bleed more than plants supplled only the sucrose.
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This increased hleading rate was assoclated with a decreased
sucrose concentration in the roots, due gpparently to its
inereased utilization LY the auwtine.

It is realized that many of the bleeding experiments
herein described arc not direetly related with temperature
effects A large percentage of them were performed in an
effort to establish optimum conditions under which the
final temperature experinments reported in the work of Jent

and Hull (1949) were carried out,
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Kiscellaneous Aspects of Translocation

In addition to the sucrose changes in vivo which
external application of this sugar brings about, 1t was
deemed advisable to learn what changes such application
might have on certain other carbohydrates and plant acidse.

The initilal experiment was an analysis of stems and
roots of tomato plants which had bled over night in the
normal manner. Six plants were fed 7 per cent sucrose
through the leaves, and six were given water. On the
following morning they were harvested, lmmediately cut
into stem sections (& cm. sections taken nid-way between
the roots and two feeding leaves) and roots, and dried in
the forced draft oven at about 70° C. 4n 80 per cent
ethanol extract was made on the dried, zround material,
the six plants being lumped togethier in cach case,.
extract was cleared of non-sugar reducing substances, and
was then used for the determination of fructose according
to the colorimetric method of Roe (1934), and of reducing
sugars according to the method of Hassid (1937) by titration
with ceric sulphate. Glucose was roughly estimated by sube-
tracting fructose from the reduveing sugafs. An acidified
ether extract of the material was used for determination
of total organic acids by titration with 0.05 N P§03 from
pH 8.0 to pH 2.6, and for determination of oxalic acid by
oxidation with permanganate. The methods used in the detere

nination of these and other plant acids to be reported on,



were essentially methods developed by Vickery, Pucher,
et. al. (1934, 1941). The values found for these sube

stances are shown in Table IX{. Fructose and the plant
TABLE IX

Values of Certain Subs®ances in mz. or nm,

Pquivalent per gram of Dry Stem or Root Tissue

After 24 Hours of Feeding 7 per cent Suecrose
or Viater to Two Leaves,

Leaf im- Tissue Tructose Glucose Total Aclds Oxalie Acid

nersed 1n anazlyzed mZ./Se [Ee/Ee Mo €Qe/E Mo €Ge/Ee
Sucrose Sten 44,2 5D 328 . 1,98
tater Stell 45 43 317 2,03
sucrose Koot 2.9 762 1.86 1,23
Water Root 242 % 2,46 1.87

acids appear to be in higher concentration in the stens,
and glucose higher in the roots, regardless of whether the
plant was supplied sucrose or not. Differences between the
tissues in the case of sucrose vs, water supnlied leaves
are probably not significant.

Since the organic aclids of plants are important intere
mediates in carbohydrate metabolism, it was considered

~»

desirable to follow the path of isotopic hrough the
acids, and ecertain other fractions of the plant, when sup-

plied to the leaves in the form of radiocactive sucrose.

£

Consequently several preliminary experiments were carried
A-

ut to deternmine recovery of certain of the organic plant

acids and carbohydrates.
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To 2 ge of dried, ground tomatc leaves were added
small amounts of fructose, glucose, oxalic acid and citric
acid, as indicated in Table X. This material and also 2 Ee
of the same dried tissue without addenda were each extracted

first with ascidified ether for the plant acids, and then
with 80 per cent ethanocl for the carbohydrates, after first
neutralizing tre tissue. Determinations were made as pre-
viously deécribed, and in addition'citric acid and l-malilc
acid were determined colorinmetrically. All values are

indicated in Table A.
TADBLE X

Recovery of Various Addenda to 2=gram Samples
of Dried Tomato Leaves,

Carbohydrates Urpanic Acids
(mze) (me ©Ce)
Fructose TNieducipg Total Oxalle Citric lemalie
Sugar Acids A4cid Acid Acid

Amount added 560 1540 1.245 0,635 06312 0,298
Amount recovered .0 1.6  1.170 0.780 0.312 0,310
Percentage recovery 120 11 %4 123 IOO} 104

1. The redueing sugar conslsted of 10 mge. glucose
plus the 5 ng. fructose,
All recoveries were moderately good except reducing sugar.
Tl:is was possibly due to a decomposition resulting from the
strongly acidified condition of the reésidue from the ether

extraction, and failure to immediately neutralize it.
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The experiment was repeated, taking this precaution
into consideration, and using this time sucrose, glucose
and citric acld as addenda. Sucrose was determined by
hydrolysis with HCl, and noting resultant increase in
reducing power. Recoverles in thls case were: sucrose, 91 per
.cent; glucose,.128 per cent; and citric acid, 80 per cent.
In considering these percentage recoverles, it must bg
realized that the small addenda of 5-10 mg.was in each
case oﬁly a minute percentage of the materilal already
present in the tissue.

Since most plants that had been bled were harvested the
morning after the experiment, when the sugar effect had
. largely disappeared, as explalned in Went and Hull (1949),
it was considered important to find what the distribution
of sugar was within the plant at the time when the
applied sucrose had caused most active bleeding. Four
tomafo plants 4 months of age and four more which were
2 3/4 months o0ld were divided into four series — each
series conslsting of one o0ld and one young plant. The
four seriles included 7 per cent sucrose supplied to two
leaves with stems at 1° ¢. and 21° C., and water supplied
£8 two leaves with stems at the above temperatures. Rleed-
ing was started at 12:00, however, onl& the older plants
bled. At 01:00 the next morning, when the sugar-fed plants
were bleeding far more rapidly than the controls, the
plants were all har vested and immedliately sectioned and

dried in the forced cdraft oven. Sections included roots
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together with the lower 3 cm. portion of the stem, and the
upper portion which included the two petioles and the stenm
between the loci 1 cm. below the original decapitation and
1 ecme below the top of the cooling collare Table XI indicates
the sucrose values of these tissues for both age plants,

Although the two different ages of plants are not strictly
TABLE X

Sucrose Concentration (mg. per ge dry weight) of
Tops and Roots of Tomato Plants Supplied Sucrose
og Vater through the Leaves, with Stems at either
¥ . or 21° C,, harvested {3 Hours after Applie

catione.
1° ¢, 210 g
Suerose liater suecrose Viater
Lge (mos.) 4 2=3/4 4 2-3/4 4 2=3/4 4 2=3/4
Tops 2038 2.68 2068 0089 5051 5006 2038 1.78
Roots 2453 2405 3457 1478 3428 3.13 5.21° 1.76

# Value probably high due to the small size of these
rootse.

comparable because of the fact that only cne series bled,
and because of the age difference itselfy there are never-
theless some interesting conclusions which may be drawn
from the results. IThe large accumulatién of sucrose in
the tops of the sucrose=fed plants with 21° C, stems sug=
gests a blocking of downward translocatlon at that temper-
aturé. In both ages of sucrose-fed plants there 1s consie-

derably less sucrose present in the tops of the cooled sten

plants. The difference between sucerose concentration in
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tops of sucrose vs. watere-fed plants is much greater at
219 ¢, than at 1° C., showing that sucrose applied to the
leaves accumulates scarcely wore at the top of a cold stem
than when just water 1is applied.s The piling up of suerose
appears to be quite significant at the top of the 7% g,
stems of the sugar-fed plants. When only watsr 1s applied
to the leaves, regardless of stem temperature, the concen
tration of sugar is usually higher in the roots than in

the tops, L1.2. in three of the four cases above, the fourth
being equal., Iowever, when sucrose is apnlied, this relge-
tion is reduced to some extent for the 19 ¢, stens, but

nin

b x?

completely roversed in case of the 21° c. stems

o
AR

indicating & block by the war: sten.

In order to stt df the more detailed distribution of

'T

carbohydrates within the plant, the following experinen

was designed, Twelve plants were set up‘on the bleedometer
under exactly the same conditions as deseribed in the last
experiment, except that the stem temperatures were 1° ¢,
and 20° C, Sucrose solution or water was anplfed to th
“ leaves at 13:00, and the plants were allowed to bleed until
17:30 the following day, at which time they were dissected
into five separate sections, as shown in Fig. 6 and immediate=
ly dried. The three plants of each series recelved identieal
treatment¢were grouped for analysis,

Another experiment was run with exactly the same
treatments, the only difference being that the plants had

been transplanted slightly longer, and bled more vigorously
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arparently due to & betlter developed root s
were allowed to bleed over
the following morning. In spite of these slightly different

treatnents, the results of both experiments ars compared

23
bts

Table {II.
TABLE X1

Sucrose Concentrations in mz. par ge Dry ilieight
of Different Sections Indieated in Pige. 6 for
Plants Receiving 7 per cent Sucrose or VWater

through the Leaves, and with Stems at 1° C, or

200 C,
Data o¢ Two Zzperinents Incliuded.
£
¥ o, 20° ¢,
Juerose Vater Suerose Vater

Seetion 1l 2 1 & | 2 | 2

1 3456 7437 2443 4,96 5459 .28 2,03 6.48

2 ?.ll 11.")‘\5 30516 7'24 3.61 PBS‘- 3.4'3 '3(

3 5‘84 1Co42 3993 5’04? 3.1? 6012 20 3 5009

4 8.2{: ‘3‘./-6 ‘108- 2-42 4019 ?o/? nl? /7

g 2,43 2,42 e300 2,16 1.78 31,959 Je43 .0.39

These concentrations again indicate a strong tendency for
sucrose to accumulate at the top of the 20° ¢. stems when
this sugar is externally applied to the leaves. Therc is
also a high concentration within the stem (sectibns 29 3y

and 4) at the low stem tenperature, but only when sucrgse 1s

applied to the leaves., This strongly indicates that the

sucrose present ir the 1° C. stom is the same sucrose which
was applied to the leaves, and not sinply a result of inter-

conversion from some other carbohydrate as a result of low
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termperature, The cold sten appeared %o have almost no
effect on any of the five sectlons as far as the plants
supplied only water are concerned. The neans of the two
experiments are plotted in Flg. 7, and give a more clear
concept of the relations.

It appeared advisable to wmake a nore detailed ecarbo-
hydrate analysis of the center sections of sucrose~fed
19 ¢, plant and the sucrose=fed 20° C. plant. In addition
to sucrose, these sections were therefore analyzed for
fructose and reducing sugars by methods previously dese
eribed, and for starch by means of reducing power on a
clarified extract hvdrolyzed with takadlastase. Dunlicate
deterninations were made on redueing sugars, and sucrose
was detornined by three different methods, all of which

are indicated in Table XIII. Practically all carbohydrates

TADLE XIII
Carbohydrate Concentrations in mg. per g. dry weight
of Stems within Collars ‘aintained at 1 or 200 ¢
All Plants fed 7 per cent Suerose throug h twWo Leaves.

Sucerose values by three methods

Stem Viater Extraction £0 per cent 80 per cent
renp. Invertase Ethanol Ethanol
04 Hydrolysis Extraction Extraction
Invertase heid
hydrolysis hydrolysis
1 10.4 509 806
20 el 2.1 3.6

Cther Carbohydrates

Stem Reduecing Sugars Fructose Starch
Temp.

9G . 1 2
1 Te92 9,81 2.6 Fed
20 Ee5Y7 5.63 442 Je4
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It therefore seems exceedingly unlikely that the higher
sucrose content is produced at the expen of other carbo=

hydrates, The differences should probably be asecribed io

differential translocation and respliration at the two tene-
peratures,
In order to study the rate of transport of carbohvdrate

p

ecean

w
sk

from leaf down through the sten, the teehnique of
girdling the lower portion of the ster and ncoling the time
of first accunulation above the girdle,.was used, This

technigue had previously been used in the tomato plant by

Bonner (1944) in studvings the loei of formation and the

.

movement of certain suvbstancss within the plait.

-
7

Hellizing
large numbers of tomatc plants, he Qiﬁdl@d many with a
steam Jet, and left others ungirdled as controls. GStem
sections 1.9 ene in length, above and below the girdle, or
at equivalent positions on control plants, were analyzed
every day over a five day period for thiamine, riboflavin,
pyridoxine, reducing sugars, suerose, non-protein nitrogen,
and protelin nitrogen., Sucrose on the fifth day was found
to be 87.81 times rore concentrated above than below the
girdle, whereas the retio of reducing sugar above and below
was 4.91 to 1. Other substances accumlated at varying

The rate of accunmulation of

[
L]

ratios, some hardly at

certoin of these compounds over several days was very inter-
esting. For example, sucrose had accumulated very little

the first day, but had almost reached 1ts maximum on the
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markedly the flrst day, roaching about 7% per cent of its

final concentration. Althoush stean girdling does not
interfere with tho transpiration strean, since the plants
rerain perfectly turgid and normal aprearing {or about g
week, there is evidence of eventual injury. Overton (1911)
found that leaves of Cyperus becams discoloradvand dried 3
to 10 days after the stem was steaned, the degfee depending
upon the length of stem so treated. He concluded that the
steaning released polsonous substances which were carried
to the upper leaves, but also noted that transpiration was
only veryslightly decreased by the steaninge

To test accumulation with time, twelve plants were
placed in the darkroom at 25° C, They were not decapitated.
Half of the plants were steamed near the basey, and hall left
intact, these groups being further subdivided by the addi-
tion of either 2° C. collars or 25° C. collars. The three
plants thus remaining in each group were harvested at ﬁ&ree.
different intervals alfter %the application of 7 per cent
suerose Lo ail of the plants at 12:00, The plants were
harvested 1, Y, and 20 hours afler application of sucrose,
and the 1.5 cm. sections immediabtely above the girdle dried
and aﬂalyzed for suerose, Unfortunately the results showed
no accumulation with time or any other correlation which
could be interpreted. The entire experiment was repeated,
and the results did not agree at all well. Apparently the
fact that there was only one plant to each treatment, in

conjunetlon with the inherent variability or carbohydrate
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content of individuals, especially when partially starved,
rendered the results too inaccurate to draw any conclusions,.
However, growth measurements were made on the four plants of
the second experiment which were not harvested until 20 hours
after sucrose application, the growth increment being éhown
in Table XIV, The inhibitlon of growth at the lower tempere

ature can not readily be accounted for by a decreased

TABLE XIV

Increase in Growth of Tomato Plants in mm, Over
a 20 Hour Dark Period During Which They liere
Supplied Sucrose. Treatment Indicated at Left.

Stem Temp., © C, Treatment Growth, mm./20 hrs,
2 Girdled 6
e Not Girdled , 7
25 Girdled 15
25 Not Girdled 16

carbohydrate translocation at low temperature, because all
foliage on the plant (including the two leaves supplied
sucrose) was gbove the cooled stems, The carbohydrate

~ passing from leaves to growing point would not traverse

| that portion of the stems A more logical explanation would
be that some factor coming from the root and needed for

stem elongation, such as caulocaline, is inhiblted by the
low stem temperature, e do know that cooling causes little
or no retardation of the transpiration stream and the in-

orgenic minerals which accompany it. Consequently, 1t
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would be necessary to postulate upward novemeni of the sten
growth substance in the phloem. This, however, would appear
unlikely since one would expect a sfteam girdle to effectively
interfere with all transport through the'phloem, and yet
growth 1s not significantly different in girdled and ione
girdled plants. There 1s the remote possibility that the
growth substance is normnzlly carried upward in the vessels
of the xylem, but due to ifs extreme insolubility at near=
freezing temperatures or due to physical changes in the
adsorptive properties of the vessel walls at such‘temp@ra
atures, the substance may be almost completely precipitated
or crystallized from the transpiration strean.

In order to nininize the inherent differences hetveen
individual plants, the next experiment was set up so that
six plants received identical treatment. All plants were
girdled, and all recelved 7 per cent sucrose through two
leaves. Six had collars maintained ot 2° C.‘and six had
22° ¢, collars. 41l plants were harvested together after
48 hours in the dark room, growth being neasured at the 24
and 48 hour periods. The sucrose content of 1.5 cm. sece
tions above the girdle of individual plants was deternined,
the means of which are indicated in Table XV alohg with
growth rates during the dark perlod. At the same time the
plants in the dark room were girdled, two similar planﬁs
were girdled in the greenhouse, and allowed to remain there
during the same 48 hour period., At the end of this time,

sucrose analyses of the sections above the girdle gave
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TLBLE XV

Content of Stem Sections Above the Girdle

of Tomato Plants with Leaves in Suerose and Stems
at 2Y or 22° C,, the Plants having been 4£ Hours
in the Dark. Growth Iates arc also Incliuded. 8ix

Teripey Ce (

~nO
o

Plants per Treagtment.

Stem. Suerose Concentration " Growth in Growth at end
nge/ge dry weight) First 24 hrs{mm)of 42 hrg(mn)
2,93 £ 0,729 : 448 12.6 ¥ 2,13
5,00 £ 0,695 14,8 26,8 £ 2,90

4]
22

values of 43.

~

6 and 47.9 nge per ge dry weipht respectively,

about 10X the value of the plants fed sucrose in the darke

The difference beitween the means of the sucrose concentrations

of plants with stems at 2° and 22° ¢, 1is Just under signifi-

cance at the

freedom., Dif

5 per cent level, attended by 10 degrees of

Tercnce bhetween the growth resulting from the

different teuperativres is highly significant. The sucrose

Lisd

values, although not quite significantly different, suggest

that over an

exbended period of 48 hours, greater transloca-

tion takes place in the stems held at 22° C. The data on

growth would

be interpreted egsentially the same as in the

case of the last experiment,

In addition to the sections just above the girdle, the

top 8 emey the 10 cme section within the cooling collar, and

the section just below the girdle, werce all analyzed for

sucrose content, at both stem teuperatures., The values were

all very low,

and no significant differences appeared between

the two different stem temperature treatments in any case.

The fact that light was many times more effective in
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causing the accunulation of suecrose above a girdle than
the same sugar applied through the leaves; suggested the
use of light as a primary source of assimilates in conjunce
tion with different temperature treatments. A bracket
containing four white slimline fluorescent tubes was in-
stalled in the dark room. It would give an intensity eclose
to 1000 foot candles when lowercd closely over the plants,

The first experiment was again planned so that six
plants received identical treatment. All twelve plants were
girdled, and tihen given two photoperiods =~ from 12:15 to
22:30 (10 hrs., 15 min,) the first day, and from 8:4% %o
21:00 (12 hrs., 15 min,) the second day. During thils period
six plants had 20 C, stens and six hod 24° C. stems (light
periods) and 19° stems.(dark period). They were harveéted

immediately after the second photoperiod, at 21:00, each

o
°

plant being dissected into six sectlons, as shown ia Fig.
In addition to the twelve girdled plants, two were illum=
P 9

inated at the same time which had not been girdled. They

g

were dissected in the same manner. Growth, measured over

¢

n

the entire period was not significantly different in any of
the treatments, every one of the fourteen plants growing
alnost exactly 2 mm; during the experimental period., For
sucrose anaiyses, three plants from each group of six were
lumped together, thus giving two determinatlons of cach
treatment. The two non-girdled »lants were also pooled,

thie values for all plants being indicated in Table XVI,

11
The data unnistakably exhibit the effectiveness of the
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' -—=--A-4.0cm.
Three matvre
leaves left on~
1?

Collar_____ }———-B’I0.0cm.

Girdle

Fig. 8. Various portions of the tomato plant, the
sucrose content of which is summarized in Table XVI.

coolad stems in inhibiting the downward translocation of
naturally synthesiged sucrose over extended periods. Also
the apparent complete stoppage of transport by the girdle is
clearly demonstrated by the high accumulation of sucrose

in the bottom section of none=girdled plants. It @as proe=
viously noted that accunulation of sucrosé above a girdle
after.only one photoperiod is hardly significantly more

when the stem is maintained at 24,59 C, than at 20 C, In
conjunction with this phenomenon, the finding of VWent (1944a)
is of interest. He studied the detailed growth of tomato

plants by means of a kymograph, on which growth was
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mecthod, it was noted that when plants were lofT 1In darkness
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| and
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¢ 24 hours, but shortly after that dropped £
zeroy due to & depletion of carbohydrates., If planis whieh
had thus come 10 a stondstill in growth were ziven a ten
hour photoperiod, they would fail to grow the following

night, but needed a second photoperiod, after which they

again resumed their nighitly growthe It was thus denonsiras

B
ted that nore than 24 hours wag needed for
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assimilates formed in the leaves to reach the growing point,
at least in sufficient quantiﬁy to cause growth,

An interesting corollary has also been found by Went
and Carter (1948). Again using the kymograph, it was noted
that growth of tomato plants dropped to zero about 33 hours
after being placed in darkness. Iliowever, growth would
again be resumed upon the application of sucréée to the
leaves during this dark period. The time interval between
such application and resumption of growth appeared to be
strongly dependent upon the length of time the plant had
been in the dark. For example, 1f sucrose was given after
only 8 hours of darknessy growth was resumed 34 hours there-
alfter, whereas if given after 42 hours in darkness, growth
was resumed in only 9 hours. Such a great difference in
rate would seem to indicate either different mechanisms of
trangport in the two cases, or else that rate is strongly
dependent upon concentration gradient, the plants being
rractically depleted of carbohydrates after 42 hours in
the dark, and therefore creating a strong gradient botween
the sugar-enriched leaves and the growing point.

A study of the long-term effect of a cooled stem upon
growth was considered., [our San Jose Canner tomato rlants
wniech had been rrown in washed river sand and had reached
a height of about 90 cm. were selected, Cooling collars
20 cm in length were placed at the center ol the plants,
about the stems, by removing two leaves. Lower leaves

were also removed, thus leaving three mnature leaves below
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and three young mature leaves above thevcollar of each
plant. Two of the collars were nmaintained at 7-9° Coy
and the other two were allowed to remain at room tenpera-
ture, which was 23° C, day and 17° €. night, the plants
being kept in the air conditioned greenhouse for the
experiment. Growth was recorded periodiecally, and on
December 22, all of the leaves above the collars of the
nunber 2 plants of each seriles were removed, in order to
study the effect of the cold temperature on transporit from
the lower lsaves upward through the collar to the growing
point, Unfortunately the plant so treated, which had the
room temperature eollar, bocane infected with fungus aboﬁt
the stem, bheneath the collar. Judging from growth rates,
the infection must have bLecome texic just about the time
the leaves were removed. Upon completion of the experi-
ment, the other three stems were found to have traces of
fungal infection beneath the collars, but no visible damage
was discernible. Growth rates are indicated in table XVII,

There was a short period of about 8 hours between Dec. 15

s
=t

and 17th when cold watoer was not cireculating in the collars,.

The data seen to indicate a very slight retardation of
growth in the case of the cooled-sten plants for about the
first week, but after two weeks (considering now only the
no. 1 plants) the inhibition had secmingly reversed, In the

case of the 7=-9° plant which had its upper leaves removed,

growth continued at a rate equal to about half that of the
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TARLY XVIT

Growth Rates of Tomato Plsnts in mm. per Day,

between Several Periods of Time, when Centrally

Located Collars are Melntalned at either 7-9° C.
or 17-23° C,

Date of 7-90 ¢. Collar 17-22° 0. Collar
¥eassuremant 1 2 ‘ '

D s aanaand R vt

Dec. 13, '50

13.0 12.5 14 .5 130
15 '
20.C 18.5 34,0 28.0
17 _
25.& 24 .& 26.0 25,5
19
19.7 £1.5 25.0 23.7
22 (Upper leaves removed this dste, no. 2 plants only)
26.8 11.4 25.8 G.6 (Fungus)
27 .
. 2.4 | 15.0 26.4 C.C (Fungus)
Jan, 2, '51 .
Original Ft. £94 606 876 £86
Final ®t, 1368 1230 1360 1663
Total GCrowth 471 324 514 207

Intact plant. This 1¢ rather remarkable in view of the
fact‘that the upper leaves, by the time of removal, con-
sinted of considerably more than half of the total leaf

area of the plant. -Apperently, carbohydrafes ars readily
concucted upward through.the cooled stem,s It is unfortunate
that the figures for the corrssponding plant with the 17-23° C.
collar are not useble. . It would be highly desirsble for

this experiment to be répeated, utilizing a greater number

of planté, ahd making certain-éf disinfection before appli-

cétion of the collars.



OG0
inotheor very interesting observation in tle above

experinent was the considerably larger size and greater
greenness of the leaf immedlately above, and the one irme~
diately below the collar nmalntained at the lover termperature,
as compared to the same leaves on the plants with roome
temperature collars. The latter leaves were, in fact,

quite dry and withered by the end of the expefiment; Also
axillary shoots were observed growing out from the nodes
imnediately below both of the cooled collars, but not in

the case of the room=temperature collars. The explanation
of this phenomencn is difficult, It is not unlike the pre=-
'viously deseribed observations of Child and Bellamy (1919,
1920), in whiech: inecreased outgrowth of buds was noted upon
the chilling of stems or petioles of Brycvhvllum or Phaseolus.
The authors do not attemnpt to explain the induction of ine
ereased plantlets in Zryophyllium leaves with chilled petioles
as being due to an inhibition of ecarbohydrate translocation

ut of the leaf, bul rather interpret it as being due to a
stoppage by the cold petiole of bud inhiblting substance
formed by the terminal bud and adjacent leaves, and transe
located to the leaf in question. This arguuent night appear
logical from one'standpeint. Due %o the relatively high
solubility of most sugars, it would seem impossible for

the translocation stream to become saturated with respect

to these sugars, even at temperatures jJjust above freezing.
On the other hand, many hormones or substances that may
inhibit bud growth have an extremely low soiubility !

solubility which in some cases is scar cely higher than



tueir yhvsio10"10°1 concentrations, especially under sube
optimal conditions of piy and the presence of other solutes,.
The so-called bud inhibiting substance, if it be such a hor-
rnone, may not be an exception to this rvle. It is conceive
able that this subﬁanée rnay reacb saturatlon in viyo at
temperatures well above freezing, and when cooled to very
low temperatures be almost completely erystallized or pree-
cipitated from the solution. The faet that chilling of
the stems or petiolss does not affect the turgor of leaves
beyond, and thus apparently does not retard the transpire
ation stream, i1s an indication that movement of the Inhibe
ting subgt ance 1s not through vascular bundles, but 1s
dependent upon physiological zactivity of the cells ==
probably being transported through living protoplasm of the
phloen. Vhen the tissue 1s cooled to a low temperature,
this activity is apparently inhibited, However, the Inhibie
tion is lost after a few days and the tissue soon becomes
acclimated to the new tenperature. Indeed, in the bean
seedling, temperatures which at first served as a block
became completely ineffective after a few days. There is
one point that should be noted in the work of Child and

Bellamy. In spite of the greater number and development

of plantlets on a Bryophyllum leaf with chilled petiole,

the actual rate of developnent is less rapid in this leaf
than in the dpposite one which does not have a chilled
petiole, Judging from this behavior, one could easily
reverse the previous conclusions, or one could even postu~l

late that the low temperature decreascs resistance to
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outward translocation from the leafly, and that the resultant
lowered carbohydrate content causes a slower development of
thie plantlets., 4T any rate, the phenomenon is one of great
interestes A4n understanding of its mochanism will probably

necessitate investigation from several aspects.



Tracer Studies in Transleocaztion

-During the last cecacde, an increasing amount of exper=
imental work on translocation has been accomplished by the
use of radiocactive trécers. These investigations have
utilized isotopes of phosphorus, nitrogen, carbon, and
certain other elements which are required by the plant.

Arnon, et al., (1940) supplied P32 to bdfley and
tomato plants in the form of Ha2HP3204 added to the nutrient,
They detected the isotope in the top of tomato plantsg six
feet tall only 40 minutes after addition to the nutrient,
the maximum concentration in the nutrient for tomatoes
being 2845 microcuries per liter. Tomato plants were also
harvested 36 hours after aduinistration of the iéotope,
and their leaves and sections of frult were pressed
against non=screen Xeray film for one hour. The resulting
radioautogfaphs showed very clearly movement of the isotope
irto these organs. In order to investigate possible injury
due to radiation, barley plants were grown in a nutrient
containing 92 microcuries per liter, but no damage was
obserﬁed even at this high concentration.

Diddulph (1941), also utilizing P32 in the same form,
studied the diurnal translocation of this isotope from bean
leaves. He cut a small flap, whieh included a vein, fronm
a lowef leaf, and dipped it into a solution containing the
isotope., It was applied to differeht plants in this manner

at 4 hour intervals, throughout 24 hours, and the activity
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of different portions of the plant were analyzed 4 hours
after application in each case. Total p32 nigration from
the leaf was thus found to be greatest around 10:00, and
least around 22:00., A large percentage moved into the
root throughout the day, but ceased with the onset of

s A
i

darkness. lowever, 1 ain started to move into the

el
2

roots shortly after midnight, and by 04:00 was almost up
to the day rate., This acceleration between midnight and
04:00 is most interesting. JSince sunrise was not until a
few mihutes before 06300, 1ight was obviously not a factor,
Some dellicate balance among transpiration, translocation
and sugar metabolism rust be involved, ‘iovement into the
unper stem and leaves was very slight duvring the morning
hours, and stonped entirely after 14:00, Ilovement appeared
to be primarily downward in the phloem and upward in the
xylems,

In further work of this type, Blddulph and Markle
(1944) found the P32 %o be localized in single vascular
traces, depending upon which vein of the leaf was subnerged
in the isotope solution. If the fact that the vascular
trace from the petlole anastomoses with the vascular cylinder
of the stem about one inch below the node is taken into
account, then the amounts of p3@ moving upward and dowmward
from this point are approximately equal. Within the sten,
90 per cent of the P32 was found in the phloem, and 10 per
cent in the xylem, although the amount in the xylem inereased

from base to apex due to the slow leaching from phloem to
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xylen, followed by raplid upward Iransport in the trenge
piration stream. Ixperiments in which a ring of bark was
removed 4 inches beslow the petiole of the treated leaf showed
accunulation of P32 gbove the ring only l=3 hours after
application. Downward movement in the stem was found to

be greater than 21 cme. per hours.
P32 was also used by Colwell (1942) for translocation

studies in ilubbard squash. %When a small spot of the iso-

topiec solution was applied to the surface of a leaf, it was

not translocated down a petiole which had been scalded,

even though the xvlem remained intact from the scalding.

Hovenent was thus shown to be in the phloem. If, however,

the leaf was almost wilted so that practically no transe

piration was taking place, and the tracer then supplied in

solution over & large proportion of the leaf, activity

could be found beyond the steamed section 1in only 3 hours,

thus indleating a moveament through the Xylem, Both water

and tracer were apparently withdrawn from the leaf surface

under these conditions. Wwhen a leaf near the shoot tip was

treated with radicactive phosphorus, and the plant harvested

the next day, movement was found to bLe predominantly upward

into the stem tip. Treatnent of a lower leaf in this manner

indicated movement to be mostly dowmward into the roots,

thus deumonstrating that primary nmoveument was not in the xylem.

Finally application to a centrally located leaf resulted in

movenent to bhoth the tip and the roots. It was also found

that when leaves were ‘treated as described above, but sections
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of stem analyzed for activitly by means of radiocautographs
rather than by the counter, small amounts of P32 arrived
near the base of the stemy at a point 200-300 cm. below the
treated leaf, in 16 hours., If, however, the leaf was vacuum
infiltrated, large concentrations were found throughout the
plant in only 3 hourse. Such rapid zovement was probably
through the xylem, since scalding the petiolejbf the treated
leaf failed to stop it.

The recent work of loore (1949) is of interest.' By
dividing the roots of maize into two parts, and placing
each part in a separate nutrient bath, only one of which
contained P32, this author was able to show transport of
the isotope to all of the upper parts of %he plant within
2 hours. 3y 6 hours, activity was detected in roots immersed
in the other nutrient solution, and at the cnd of 96 hours
the isotope vas demonstrated to be in the solution itself,
The experiment suggesis that downward movenment of P32 occurs
only aftsr it has first been translocated upward to the shoot.

Using (ilH)550, labeled with N19, tmcViear and Burris
(1948) followed the movement of this isotope when fed to
tomato plants in the nutrient. A very rapid increase in cone
centration of labeled nitrogen to a maximum in about 24 hours
oceurred in the nore mature plant parts, such as the older
portion of the stem and roots, and the mature (but not
senescent) leaves. Increase of N15 concentration in the
younger leaves and roots was much élower, talting about 60

hours to reach a maximum. The authors suggest that the



experiment indicates mature tissue as being the sits of
synthesis of amino acids and other nitrogencus constituents,
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meristematic portions of the plant, to supplement nitrogenous
compounds synthesized there, The rapldity with which the
ng first apneared in leaves (less than 2 hours) would
indicate with certainty that this initial transport is via
the xylem vessels. The seecondary transport of the newly
synthesized amino acids, being much slower, is undoubtedly
an active transport through the living phloem. ZIxperiments
of the above type in conjunction with chilling and stean

3. ~

girdling of the stemg or petioles shoulé offer interesting
results.

Sone gtrange findings wevre reported by Rabideau and
Burr (1945) in which C13 in the form of CO, was supplied
te a centrally located and asctively photosynthesizing
bean leaf. [,Clg'was deternmined in variocus parts of the
plant after 12«43 hours by means of a mass quetrometer.l
It was noted that removal of the leaf opposite or removal
of the shoot above the treated leaf did not hinder downward
translocation of €13 into the root. Acowmilation in general
was by far the greatest in the growing points of both shoot
and root, but no transport took place, cither upward or
downward, past a section of stem scalded with hot wax (100° C.).
On the other hand, these worlkers found P32 to pass qulte
readily through scalded stems, They also féund a positive
correlation of growth and newly deposited ¢13 in sections

1015 was determined in 002 after combustion of the tissue.

e —
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oi the stem tip, the maximum bveing about § cne below the
stenm apex. Under no circumstahcc was the lsotope iranse
located to the leaf opposite the one fed. Ixperiments
were undertaken in whiel: the raceptor leafl was either
darkened or in the light, and also where the entire top of
the plant above the two leaves was removed, but s£111 no
c13 was detected in the opposite leafy even though both
sides of the rnode at the leafl bases contalned an equal amount
of the isotope. 7o test thils phenomenon from another
aspect, the authors starved one leal by placing 1t in a

1

hourse. Its poor appearance at

biack paper envelope {or 220

-

_
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the end of this period suggeste at 1t had falled to

receive any food from the opposite illuminated leafl, which

indings

would corroborate the tracer experiments. These [
do not agree with anatomical studies on the bean plant which
show anastomosls ol the vessels of opposite leaves, and
eonsequently the phencnenon is sirongly indicative of a
unilateral translocation in the petiole,

When C1% labeled sucrose became availeble from
Dr. jassid at Terkeley, and later from the Aﬁomic Energy
Comulission, 1t was decided to follow 1l%s movement through
veung tomato plants, about 25 eme high, by means of radio-
autographse. A solution econsisting of Ce2 mle 0f 7 per cent
sucrose was painted on both surlaces of the filve 1eafleté
of an upper lut mature leal of the first plant. The second

*

plant was treated in the same manner except that the

solution consisted of 1,084 mg. of the labeled sucrose,



and sufficient normal sucrose 1o
vp to 7 per cent. (12,1 mge) The activity in 1.084 =g,
of the tracer was 0.41 sdcrocurie {(mc.), and 1,16 = 109
counts per ninute (e/m). The solutions werc made up in
De8 per cent Urene, as a webtting agent, to nroduce bether
adhesion té the leaf, application to the leaves was at
15:00, and after 24 hours in the dark, the individusl leoaves
and the rcots were excised, and the s
several sectlons to stop all translocution, all parts

(]

being fastened tc sheets of paper in as nearly their normal
position on the plant as possible. Thoy were pressed in a
plant press, and immediately dried in a forced draft oven.
After exposure to non—screen X=ray {ilm for € days, develop=
nent showed equally good transport, whether just the tracer
vas applied, or vhether extra sucrose was also added as a
carrier, Iin future exneriments the additional.narﬂal suerose
was 1ot used. Activity vias clearly discornibhle throughout
‘all of the plant except the lower leaves, It was particularly
concentrated in the roots and rrowing point of the sthem.

leaves with the Traceriab nonitoy

indicated a positive correlation betwoen ¢/m and density on
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owever, the filn was nmorc scensitive in pleking
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up very low concentrations, since the wealter images on the
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filn did not register on the counter, when the window was

placed over the corresponding part of the plant. This corro-

P

borates the previously deseribed findings of Colwell (1942).
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The fa¢t that the above experiment deﬁonstrated MOV~
ment into the roots within é4 hours, suggested a time study
in which the plants would be harvested at various intervals
after application of the tracer. By feeding 013‘tagged
€0, to 1lluminated young bean plants, Delkengren (1941)
found ihat ébcut 2 hours were required for the synthesis
of carbohydrate and itsvtransport in sufficient quantity
to be detected at a distance of 30 cn. irom the point of
synthesis. Exposure of tagged 002 in the dark indicated
that no unassimllated CO, was transported. '

The time experiment utilized seven small tomato plants,
about 20 cm. high. A4 solution containingbo.41 pce of
_radioactive Suprose in 0,4 mle of water was painted on
both surfaces of the termihal leaflet of one young but
maturelléaf of each plant at 10:15, The plants were har-
vested at intervals of 1, 2, 3; 4, 6, 8, and 10 hours
after application, each plant being sectioned and dried
upon harvesting, After eﬁposure for 22 days, the film was
deﬁeloped, Prints of the radioautographs for the 1, 2, and
10 hour intervals, along with shadowgraphs of the same
plants are shown in Fige 9. In additlion to the plants'
described above, one plant was exposed to the film durdng
the same interval as a blank, An extremely faint image was
notéd along éhe film exposed to-the stem, thus indicating
a minute amount of natural radicactivity in the untreated

plant,



-310Ca~-
The intensity of this Inepge wae so wesk, however, that the
intensity cf rediastion producing 1t was prcbably of the order
of 1/1CCC or less of that 1n the nore actlve rezions. iccording
to Kamen (194é), normal potessium contains & smell percentace
of ¥4V (c.012 per cent). This isotope has & helf life of 109
yvesrs and gives off very wesk radlation of the negetive @ tvpe.
Suchk radistion could well be the csuse of the blank imarse,
since & considerabls. amount of potassium is'present in plants.
There ls also the voegibility thset fhe pressure of the stem
cgalnst the photographic film cauced the 1lmare, and that the
lezves, being flatter, Adld nct create sufficient pressurs to
form en inage. At any rate, tre intenzity ol thls btliank
inmege was s0 wesk, that 1t in no wsy intérfered with proper
interpretaetion of the radiosutographs. The conclusions
reached alter examination of all eutographs may be summarized

as follows:
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l, At the end of 1 hour there was positive but slight

translocation of the €14 into the roofs,'and to the

other leaflets of the treated leaf, - appeared in
the growing point at 1 hour.

2. At 2 hours there was a fairly large amount in the

roots, as well as the growing point,.

3. At no tinme did lsavesg other than the treated one

show activity. o |

4. Several of the films showed clearly the particular

vascular bundle through which the isotope pussed,

In order to study the effect of temperature by nmeans
of the ftracer, the following experiment was set up. Four
plants, 2% em. tall, were placed in the dark at 09:00, and
1° C. collars were applied to two of them, the collars being
10 eme in lengthe At 14300, a total of D.?ﬁ‘nc. of the
tracer was painted on the terminal leaflets of these two
plants, and on two with cbllars at room temperature (20° ¢.),
Cne plant.of each set was hervested after 1 heﬁr, the other
twe plants being harvested after 3 hoursc. Treatment was as
previously descrlbed, the resultant radiéautog?aphs being
illustrated in Fig.,IO.- Inspection of the autographs shows
the following polnts:

a4
A 4in the stems and roots

1, A considerable gmovnt of C
of all four plants, but somewhat more in the roots of
the three hour plants.

2, Activity in the growing point appears to be fairly
strong in all plants except the one exposed 1 hour with

20° ¢, Btemo
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3s There appears to be no difference between transe

cl4 activity in the roots) at

location (asgs judged by
the different temperaturcs, in either the 1 or the 3
hour plants.
4, Tione of the six mature leaves on each plant
showed activity, other than the one to which the
tracer was applied. An 80'per cent ethanol extract
was made of all leaves which falled to prodﬁce an
image on the film, and upon concentration onto one
counting platey, showed no activity above the backe
ground count. This supports the possibility of : relae-
tively greater sensitivity.of the fllm, as compared
to the counter, in picking up low concentrations of
the tracér. |
As previously mentioned, 1t was considered desirable
to find in what fractions the Cl4 became incorporated. After
a prelimlnary trial, an extraction was made individually
on leaves, stems and roots, as shown in Fig. 11l. Only the
leaves which showed activity in thé radioautographs were
useéd in the extraction, the plants being those.descfibed
in the last experiment., Although it was not considered
ideal to 1ﬁm§ together plants exposed béth 1 and 2 hours
before harvesting, this was done in an effort to conserve
all activity possible. To determine the variation in the
countery and what the minimum number of counts above béck-
ground mast be for significance; background was counted
for six successive 20-minute periods, The values found,

in counts per minute, were: 10,1, 10.4, 9.9, Ge6, 10,04
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and 10,8. Themean of 10.1 and standard deviation of
0,383 would seemingly indicate that any number of counts
rouchly 1.2 above background would be highly signficant.
ijowever, to be perfectly safe, nothing unde? 3 counts per
minute abové background is consldered significant. Consie=
dering the counts per allquot (this being the amount concen=
trated onte one counting plate), we see that only in the
leaves does the activity reach the fthreshold of significance
in the case of pigments, including the chlorophylls, caro= |
tenoids, and sterols. In none of the organs did activity
in the liplds or zanthophylls reach a significant value,
Ether extractable organic acids and free fatty acids con=
tained a rather high amount of 014, but only in the leaves,.
Sugars appear to be in'highly significant amounts in the
roots and especially in the leaves, bul not in the stem.
It seems probable that the fermentation on the previous
ethanol extract did not go to completion, and that one
would therefore expect a larger percentage of activity in
the sugars (column T') and a smaller percentage in the aqueous
extractable organie acidsAand amino acids (cols H), than is
indicated. The activify of these two fractions would be
better considered only as their sum, indicated in col. G.
A large amount of activity has accumulated in the cellu-
lose, starch, and protein fraction of the lea?es, and a
modérate anmount in the stens, ‘The rate of converslon of
sucrose to other compounds appears to be quité‘rapid in both

the leaves and roots. The activity recovered in the organic
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acids is particularly high, as night be expected because
of their important role in carbohydrate metabolism. The
mdderately'high activity of the root sugars ié of interest,
and suggests that some of the first cl4 in the roots arrives
in this form, aiohg with certain of the organic and amino
acids,

A determination was also run on the cl4 activity in
the carboxyl carbon of the a~amino acids of the leaves, A
5 nle aliquot of the sugare-amino acid fraction was incﬁbated
in a Thunberg tube with § ml, ninhydrin; all buffered to
plI 540, The upper part of the tube contained 1 nl. of 1/3
saturated Ba(OH)o, the entire tube being incubated 48 hours
at 34°°C, The Ba(CH), and BaCO4 recovered welghed 17.3 mg.,
and ran 6.3 counts per ninute over backsround, Sinece the
5 mlse of extract originally contained 4995 c/my the percén=
tage of cl4 in the carboxyl group of the amino acids, as
compared to total ¢4 in the sugar-acld fraction, was 6.,3/4995
or 0.13 per cent.} The Thﬁﬁberg tube was nitrogen filled, and
the presencs of a moderately large collection of Ea003 pre=
vcipiﬁat& in the Ba(Oﬁ)z solution, upor completion of the
experiment, indicated that a considerable amount of A-amino
acids had béen decarboxylated, but only'an exceedingly small
peréeniage of ﬁhese contained cl4, | |

Total recovery of C1% was only 7.7 per cent, which
indicates that a large poftion was lost either in respirae
tion or during the processes of drying, mounting, and grind-

ing the tissue.
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To investigate the effect of concent:ation gradient
(resulting from previous exposure to light) on rate of
translocation,_the following experiment was designed.'
Foﬁr 20 em, plants were placed in the dark room at 17:00,
and allowed to remain thére the next day, the température
being 20° C¢ Four similar plants were left in the greenhouse
(dayAtemperature 230 C., night temperature 17° C.) so that
they received normal daylight. One plant of each set was
stean girdled, and at 16:1Y a solution of Cl%4 was painted
on the terminal leaflet of one young but mature leaf of all
plants, both light and dark treated, and the plants were
left in the darke The [irst two harvests were 15 and 45
minutes afﬁer application of the tracery and included
only non=girdled plants, one light and one dark treated
plant, beihg taken at each of the harvests, The third
harvest, 2 hours after application, included four plants ==
both girdled and nonegirdled as well as light and dark |
treated. After treatment in the previously described manner,
Y-ray films were exposed %to the plants for six weeks. Devel-
oprent showed good positive Images. The time of exposure
can apparently be varied over a moderately wide range, and
still provide good density and definition of the imége.
Colwell (1942) found that exposures involving a time dif-
ference of 10X were both completely useful, apparently due
to a saturation effect. OSuch a saturation effect, however,
ccﬁld easily mean that small differences in concentration

of the tracer would not be differentiated, particularly if
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the exposures were too long. All radloautographs are shown
in Fige. 12, along with shadowgra?hs of the same plants.
There are several poinis of interest to be noted:
l. Previous exposure to either light or dark apparently
makes no difference in the amount of Cl14 transported
to the roots, at any given time interval between 15
minutes and 2 hours after application. (The non-
vgirdled dark plant erposed 4% minutes had slightly
 1¢53 activity in the roots than the corresponding
light treated plant, but the reverse was true for the
2 hour girdled plants.) Such behavior 1s suggestive
of a depleted carbohydrate content, or a variable
concentration gradient, not being of greait importance
in affecting the rate of this rapid c14 migration,
2. Definite acﬁivity appears in the roots after
only 15 minutes of exposure.

V 3« Appearance of cl% in the growing point and youngest
leaves is proportional to the length of time the tracer
has been applied, but is not proportional to previous
exposure to light or darlk.

4, Stéam girdles (as shown by arrows on the shadow=

~graphs)rdecreased translocation of the tracer, bﬁt did
not stop it. Considerable activity passed through
the girdle, and appears in the roots. A definité'acéum-
ulation above the girdles is dlscernible, Lateral
novement into a leaf located just above the girdle of

~the 2 hour dark plant is most pronounced., ovement of
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any consequence into leaves other than the treated
leaf (except very young leaves) has not previou&ly
- occurred, this fgct being in aqccrdance with thevpre-
viouély mentioned work of Rabidean and Burr (1945%),
_According'to the findings of Colwell (1942), a well-
watered and turgid squash plant would not‘transpért
P32 dovm the xylenm (shdwn by scalding the petiole)
when it was applied to the surface of the leaf. The
tomato-éxpariﬁent does not corroborate ﬁhese findings.
‘because of obvious transport through the girdle.— It
is difficult to say whether this phenomenon is.siéply,
due to the inefficiency of the girdle, or whether
transport was actually through the xylem. All plants
were grown in nutrient solution and wefe maintained on
this medium during the experiment, and were conse-
quently completely turgid at all times. |
Thié experiment does not support the conclusion of
Tschesnokov and Bazyrina (1930),'that translocation is de=
pendent upon the amount of “surplus assimilate" (assimiiate
which has not been incorporated into the tissue) in the leaf,
and the resulting concentration gradient. It is possible,
or course, that the extremely rapld transport made detect~
able with the tracer, 1ls a completely different type from

nornmal transpoft.



PISCUSSION

The great camplexjty‘of translocation ls probably the
pfimary'factor brought to light‘in this end other investipga-
ﬁions} ¥ot only do we find possible éifferent mechanisme of
transport, variable reates, sné varilable temiersture coeffi-

clents for different groups of substances, but these same dif-

ferences are becoming more apparent even for gne group of sub-

stances in a8 tgingle specles of plant. Such differences make
the acceptance of only one mechanism to explein all transport
increesingly difficult. Eessons for the postulationvof two
meChahism& will be considefsd later In the ﬂieéussidn.

Tt would appear that there are at lesst three distinct
raetes of sugar ﬁr&nslocatien in the tomato plant: (1) The
tracer work which indicated movement throurh the grecter part
of the plant in less than 15 minufes, se seen in the radiocauto-
graphs, anC also the fractionatlion of different parts of the
plant one to three-hours after application of the Clé, in
which activity was recovered in the szupar, starch, and organic
acld fractions of the roots. (2) Pleeding sxperliments which
demonstrated raetes of 8 to 11 hours. (3) Experiments which
involveé mess sugar movement as & result of exposure to light
or addition of sucrose to the leaves, and subsequent me asure—~
ment by growth or by tissue enalyses, which suggested rates
of 24 to 4¢ houre.  That only one mechenism eould account for
sgch widely‘divergent rates of tfanaport of one grcup'of sub=-

gtances In cne specles of nplant seems improbable, 1f not impocss-
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ible. The possibllity must, of cocurze, he considered that
three distinctly different retes of translocation are not
being amsssured In these exverimsnta. For examyle, it 1s not

mpossible that the radiosutosraphs detect the very first

trace of materisl reaching the roots, whersess the blsedin

>

g1

experimnents exhibit an inerement in exudetion rate onls

o

R

after

.

g certalin minimum threshold concentration has been schileved
in the roots. That Yleeding rate 1s dependent upcon the con-
centration of an activating fasetor, probably a carbohydrate,
within the root itself, appsars evident. If such were not
ths case, 1t is unlikely that pirdling the base of the stom
would have eny Iinfluence on surpressing the sugar effect
ags it does.

Different rates of transport found by varicus invsstiga=-

tors among éifferent species of plants are probably not neces-

sarily indicative of different mechanisms. Such variations in
transport are almost certainly influenced by different ratss

of synthesls anc¢ utilization, as well ss certsin other factors.

Not only different retes of transport, but also widely

different temperature coefficlente, as reported in these ex-—
reriments, strongly surgest the existence of 2 multi-mechanism
tyre of translocation. The fact that tracer sexperimsents, as
well ss the blesding experiments described herein, have not

demonstrated & €,, of more then one for translocation 1s very

su zgestive of & mechanlsm of transport unigue from the slower

more. general type movement.

Of the various types cf mechenisms proposed for carbohy-—
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drate tranelocation, there are several which would appear
most likely to account for the data presented in this work.

4 pmass flow type of transport as postulated by ¥lnch (163C),
or a moGlfication of this which includes diffusion along
-plasmodeSmata of ercoss walls and acceleration by protoplasmic
streaming within non-vascular tissues in combinaticn with
préssure‘flow through permesble sieve tubes, as proposed by
crafts (1933), would appear to be the most logicsl explans-

tion for the majority of experiments. The slowser movements,
iﬁvolving large amounts of carbohycirate, i.e., treansport of
low velocity but high ca?acity, could gquite ccﬁceivably occur
in this mannér, Transport ci this nature usually involves a
time factor of at least 24 hours for movement from leaf to roct
or leaf tO‘growing point. tor exemple, Table XV, which shows
accumulation of sucrose sbove a girdle only after ggénphoto~
pericds, demonstrates thie slow obut voluminous_movement.> It
1s not likely thaﬁ all carbéhydrate trangport could occur by
& high velocity but low capscity type of molecular movement,
and in'this manner eventually asccount for the large amounts
‘traﬁsported. If such wers the case, one would éxpect an ac-
cumuiation of cerbohydrate sbove a girdle more or less propor-
tional to time, and such 1s nobt the case. At the ond of one
photopericd, 1lttle or no sucrose is found to accunulate.
These {indings would corroborate the work of vent (1%44b), in
which spplication of a 10 per cent sucrose solutiaﬁ to three
leaves of tometo plents; efter they had beeﬁ one day in the

derk, was found to ceuse an Increase of 10 to 20 times in



both sucrose and reducing sugarg ol other leaves, as compared
to contrels also'kept in the derk but not fed sucrose. These
great'di ferences Eecame epparent only after 24 to 4€ hours
after application of the sucrose, anc were somewha t dependent
upon the length of time the plant had>b¢eh in the dark.

e question ¢f whether the protoplssmic streaming theory
of transport, as postulated by deVries (1£8B), is an important
factor in the experiments heraiﬁ reported should be considered.,
Tc the suthors knowledge, the maximum rates of streaming which
have been observed are 7.9 mm. per minute in certain cells of
squatic plante maintained for short periéds of observation at
high temperatures (20-4C° C.). Rates obssrved in phloem
parenchyma and companlon cells are¢ much sidWer, the maximum
being about O.4 mm. per minute. The meximum rates rcported in
the few cases where streaming has bheen obgserved in sleve tubes
are alsc of thils order of magnitude., It is at onee apparent
that such rates could not begin to account for the reapid
movement detected by tracers. Fowever, that such protoplasmie
etreaming could be a glgnificant factor in enhancing the
élower mase~flow type of transport is certainly‘not beyond
the realm of possibility. If cne considefs, on the other hand,
the aversage rates of mass transport and the average retes of
_prbtoplasmic etreaming, 1t hardly appears possible that
streaming could play more than a minor role even in the
mass—~flow transport.

In seerching for a mechanism to satisfy'the exceedingly

rapid transport demonstrated by the tracer-radicautograph
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experiments deseribed in the text, the little-acknowledged
hypothesis of Hanghem (1917 should not be forgotten. With
the knowledge that protoplasm congists of proteins, lipbids,
ené certaln gels, among other substancss, which form with
water a complex colloidal system, this author postulaﬁed
that certain of these substances act as adsorbante 0f>sugar,
since it.haé been shown that true aésorption compounds of
glucose do exist. In such a colloidal system thefe‘would
always be & relation betwsen concentration of the solute
concerned (sﬁgar in this case) at the sﬁrface of the aésorbing
phase.and within the solvent itself. khen a concentration
gradlient exlsats, movement cof sugear mey take place by means
of waves of readjustment of equilibriﬁm‘bstween these two
phasesQ.The rate of movement would apprdximate that at which
condensation on the surface of the adsorbing rhase would |
oceur, and should'be.extremely repié; particularly when the
aceorbing particles were highly concentféted and separatsd
from one snother cnly by a very thin film of solvent.

Another mechanism which may prove'suégessful in explaining
the rapid type of treneport is that proposed by van den Honert
(1632). He was able to demonstrate extremely rapid movement
(up to 3 cm. ber Sécond) of potassium oleafé along en sther-
water interfacé, the interface being along tﬁé length of &
10C em. gigss'tube.'The author sugrgests that an interfeclal
boundary betweén‘cytoplasm end vacuole may allow for this
‘type of'transport in the plant. It seems quite possible that

protoplasmic streaming may be a consegquence rather than an
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agent of such transport. "he cesuse of transport in this case
would sppear to be nothing nmore than & concentration greadient
of the substance being transportsd. Irhitition of transport by
narcotics azrees rather well with this type of mechanism,
since most narcotlecs are surface active substances and would
tend to accumulate at the interfacé, thus displacing substances
which would normally be transported. It is of course cuestionable
whether such & mechanlem as this could explain sugar trans-
location, Although sugars show little or no surface activity
at an air-water interface, they have been shown to be positively
adsorbed at a coal-watsr interface, end 1t is quite possible
that the degree of adsorption depends upon'the nature cf this
.interface. It may ve that the intefface between cell wall snd
cytoplasm, or cytoplasm ané vacuole, le of such a nature as
to offer positive adscrption towarcd soluble carbohydrates
end other substances. Another alternative icthat sugars could
be temporarily transformed Into some interfacially active
form cduring thelr course of transpnart. For Qxample, in van
den Honert's experiment, the potasslum selt of olele acld
proved¢ to be positively Interfaclelly active, whereas thé
acld itself was not active. Even if éugars in eny forﬁ ars
bot positively adsorbed, 1t 1s étill conceivable that they
could ve pulled along to & certain extent with natural
substances that are so sésorbed. Probably the most serious
dréwback to such a mechanism of interfaelsl transport,
rrovicding one assumes the cytoplasm-vacuole Interface as the

path of movement, is the fact that this boundary becomes
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rether nebulous in mature sieve tubes. Also, the vacuoles
tend to remein eges discrete units in the separate sieve tube
cells, all of which make it difficult to explain such inter-
fscial movement over any great dlstance. However, it is
possible that young sieve tubes, which have a very shﬁrply
defined cytoplasm—vacuole interface, play an 1mportént’part
in translocation, more of which will be said later. Even
thouéh.they do natfransport thre ma jor portion of the éerbo- :
hydfates,'they may move small emounts at a very high rate
by the above mentioned mechanlsm. ‘

The rapid movement of 014 through the plant, as found
in thesce experiﬁents, would eppear most,likely to be a:molecular
movement, not unlike.the type observed bylﬁchumacher (1¢37,
1¢5C) in the case of fluorescein. Such movement wes deécribed
as belng of a mclecular nature, Independent of the soluteAand
~of protoplasmic streaming. Whether such molecular movement is
primarily within the cytoplasm, and thus of & particle
adsorption ﬁature, or whether it is more of an interfacisal
type, moving essentislly salong the plasma}membrénes, is
¢ifficult to say. Earlier work shows conflicting evidence
on this point, snd the date herein reported do not bear
directly on the problem. The possibllity of a highvvelocity
but low capaclity movement down.the xylem can not be completely
éisregarded. The fact that 014 passed & steam pgirdle would
appéar to meke such a phenomenon not at all impossible,
although the more likely explanation of the girdle not belng
completely effective in stopping trénsport ¢own the phipem

would seem more plausible,.
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The question of which transport mechsnisms are best
~ adapted to account for the experimental data hereln repofted,
ae :ar as the 0145 is boncerned, 1s of interest. 0;4's of
varying megnitudé, but of more than one, would normaliy be
‘expected of practically all transport mechanismsg which have
been postulated. Eowsver, certaln of the experimeﬁts deseribed
in this.work have indicated a transport which 1s independent
of temperature (tracer experiments, and those involving
scoumulation of sucrose above 8 girdle after only one photo-
.period); or which may even possess a Oy, of less than one
(bleeding experiments of Went and Full, 1949). It 1is
suggested that these rapld movements which are almost
 independen£ of temperature, or which show a 9, of lese
" than one, are of @ molecﬁlar nature.

Vhether or not & mess flow or modified type of mass'flow
mechanism could account for movement from leaf to roots in
less than 15 minutes, e&s shown for the clé transport, is
pertainlj opén to quesficn. %ith the knowledge that actively
respiring, living cells are necsssary for complete efficiency
of o&rboﬁydrgte trensport, and that the rate of movement of
a liquid thrcugh a caplillary 1is inversely porportional to its
ﬁiécosity, one would normally expect & mess flow type of
méchaniém to have e QlO of more than one. However, thefe is &
ﬁay 1n;Whicﬁ‘ﬁass flow may be accompanied by & 0y, of less than
one;'as desceribed by Went and Full (1949). Assuming that carbo-
hydrate:transpcrt occurs within the proteoplasm of the sieve tube,

this protoplasm would offer a certain resistance to movement of
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a suger solution through ite Interstices, the rasistence
being proportionai to the degres of swelling of the proto-
plasmie colloide. Cince mature sleve tubes heve moderately
rigia walls,»andvere elmozt completely filleé with protoplssm,
& sﬁelling of the collolds brought sbout Ly Incressed
temperature could only result in a decressed cross-sectionsl
eree of the protoplasmlic solutlon, with e resultant increment
in regsistance to mass flow.

In conjunctlon with this suggestion, there is sxpérimental
evidence of permesbility belng increased by low temperaturs
treatwment, as shown by Boon-Long (1641) in Ehe case of cabvbags
plants helé seven days at 5° ¢. Fembrenee of the longitudinal
sectlons of petloles were found to Le about twice sg permeable
to water as me@branes of the tender unhardened ones, as& téld
by the rate of deplesmolysis. The hardened plants were also
found to tranépire 2—4 X more than unhardered plants, éven
though the freezing point depression inélicated an csmotic
concentration more than twice that of unhardensd plants, which,
in itself, would tend to decrecase trenspirastion. This would
indicate that the increased permeabllity more than oifset the
gffect of high osﬁotic'cOncentration on the traenspiration rate
ef the herdensed plants'. Although the mechanism described by
Went and Hull would refer to the pesrmeability of the protoplasm
itself, wherses the above experiment indicates_an_altered
‘pérmeahility primarily of plesmalemme and cell wall, the
analogy 1s of_interést; es 1s the fact that 1nvboth ceses

perméability is increased at low temperaturs.
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& phenomenon not unrelated to this altered permeability
1s demonstratsd by the long term growth experiment, with and
“without a cooled stem. 4n inhibition in growth was noted
several days after application of the chilled collar, but the
treated plants soon overceme the sffect of chilling, and
grew as well as the controls. The plants spparently Eecame
completely acclimated toc the low temperature. It ls ﬁorthy éf
hote that in practically all experiments involving temperaturs
effect on translocation, the investigators have aprlled local
chilling to plants which have been grown throughout thelr life
under'modérately wWarm conditibns. Thie chilling is usually
applied only for hours, or at the most for seversl days, and
&s such, does not give the plants an opportunity to become
acclimated, In many of fhe long ts;ﬁlgrowth experiments in
which certain plants are found to do better at a relatively
low témpeéatﬁfe, particularly a lqw night temperature, it is
apparent that the plents have become well acclimated, having'
grown under_these conéitions all of thelr life. Consequently,
they are able to transport cafbohydrates with s high degree of
efficlency at low temperaturea. Such temperetures are usuelly
considerably below the optimum temperature for the gfowth
process itself. The degree of Importance of acclimation is
well cdemonstrated by the experiments of Child end Bellanmy
(1919, 1920), which are described in the text.

The relationahip of sucroge sccumletion in various parts
of the tomato plant (No. 1 experiment, Teble XII) after one

day in the dark room, and growth of the entire plent (Table
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XIV. and XV) cduring about the same length of -time 1n the‘dark
room, 1s interesting. When the stem ig allowed to remsin at
room temperature, &nd sucrocse is applied to the 1éaves; there
is a strong tendency for this sugar to accumulate at the top
of the collar. On the other hand; a high concentration is found
within the stem when 1t 1s cooled to 1-2° C., particularly
when sucroae is supplied to the leaves. This, along with the
fact thsf various other carbohydrates.also occur at & higher
concentfation in the cooled stems of plents having been
supplled sucrose (Table XIII), gives strong evidenég of an
increased curbohydrate transloCatidn at the lower témperature.
The possibillity of the high sucrose values resulting from
intercohversion of other ecarbohydrates 1s eliminated by the
facf that a1l carbohydrates appear at substantially higher
}concentrations.within the cooleé stem. It appears vefy likely
that thése:higher values are & result of sucrose appllcation
to the leaveé, its increasec transiooation et the low temp-
erature,vand parfial cbnversion to other carbohydrates. As
far as growth during the derk periocd is councerned (Table XIV
and XV), it sppears to be about twice &8s great when the stems
are allowed to remsin at room temperatufe of 25° C. as compared
to 2% C. It is @ifficult to sscrive the lessened growth to
dédreaééd carbohydrate translogation, since all leaves on the
plant, including‘thosé supplied sucrose, were above the cooled
étem, and'consgquently carbohydrate passing from the leaves to
the prowing péint would not pess through the cooled portion of

stem. It is more probable that some growth factor arising from
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the root, such as caulocallne, was supprsssed in upward
translocation by the cold stem.

#ith pasrticular referenge to the bleéding experiments
reported herein, and those carriec out bg Went and Hull (1949),
in which recording of exucdatlon rate was made by the number of
drops per hour falling on avmoving paper sﬁrip,‘it has been
auggested thaf evaporation from the drops, as they form on
the nozzle tip; may be a source of srror atflow bleeding
fates. To check this possibility, drops of dje_were digpensed
et various but constant rateé by means of a hypodermié éyrihge,‘
the pieton of which was driven with & pear track connected to
en electric clock moter. With e knowledge of the syrings |
capacity (1.00 ml. or 28 drops), and the number'éf érops
faliing'on the moving paper strip over a given period of
time, it 1s possibvle to calculate the evaporatioﬁ'in drops
per hour., Four experiments were run in this manner, under
\diffefent;conditions ef relative humidlty and rates of
dispensioh. Recording of the dispensed dye was made both
bﬁ érops per hour and by weight. In gll cases, the circulating
fan was_left’on during the recording, &s hac Deen cone in
the previous experiments.

In»the:first experimenf (room tempersature 19.8°i.0.5°_c.,
relativévhumidity‘sv per cent), dye wes dlspensed ét é
‘ thebréf;eal éonstantnrate of 1.10 drops pei hour. The drops
actually fell onto the paper at the following retes (in drope
per hour): G.47, 0.50, C.47, 0.49, 0.63, 0.55, 0.54, G.E€,

C.59, the mean being 0.53. The theoretical rate (1.,10) minus
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the ectusl recorded rate (C.S3) gives C.E7 drops per hour,
the loss Cus to evaporation.

In the seconé sxperiment (room temperature 19.7°% C.29 c.,
relative humidity 42 per cent), cye was dispensed &t a theo-
retical constant rate of 4.40 drops psr hour. [rops actually
fell at the rate of: 3.5, .0, 2.5, 3.0, .4, Z.4, 2.4, 3.4
drops paf hour, the mean being 3.45. The amount lost due to
‘evaporation was then 4.4C - 3.45 = 0.98 drope per hour. ‘
| The third and fourth experiments were moGlfied in thet
trhiz érops were sllowad to fall into & narrow-necked bottle
rether than ontc the paper strip. “he smount dispensed from
the syringe minus the smount collected in. the bottle, efter
correction for evaporation from the dbottle, would indicate
the lossuﬂue to ecvaporation frcm the nozzle tip., Volurxe
collecting 1 the bottle wes cetermined by weipht, 1.00 ml.,
‘g messured by the syringe, weighing C.t714 g. Tetalls of the
two expefiménts sre given In Table XVIIIL.

In all expefiments, evaporation wee alightly greatsr
when the éye was dispensed at the faster rate, This appesrs
aﬁrange, since over en extended period of time the mean of
the surfacs presented to ths stmecsphere by the forming drops
should De thg same,.regardless of thelr rate of forration.
Ths greater loss from eveporation In the filrest two experiments
was undoubtedly due to the low humidity at that time (37 end
42 per cent, respectively). Consicering a mean_r@iative humidity
of about EC per cerit, 0.40 drops per hour wos chosen 2s &n

apprepriate value to be edded to gll bleedom&tervrécgréings.

/
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tnother correction which appeared desirahle to
incorporate wag the osmotlc effect of tho sugar sclution
in decreasing the exudation rate. In ell bleeding oxperiments,
when water 1s applled to the leaves rather than sucrose
solution, exudation is greater during the firet portion of
the experiﬁent.-?his is apparently due to the iower @smétic
prascsure of the water and its conseauent faster ebzorption -
by the leaf, the additlionsl water thus bscoming added to the
transpiration stream. On the average, 1.0 to 1.5 ml more
exudetion s reeoréed by the bleedometer for control plénts
(with lesves 1in water) than for sucrose fec plants, An
eppfoximate:measurement of weter sbeorbed by the lesves, z{ter
‘correction for evaporetion from the largs test tubes in which
they wg?e 1nsertod,»éhoweé & difference of asbout 2.8 mle
between control ané sugir-fed plants. (3.8 ml. absorbed from
the watdr controls, ané C.C ml. from the 7 ver cent sucéose

treated plants.)

TABLE XVIII

: _ : ) Expt. No. 3 Expt. No. 4
Room temperature, © C. Ié,B E U 5.0 0.4
Relative humidity, per cent. 58 513
Theorotical dispensicn rate, drops/hr. 1,10 . 4.40
Amount dispensed from syringe, ml. 0.78 G.80
Time of run, hours. 17.5 4,50
Increment in bottle welght, g. 0.5072 C.7021
Loss from bLottle due to evapcration, g. C.038C 0.00¢C
Increment in wt., corrected for evap.,,g. C.B422 0.7111
Correctec 1nerement, in ml. : 0.5¢ 0,73
Evaporetion from nozzle tip, ml. c.22 C.07
Eveporation per hour, mi. - G.0l26 0.01ED

Evaporation per hour, drops. (25 dps/mk) 0.32 0.39
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If the difference between the bleeding rates of the
sugar~-treated planis_and the controls 1s compared :just
several hours prior to the onset of tha'sugar effect, then
the value of this difference mey be added to the bleeding
rate of the sugar-treated plente throurhout the entire bleeding
perilod. Suéh super Iimposition of the‘curves at oﬁe locus
resulfs in 8 more reedily observed cdelineation of the sucrose
effect, In Fig. 1, 1f the differences betwsen the bleeding
retes of the suoroserfed plants with 1° C. stems and the
water fed controls are teken for 18:C0 and 19300, and the
mean of tbese differences computed, we see that it ambunts
to 0.90 érops per hour. (The figures mey be more accurately
teken from Table I of Weﬁt anéd Hull, 1¢4%) The entire Sucrose
1° ¢. curve may then be raised by this value of C.$C, which
causes 1t to ﬁecome superimpogsed on the tater 24° C. curve
~at 18:00-19:00, just before onset of the sugar effect. If
thé seme mean différencevis calculated for the Sucrose 24° C.
vcurve, we see that it may bs supefimposed on the water curve
by'raising it 0.73 drops per hour. 211 three bleeding curves
are'then rgised an additional 0,40 drops per hour to offsat
the previously discussed evapofational logs from the nozzle
'tip; If these corrections are all incorporated into the data
from which the curves 6f‘Fig. 1l were plotted, the graph now
appeers ag shown in Fig. 13. It is apparent that there are no
" basic alterations. The time of upward inflection of the Sucrose
.1° C./Water percentege curve takes place about 7 hours after

a?plication of the sucrose to the leaves at 11:85, as compared
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to 8 hpurs in the original graph. The upward trend of the
Sucrose 24° C./Fater curve is somewhat eerlier than in the
originel graph, occurring about ¢ hours after apﬁlication of
the sucrose, as compared to almost‘lz hours for the original.
The differential between the time of ﬁpward trend in the two
" curves is very apparent in both graphs, although it is ebout
e hours in the revised graph, compared to 3-4 hours for the
originél.

One cf the most important factors messured by the
" bleeding experiments is capscity for trensport at the
different temperatures. The area bounded by the tleeding. rate
_curvasfof the water control (Water 24° c.) end the sucrose
fed plants of the temperature in aquestion (1° C. or 24° C. in
Fig. 13), mey be tsken for thé capacity of transport at that
_partidular temperature. As inspection of the curves readily
1ndi§ates, capacity at the lower temperature is about ‘twice
.that at 24° C.

Actuélly, it may be possible tc measure velocity of
‘trensport, as‘well'as capaciﬁy, by éuch & bleeding technique.
If the initisl increase in root ectivity, as determined by
the rise in the percentage curve, is & result of the first
material arriving in the roots, then the time of this increase
may be taken as the time of errival in the roots. However,
the possibility must be considered that the initial rise of
the percentage curve 1s not & measur~ of the first traceé of
ﬁaterial reaching the root, but rather the measure of =

concentration In excess of a certain threshold.
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Flg. 13. Revlision of graph shown in Fig. 1, with
corrections for evaporational loss from the nozzle tip

of the bleedometer, and osmotic effect of the 7 per cent
sucrose in decreasing exudation.
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Although it has been shown by sevarsl investigators that
general transport of earbohydrates iz dependent upen éoncentratiqn
gradient, 1t'appears probable that the repid moleculer type of
transport reported in this work acts almost 1nde$endentlj of
concentration gradlent. This is demonstrated first of all by
the bleeding experiments, in which the £-11 hour lag period
between sucrése application to leaves and inﬁ&tidn of excess
bleeding appeers to be essentially independent of previous
exposure to light, providing that the plants have nct been
dépfived of 1light for too long a period prior to the expefiment.
Secondly, it 1is sugeested byithe tracer experiment, the radio-
eutographs of which are shown in Fig. 12. Here, the rapid
transport to the roots under the different conditions of
vtreatment is of about the same magnitgde, regardless of
- whether the plants had been exposed t§ 1light immediately
’nrior to the e*periment or not. »

Also, treatment of the plant during the bleeding
‘experiment appears to have no profound effect on composition
of the exudate, as far as application of sugsr to‘the'leaves
or cooling of the stems 1s concerned. Apparently none of the
‘root carbohydrates, elither naturally occurring or those
transported down through apnlication to the lesves, are
reﬁ?ﬂed fo the transpiration stream in any siznificant amount.

The often—mentioned dependencv of translocation on living
' cells is probably upheld by the majority of thsss experiments.
Ffor example, the fact that application of cyanide to the stem

effectively abolished the increased bleeding which normally'
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results £-11 hours after sucrose application to the lesves
is indicative of thls dependency. Numerous other investigators
(Wortman, 189C; Czapek, 1&¢7; Curtis, 192¢, 1929}iKruseman,
1631; Mason and Phillis, 1836; Dijkstra, 1£37) héve Gemonstrated
that narcosis or anseroblosis of the stem or petiole usually
results in a reduced trénsmort of orgenic solutes. Such
experiments, when carried on over an extenced periocd cf time,
until the treated cells are completely inactive, are quite
useful.‘The reduction of transport obtained In such cases
- may be interpreted as indicating two mechanisms of trans-
-'1ocation, cne dependent on living cells which are actively
reséiring; anéd one operative In inactive tissus. Tﬁe percentage
| redugtion in transportbwould determine the relative effectiveness
of each sﬁstem. However, the fact that c1? traversed a steam
éirdle, as shown in Filg. 12, would certainly indicate that
not all transport 1s motivated by 1living cells. (Assuming the
'such\transport through the e¢irdle did not occur in the xylem,
as previously mentioned.)

In studying translocation by mesns of application of the
;ubétance in.question to & leaf surface and its determination
'ét some distaﬂt'lodus,'it 1s important to know Qpproximateiy
the amount of time involﬁed for absorption of the substance
into thé leaf, and finslly into the phloem so that it Is resdy
for transport. The ex?eriment eummarized in Table vV, in which
?etioles were tightly clamped at various intervals after
Sucfosg appliéatiOn, would roﬁghly indicete thst the absorption

process takes at least € hours. On the other hand, il we consider
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carbohycérate transport as occurring by a mass flow mechanism,
then pinching the petiocles of the only two remalining leaves
on the plant might be expected to stop all transport, just as
cloging the valve In a‘pipe line would stop th9 flow of water
throughout the entire length of the pipe. If such wers the
- case, 1t 1s concelvable that»a_significant amount of materisl
éould have already been transported through the petioles and
into thp stém by the time the clamps were screwed shut, but
that even so, its furthér transport wee thersby hindered.
' Sincs’maas flow 1s dependent upon & supply of water whlch
 éiffuses slowly from xylem to phloem, throughoﬁt’the leaves
ané stehs, fhere wbuid undoubtedly be a sufficisnt amount of
such diffusion below the peiiole clamps to ensble a el
amoynt of mess flow to continue. A completely corrsct
interpretation of thls experliment must thsreforé be based
;‘upon,a knowledge «f the degree of mass fiow pocssible below
vsgcﬁ pointa of isoletion, &g caused by pinching of patioles,
The coﬁtrovérsy“of whis bhar carbohyérate translocation
invélvesiyoung or oléer gleve tubes is one of long standing.
In passing, it mightvbe steted that 1f two mecheniems of
trapspoft are ppstulated,'it becomes & possibllity thet one.
t&pe'oi moyemgnt tends to take place primarily in young sieve
tubes, whereas the other type occurs more in older sieve
tubaé;-Excellent evidence thet carbchyérate translocation
occurrs essentially in the mature sieve tubes has been offered
by Crafts (1938, 1959).and Bsau (1935, 1939). Eoﬁever, there

-are verious typees of evidence for trensport in young sieve
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tubes, as deseribed by Clements (1940), James (1933), and
Mfinch (1930). Postulation of an inteffabial or molecular type
of movement in young sleve tubss which heve = Gefinite |
cﬁtOplaémic—vacuolar boundary and a mass flow type of
transport i1n nmature sleve tubes Is tem?tiﬁg, but must awéit'
| fuxtﬁer svidence,

It should be stressed thet in practically all trens-
location experiments involving temperature, the different
in”“vestigatozs have chilled the getioles of their respective
plants, whereas in the present work, as well as that of
Vent énd Hull (194%), the stems were chilled. A‘thou 1 this
differencevmay not at flrst appear gignificent, the remote
ﬁossibiiity does exiest thet aiffersent mecheanisms of transport
may be active in the stem and petiole. The very fact that
rather ﬁarkeé differences exigt in vnolarity of trénsport,'as
shown by Clements (1930), Tebldeau and Burr (1945), and
Schumacher‘(1933, 194€), suggests the possibility that
- cerﬁain inherent differences may be present in the conductive
elemeﬁts of the stem and pretiole.

'in general, 1t may be stated thst the majoritv of
:expﬂriments r@norted herrin are in agreement with a8 mess
flow type,of translocation. However, certein expefiments
utilizing the bleeding technique described in the text, and
oﬁhers.involving the'use of ¢4, have disclossd a new and

extremely rapid'type of trensport which appeers to b, almoist
"independent of t@mgarature, or even possesces & Cjq of less than

one. uuch a type of movement ig difiicult to explain solely.on
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the basls of mass flow, and it 1s suggested that this repid
secondaery transport is & moleculsr wovement m@éia%ed thfough
some tvpe of interfzelizl or particls adsorntion phenomsnon.
Upon consiceration of the diverse media through which
carbohydrate transport takes place, and the many lactors
which influence its movement, it 1s not surprising that trans-
location 1s one of the most controversisl Iieids of plant
physiology; Until the phyeicist knows mors concerning the
nature of colloidel systems snd adsorption thenomensa, énd
the biologlst knows more about the physics of cytoplasm, it

is 4ifficult to say exectly how carbchydrete transpcrt takes

place within the esleve tube.
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