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ABSTRACT 

The msJorlty of experiments dealing with carbohydrate 

translocation in the higher plant have indicated a q10 of 

more than one, that ie, a greater transport et higher temp­

erature. Certain of the e.xper1ments reported in this work 

have suggested that under certain conditions, in the tomato 

plant~ a mechanism of translocat1on may be operative which 

acts almost independently of temperature, or even shows e. 

QlO ·of. less than one. 

In addition to different Q10 ,s for carbohydrate trane­

location,vastly _different rates of movement have been found, 

ranglng from less than 15 minutes to almost 48 hours, for 

transport to take place from one leaf to the roots, the 

growing point, or to the le~ves. These experiments have been 

accomplished by utilizing the valuable tools of radioactive 

tracers, end a bleeding technique, which is described in 

the text. 

Judging from the variety of results, concerning both 

tempe_rature eff eot and rate, it a_ppeers unlikely that one 

mechanism of transport is sufficiently versatile to account 

for all data. On this basis, more precisely deeerlbed in the 

text, the possibility of two mechanisms being operative in 

the ss.me plant- is suggested. 
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INTrlODUCTION 

Translocation of food materials is of importance from 

the time the seed first begins to germinate .throughout the 

e.ntire life of the plant. Carbohydrates, which are m:anu­

fnctured only in the green cells of the leaf, aro needed by 

every living cell of the plant for the manufa'~ture 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 translocat ion is probably one of the 

most controversial in plant physiology. Despite the vast 

a ,'1ount. of research accomplished during the two decades pre­

ce::;ding V, orld War II, the problem is still essentially 

unsolved. There still remains a divergence of' opinion as 

to the exact mechanism involv8d in solute ;;mverJent. 

Little will be said here regarding the general field 

of transloca.tion. The render is referred to the monograph 

of Curtis ( 1935) and to the reviews of }:iason and Phillis 

(1937) and Crafts (1939) for excellent discussions of the 

general problems involved. 

Probably the flrst careful observation on translocation 

was made by 1;Ialpigh1 about 1670, in which he noted that a 

crude sap ascended from the roots t hrouGh the fibrous por­

tion of the wood to the leaves. There it became elaborated 

into a "formative" sap, which spread t hrough the phloem and 

probably into the bast bundles, to places of growth or storage. 



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 chaneing 

the crude sap brought up from the roots into substances fit 

for promoting grow·th. 

The fact that carbohydrate translocation occurs pri­

marily in the sieve tubes is wall established. Hartig (1837) 

first noted the existence of sieve tubes: "Long chains of 

cells whose contents communicate by ~eans of pores 1n 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 MU .. "1ch 

(1930). The work of Schumacher (1933, 1937, 194;1.) anci 

others has established beyon~ question that the sieve tube 

is the principal path for carbohydrate transport. 

There is also little question but that sucrose is the 

chief translocatory carbohydra t e in most plants. i:ent (1944) 

has shown this to be tru13 in the tomato. The fact that 

sucrose was found to be t he only sugar to show marked diurnal 

fluctuation in t he leaf blade -of tho cotton plant led Phillis 

and Mason ( 1933) to cmiclude t hat is vms the primary form in 

which carbohydrates were translocated. Hineing experiments 

also caused a far more rapid accumulation of sucrose in the 

leaves than any other sugar, and <larkenine an isolated leaf 

resulted in rapid loss of sucrose by the blade, but a ga.in b:1 



the petiole. Engard (1939) denonstrated t hat even though 

. sucrose was in considerably lowor concentration in the 

f:Jntire raspberry plant (by lOX) than other acid-hydrol?z­

able and reducing sugars, .it nevertheless made the largest 

accu1nulations above stem girdles, thus indicating its 

ir::iportant role in translocation. Huber (1937) has shown 

that the primary solid in the phloem exudate of certain 

plants is sucrose. Snith (1943, 1944) demonstrated that 

sucrose content changed very rapidly in leaves during 

active photosynthesis. He found that the carbon assimilated 

in photosynthesis could Le quantitatively accounted. for in 

the carbohydrates formed, between periods of 0.5 and 2.5 

hours. At the shorter period, sucrose macle up 55.3 per cent 

of the carbon absorbed. Starch was somewhat less, and mono­

sacchnrides accounte<l for 4.4 per cent. He also noted that 

sucrose content of the leaves of sunflower plants grovm at 

10° c. 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. That ~1crose is an 

early product of photosynthesis, but thnt there are still 

earlier products, has been shovm very elegantly by Benson, . 

Calvin, et al. (1949). By moans of allowinc the algae 

ChlorqJla ancl ScenedeSm1:Y1 to photosynthesize for very short 

periods in the presence of co2 containing isotopic c14, 

these irrvestigators have deterr:1ined the very first products 

into which the c14 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, phosphoclyceric acid. 

Swall amounts of the tr~1cer are also present in triose 

phosphate, glucose-1-phosphate; and glucose- and fructose-

6-phosphate. After 30 seconds, ac t ivlty becomes ostablished 

in alanine, malic acid, and aspartic acid, and at the end 

of only 90 seconds it may 1Je found in the sucrose molecule. 

'l'he mechanism of these traJlsformations will ri6t be discussed 

here, but this informative work clearly _indicates sucrose 

as an early product of photos:r-nthesis. By partially sub­

merging the leaves of red clover and wheat in a 10 per cent 

elucose or fructose solution for 24 hours in the dark, 

after the plants had previously been kept in the dark for 

24 hours, Virtanen and Nordlund (1934) were able to demon­

strate the synthesis of large amounts of sucrose. 

There is a.rso a certain amount of evidence that sugars 

other than sucrose are important in translocation. For 

e::mmple, R1pperton (1927) noted that sucrose was the chief 

sugar in leaves of the canna plant of Hawaii, but that 

hexoses were present gr _eatly in. excess in the stems. Hexoses 

wero com3idered to be the primarj• form of translocation. 

Bulgakova, et al. (1930) found monosaccharides to predominate 

in the portion of sugar beet plants above ground, but the · 

concentration of sucrose increased steadily 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 which translocation to the roots occurred. 
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Environment 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 com­

pletely clear, although it is probable t hat the activity 

of invertasc varies considerably with changes in moisture, 

ter,perature, pH, etc. 'l'h0 fact that sucrose was always 

less concentrated in the leaves than in tho bark, and that 

the rcverne was true for the sb1ple SU.DD.rs, lec1 the author 

to conclude t hat the latter were converted to sucrose between 

the leaves and bark. 

Although there has been a considerable amount of work 

accoi:.1plished on the ceneral problem of transloca.tion, rela­

tively little has been done on the effect of temperature. 

:lost of the research involvi:ng temperature effect on the 

transJ.ocation of carbohydrotes has indicnted a Q1o of more 

than unity at temperatures below 30° c., that is, an onhanced 

translocation at higher te~reratures. So~e of t his work 

will be briefly cited. 

Usine red kidney bean, Curtis (1929) found that cooling 

the petiole to 1-6° c. greatly retarded trnnslocation from 

the leaf durinc darkb.ess, as dete1·mined by loss of solids. 

When the petioles woro chilled onl:t to 9-10° C., however, 

transport was approximately the same as in controls at 

20-25° c. In a later paper (Curtis .and Herty, 1936) it was 

found that this loss of dry weieht frot1 leaves of chilled 



petioles was h i zh ly- dependent upon the tii.-:10 of chillinz o 

A 17 hour period of chilling cave o cons iderably £,;reater 

amount of transport at the lower temperature than did a 

9 hour period, but even with a 4½ hour exposure at the 

low temperature a significant ar.10unt of transport still 

took place. The above relations held :~egardloss of whether 

,just the petiolos were cooled or the entire plants were 

placed at the lower temperature. In one of the e::,perir.ients, 

each of vihich involved terY-iperatures in the hieh, medium and 

low ranges, the translooation at all three tff:1peratures was 

almost identical, and was significantly greater than losses 

from the control lea·;.res which had scalded petioles. 

Using an improved technique and a ereater range of 

ter1p<?I·atures, Hewitt and Curtis (1948) investigated the loss 

of dry !'lotter and carbohydrates from leaves of boan, milk­

weed, and tomato. Respiration.al losses during a thirteen 

hour dart period at temperatures rnncing frora 4o C. to 

40° c. were determined by analyzing paired leaves -- one cut 

at the beginning of the period, and the other cut at the 

beginnine but analyzed at the ond of the period, the differ­

ence in carbohydrate content be:i.ng attributed to respiration. 

Trnnslocatory losses during the . same period were deterr:.ined 

by also leaving an intact plant under the samta temperature . 

conditions, ronoving one leaf at the beginning of the dark 

period for immetliateanalysin, and the paired one at the end 

of the period. Difference in carbohydra te content was 

attributed to transloca tion, which was found to be rrreatest 
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at 200 c., and fell off considerably at higher and lower 

temperatures. ·By 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 diffenences can be ascribed 

to translocation. It was found that the roots gained r.10st 

at 20° c., whereas the stems lost at all te::1peratures, but 

slightly ~ore at 20° c. The leaves lost al~ost equally at 

20°, 30°, and 40° c. and somewhat less at 10° c. The 

authors consider that the comparatively small transloca tion 

losses at 30°, and especially at 40° C. maj.r be due to t he 

smaller amount of carbohydrate available for transport, 

tenperature. 

Utilizing the bean plant, Swanson and Bbhning (1951) 

hnve recently obtained some interestinc results regarding 

temperature effect on the rate of carbohydrate tr.nns port, 

in t he range of 5° c. to 40° c. 7ransport tvas measured in 

terr.is of rate of elongation of the _stem and first trifoliate 

leaf. By the use of special temperature jackets, only the 

temperature of the petiole was varied, t he other parts of 

the plants being nain tained at 20°± 1° c. for all troatmentso 

During the experimental period of 4 to 5 days, t he plants 

were kept in total darkness, sucrose being supplied to the 

plants by immersion of one leaf blade of the temperature 

treated loaf (the only one left on the plant) in 0.75 molar 

sucrose solution. ·rhe maximum transport, as mee.sured by 

elongation of stem and leaf, occurred at petiole temperatures 



in the range of 20° - 30° c. At ter.1peratures of' 5-7.5° c., 
the rate of transport was dir.1inished 20-45 .per cent, this 

being significantly lower than the optir:1u1n rate only at the 

5- 6 per cent level. The rate at the hieher temperatures 

of 400 - 42° c. was diminished 25-75 per cent, which was 

very significantly lower than the optirium rate at 20° .;. 30° C. 

The rate-temperature curve superinposed favorably with that 

established by Hewitt and Curtis, which hus bean described, 

but the latter authors• findings indicated a considerably 

greater depressing effoct of low temperatures than did those 

of Swanson and 13Bhning. It was interesting that at a 20° c. 
petiole temperature elongation rate r_e1~1aincd almost constant 

throughout the five days, but at lov1er terjperatures, the 

retarding effect on translocation .progressively decreased 

wit:1 time, whereas at higher temperatures it progressively 

increased. This apparent acclimation at the lower temper­

atures with increasing time is not unlike the phenomenon 

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

discribed. 

Crafts (1932) found that chilling the sterns of Cucurbita 

to 2° - 4o c. for several days caused about . a 50 per cent 

reduction of phloem exudation from the cut stem. When 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 solution of nutri­

ent~, the retardation therefore being proportional to the 

length of conducting channel chilled. One should, hov,ever, 
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not confuse exuda tion from cu t or i...'1jured ste.t;1s with true 

trnnslocation, everi t hough he considers translocation to 

occur by a similar type of mass .flO'w. Tho total co:nposition 

of the exudate wa.s not significantly different in the chilled 

and unchilled plants. The fact that protoplas•::ic streaming 

is comple'bi..y stopped by te!:lpera tures · used in . t his experiment . 

would seem to indicate that protoplas:11ic strearr.i ng as a 

mechanism for solute raove~ent, as first sugceste<l by deVrics 

( 1885), is cor::pletely untenable, at least as a prir:mr y mech­

anism. Even at higher temperatures where strear;1i11g does occur, 

itz rate is far too slow to account for reported rates of 

solute r;1overn.ent. Also it is very questionable that streaming 

takes place in the mature sieve tube ut any te:11perature. 

Using the non-toxic dye fluorescein, Schumacher (1933) 

observed its movement through Pelargoniti.m and .other plarrts 

by means of ultraviolet light. After application in a 

gelatin bloc k to either a leaf or -stem s-crface wbich had the 

cuticle removed, the dye could be followed throueh the pro­

toplasi"'.i of the sieve tubes. tiovement in this manner was 

found to be at a rate of 20-30 cm. per hour at te!::;ieratures 

of 20° - 300 c. to '>"lhich t he entire plants were exposed. At 

4° c. the r'1 0~1er:1c n t was reduced to onJ.y l-3 cm. per hour. 

rJhen first applied on tho leaf surface, at 30° c. tho dye 

passed throur,h the entire petiole in one hour. At 110 - 12° c. 
it took 3-4 hour s for detectable amounts to pass even into 

the veins, and a t 1 o - 4° C. 10 hours ·were required before 
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.:.10Vernent into the vein could be detected. After this lone 

period, r:iovement suddenly corn,:: cmced and the dye was carried 

throughout the plant at the rate of 1-3 cm. per hour nen­

tioned above. The a:uthor considers that the data do not 

support a protoplasmic streaming ::icchanJs:11 since streaning 

is nuch slov:er than the rates observed, but su~cests t hat a 

living protoplast with.in the sieve tubes is a require~1.1ent 

for tLe translocation of fluorescein. It should be \-:opt in 

mind that fluorescein is a foreign substance to the plant 

and therefore its transport may not follow the laws of cer­

tain other naturally occu:rrmg products. 

By chillitg the petiole of Biloxi soybean to 3° c. 

durine a four day photopcrj_odic induction period, Parker 

. and Borthwick (1941) noti'"!ed that export of the flovmring 

. horMone from this one leaf (all others havinz been re□oved 

from the plant) 1,vas r,reat1.y inhibited, as det,2rmined by the 

nuznber of flower primordj.a later .formine on the plsnt. Also 9 

the increase in lenr;th of the center 1~~aflet of tte lowermost 

leaf in the terminal bud was about 2-8X greater in control 

plants compared to those with the one petiole chilled to 

3° c . .Apparently the cold treatment reduced t he transloca­

tion of carbohydrates travelin5 from the one leaf to the 

growing point. When tl1e grovdng point was cooled rather 

than a leaf petiole, the sa.r1e general inhibition of floral 

primord:la appearance held. Increase in length of the y01.u1g 

leaflet :a.entioned above, within the cooled tip, was even 

considerably less than wh.on the petiole of a mature lea'r was 
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cooled instead, clearly indicating the strong inhibitory 

influence · of cold on the erowth process 1 tself. In all o.f 

these experiments, the temperature required to reduce mater­

ially the amount of floral initiation was about 3° c., very 

little inhibitory effect being found at the range of 

6° ... 10° c. 
In a more recent experiment, Parker and Borth\vick 

(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 al~ost completely 

inhibit 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 temperatures than the petiole, may well indi­

cate that .the cold effect is primarily on the photoperiodic 

reactions occurring in the leaf blade, rather than on trans­

location itself. 

Buds in the cotylodonary axils of the scarlet. runner 

bean and the Lima bean normally never develop. However, 

Child and Bellamy (1919) have found that if a 3 cm. section 

of stem above the cotyledons and below the first pair ot • 

leaves is cooled to 3o - 5° c., the buds do develop, and 

the plant above the cooled zone appears normal or at most 

1s only slightly retarded in growth 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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rt is interesting that 6° c. was found to be about the upper 

limit of effectiveness -- about the same threshold value as 

certain other ter:1perature phenomena in the plunt. After 

several days the buds would again become inhibited due to 

an apparent acclimation of the cooled zone, which occurred 

more readily at 6° c. than at 3° c. 
___ _... 

An interest1ng corollary was later noticed by the same 

authors (Child and Bellamy, 1920) w5. th Bryophyllum. r;hen 

tb1 leuves were partia.liy submerged in water or placed in 

r:10j_st air and cooled about the petioles to 2. 5° 4° c. 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 loaves alone caused only a very slight 

increase in outgrowth. Cutting of the petiole or co~pressing 

it to one-half of its original diameter with a screw clamp 

also auernented the outgrowth, but to a much lesser extent 

t}ilin chilling of the petioles. The leaf opposite to the 

one treated usually had aL:ost as great an outgrmvth as the 

treated leaf, and leaves at adjacent nodes above and below 

the treated one also developed extra plantlcts, but to a 

le-sser degree than the treated leaf. The significance of 

this experiment, and tLe question as to whether the inl1i­

bitory influence of chilling was on the carbohydrates or . 

on an ttuxin will be left to the discussion. 

In addition to the experiments previously described, 

which essentially indicate a Q10 of more than one for 

solute and carbohydrate transport, there is considerable 

evidence for a Q10 of unity or less. Some of these 



experiments will now be briefly reviewed. 

Evidenee for a c~ 10 of one, for t lie ~lor;J_~ of trans­

port of auxin in ':ho AY.9J1~ coleoptile, has boon d,3r:.1ons tra ted 

by van der t::eij (1932). By measurine; tho transport throur,h 

a coleoptile section interposed between a donor and a 

receptor agar block, he found that U::'.l.ount trnns,ported pe.:r 

unit of time i ncreased rapidly from o0 c. to j5-40° c. and 

had a Q10 close to 3, whereas the velocity was completely 

independent of tem.pera tu.re. 

The data of Kruseman (1931) also tend to indicate a 

Q10 of about one for carbohydrate translocation in the case 

of fh~seol~ ruultiQ9~ Lmk. rsing simply the iod ine test 

as an indicator of starch, his early expe!iments showed an 

inhibited translocation when the petioles were chilled. 

Later v,ork, in which translocution was determined as a 

function of change in dry weight per unit of leaf area, 

gave variable results and failed to show any correlation 

with teP1pern ture when the petioles were cooled to te!.!lpera­

tures between 3° and · 11° c. Kruseman did conclude however, 

that the living protoplast exerted some influence on the 

process of translocation. 

~-~ontemartini (1928), in v,orkinc with ~eratoniq s1!1qu,a 9 

found photosynthesis to be v c- ry weak at 3o c., but that 

translocation was not stopped until the temperature was 

below o0 c. 
By utilizl.ng early flm•;erine C!il:Ysanthemum as a long• 

day plant (actually t he early flowering variety is indeter­

minate) and the late flowering variety as a short-day plant, 
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Grainger (1938) noticed that t he late flowering variety 
, 

contained a larger proportion of starch. In such plants, 

t his starch was not hydrolyzed to reducing sugar at all 

du.ring the short nights of early and mid summer, and only 

by artificially increasing the .length of the nic;ht during 

mid-summer was the late flowt)ring variety foillld to contain 

some reducing sugars toward the end of the nff;ht ( which 

were soon lost by trunslocation and respiration), and made 

to f lower early. The long-day plants, on the other hand, 

hav,e reducing sugar present du.ring r:iost of their 24 hour 

cycle, much of which is lost during even the relatively 

short nights of early summer. This would seem to ind5.cate 

that translocation takes place essentially at night. It 

of course is open to question whether t his greater nocturnal 

translocation is primarily a result of lower night tempera­

tures or of an increased accumulation of photosynthetic 

assimilates toward t he end of the. day. 

Tschesnokov and Bazyrina (1930) determined photosyn­

t hesis of pea and potato plants by co2 uptake, as well as 

r;1aking s t udies 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 t wo 

plants. Translocation in the pea was simultaneous with 

the maxirm.un intensity of photosynthesis in the early after• 

noon, and decreased toward evening, althoueh continuing at · 

a slow and uneven rate throughout the night. In certain 

cases it ceased completely at night. The potato, on the 
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other hand, \Vas f01md to exhibit trunslocation primarily 

at night, beginning at 16:00-18:00, rc➔aching a maxirntlill 

about 20: oo, and continuing all nighto It v1as absent 

during intense photosynthesis of the daylir.;ht hours. 

Since the potato ·~vns found to accumulate insoluble carbo­

hydrates in the leaf, ·whereas the pea accu....1ula ted soluble 

sugars, it seems very probable that there is a relation 

between the type of storage matorial present and the com"se 

of translocation. The author also noticed that monosacchar­

ides did not change a great deal during the day and night, 

as did sucrose, these findincs being confirmed by Went 

(1944b) in the case of tomato. The reason for these differ­

ences between day and night translocation is rather obscure. 

Al though t he type of storaco :na terial is UJ1doubtedly im­

portant, a temperaturo function v1ould also appear quite 

likely, the for~er of course l-:i0ing somewlmt dependent on 

the latter. Further investigation must be carried ·out 

before the answer can be found. 

Upon growing various plants at controlled ternperatures 1 

· brthur, et al. (1930) found that lower te□peratures of 

a bm_,t 200 C., • compared with te::1pera tures of 26° C., caused 

a considerably enhanced tuber production in the Irish Cobbler 

Potato. The higher temperature produced heavier aerial 

portions but 1.ittle or no tuberization. An increased photo• 

period and light in.tensity combined with high tenperature 

increased the growth ra t(:i only of the aerial portion of the 

plant, whereas if combined wit~: a lo-vver te:::-iperature, it 



primarily increased t uuer . production. Lacking furtr1er data~ 

it is difficult to say whether the deficient tuberization 

at high ten.1peratures is due primarily to an inhibition of 

translocation at such tenperatures, or primarily to increased 

respiration and utilization of carbohydrates within the aerial 

portion of the plant, t hus leaving little or no surplus 

available to the roots. A careful respiratory study of this 

plant under different environmental conditions is certainly 

indicated in order to determine whether respiration is a 

najor factor here 6r not. 

Some interesting findincs rogard~ng translocation of 

carbohydrates into date fruits have been published by Curtis 

(1947). He noted that dry weight of t!'le fruits increased 

considerably during the night due to influ.."'\ of sucar 7 whereas 

little or no :tncrease was found du:r1ng the day. It was shown 

that less than 10 percent of the net daily gain in weight 

was consumed in respiration during the duylight period. It 

is known that the date palm stores a large amount of starch 

in the trunk which is hydrolyzed to sugar during the late 

su;,1mer, and furnishes a supply of carbohy·dra. tes for the fruit. 

Thus, ·with a constant source of carbohydrates, translocation 

into the fruit would depend upon the efficiency of the trans­

porting .channels during the day and night, and accumulation 

in the fruit. It would not depend upon photosynthesis with 

resultinc diurnal fluctuations in concentration of assimilate, 

as was probably the essential cause of rSason and Maskell• s (1928 ) 

finding in the cotton plant of accu."Ilulat:l.on of dry material 
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in the cotton boll chiefly during the day. The most likely 

explanation for this phenomenon would see□ to be that the 

high day temperatures inhibited translocation more than 

the lower night tet~peratures. 

Goodall (1945, 1946) did a. considerable amount of 

experimentation on tomato plants, working primarily on · 
/ . 

change in the cry weight of various organs, both intact and 

separated from the plant, and on translocation rates. ·He 

found roots to show an increase in dry weight av.ring the 

daytime and a loss during the night in summer, but in winter 

they remained constant duri.ng the day and increased during 

the evening. This would seem to indicate that in summer, 

mover:1ent of material formed dt1ring the day is almost com­

pleted before nightfall, whereas in winter, translocation 

is greater during the night. Also, during the winter evenings 

tbe ym.mg leaves gained at the rate of 2.77 per cent per hour 

in dry weieht, while the plant as a whole dccreosed in dry 

;ve:lght. During the summer evenings however, the same type 

of young leaves lost rapidly -- about 3 par cent per hour. 

Thir) would seem to confirI7i the impression that in winter 

translocu tion continues tl1rouehout the n:l.ght, but ceases 

at dusk cl'tu• ing the s1.1r:1rner. .t.s to the stems, therE? was 

practicall y no change in the dry weieht between dusk and 

r1idnight, the los5 by :respiration apparently just being 

balanced by translocation to the stem. Between midnight 

and dawn however, there was a narked increase in dry weight 

due to an increased translocation. This relation was found 

d1) ring the summe·r, but not during the winter. It is 



difficult to say whether this enhanced translocation du.ring 

the pre-dawn hours was due principally to t he colder tem­

peratures to which the plants were s:1bjected at t hat tirne 

during the su..1mner, but not during the winter when the greeR­

houses were kept heated at a more or less cons t ant teqpera­

ture all night, .or whether it was due sinply to a different 
i,; 

lag period resulting from different initial concentrations 

of assimilate formed during the sUi1:1mer and winter. At any 

rate, these experiments give a strone indicr~tion of an in­

creased translocation rnte at lower temperatures. A statis­

tical analysis of the effects of several environmental f actors 

upon the rate of transloca tion showed that t he rate was 

inversely proportione.l to the te:"'lperatt1.r e , indicatinc a Q10 

of less than one. This inverse pr oportionality, a lt}wugh 

small, wafi statistically significant when the r:H;)ans of the 

different experiments were considered. 

In addition to the e-xoe .. rimant s just deqc~1bed ~n~t o~ .... ~- --- , . . ....... )~ .... 

which suz:gest a Q10 of one o:r less in the hir,he:r r nnges of 

temperature, there is also evidence that t he same Q10 rela~ 

tionship holds under certain conditions a t te"::pera t :.~ros even 

down to 1 ° C. Utilizing to1:1a toes grown tmder controlled 

conditions, Went ( 1945) has shovm that although the optimum 

te,·:1perature for the growth process li~: s around 30° c. 7 the 

optimmn night tenperature ( v1hen nost of the stem elongation 

occurs) 1s considerably lower, probably being due to a 

decreased sugar transJ.oca tion at higher ter;1pern tures. As 



such a te~,erature. If, however, thoy h~v~ been crown at 
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. a normal day in the grrenJ10use) p some interesting rela­

tionships were deoonstrated by Went and Bngelsberg (1946), 

especially when the plants were kept at different temper­

atures during the night. The young full-grown leaf blades 

had somewhat less sucrose throughout the night if plants 

were kept at 17° c. as compared to 26° c. Plants kept at 
I 

8° c • . howe:ver, contutned somewhat more sucrose/ in the 

blades, at first showing a rapid rise in concentration from 

18:00 up to about 24:00 due, apparently, to the conversion 

of sor::ie other metabolite in to sucrose at the l.ow tei!'!pera ture, 

and then followed by a rapid decrease in sucrose content 

between 24:00 and 8:00. Since one would expect little res­

pb·ation at this low tempera tu.re, tho rapid disappearance 

of sucrose after inidnight nust be accredited mainly to trans­

location Ollt of the leaf. The relationship is shown in 

'fable I. 

TABLE I 

Sucrose Content in Per Cent of Dry Weight of the 
Leaf Blades of the 3 Youngest Full Grown Leaves. 

Night Temperature, 0 c. 
26° 17° so 

. 18:00-24:00 (Mean of 18, 20, 22, 24:00) 0.79 0.90 1.63 

04108-08:00 ('"'ean n·:. of 4 
• ' 8:00) 0.67 0.52 1.14 

Difference (Translocation) 0,12 0.38 o.49 

If respiration were considered, it \VOUld be greater at the 

higher ter-1pera tu.res, and thus if deducted would give an · even · 



greater relative difference in translocation at the different 

temperatures. This experiment gives almost indisputable 

evidence for a Q10 ,,'hich is less than unity. It was also 

found that at a night temperature of 8° c., the sucrose 

content of the roots dropped somewhat between 16:00 and 19:00 

but increased by about 200 per cent between 19:00 and 08:00 

the next morning. At the higher tenperaturosof 17° c. and 

26° c. the sucrose content steadily dropped off during the 

entire night, slightly more at the latter te~perature. Evon 

if accurJula tion of sucrose in the roots at low tempera tu:re 

is partially due to a decreased utilization in both leaves 

and roots by respiration and growth, ·the fact that the 

increase in sucrose content of the roots so closely parallels 

the rate of loss in the leaves suggests very strongly that 

the root carbohydrate is derived from the leaves, and that 

its rate of translocation is greatest at the lower temperatures. 

It had previously been demonstrated (\Jent, 1944b) that 

in general, when tomato or lettuce :;Jlants are kept at a 

relatively warm temperature during the nieht, the following 

.morning they 1n,1arlably show a higher sucrose concentration 

in the leaves. For example, • when kept d11rj_ng the day and 

night at 26.~-P c., the leaves of tomato plants showed at 

08:00 a sucrose content of' 1.59 per cent of the dry weight, 
. 0 

whereas if the night temperature was lowered to 19 .c., the 

value dropped to only o. 96 per ce11t. This difference is 

found iri spite of the fact that one would e:xpect a hicher 

respiration at the higher night temperature and consequently 

a lower residual amount of sucrose in the leaves. Since 



actually a smaller amount of sucrose is found in the leaves 

of the plants kept at the lowor night temperature, it is a 

strong indication that a larger amount of the sucrose is 

translocated out of the leaves during the night at the 

lower temperature, and consequently indicates a Q10 of less 

than one. Reducine sugars and starch were also analyzed 

for in these expori::ients, but showed very little relation 

tlith tonpernture, as did sucrose. It wus also shovm that 

if tomato plants were girdled by stoamir1g a short sEJction 

of the ster:1, the entire plants then being placed at either 

26.5° c. or 1e0 c. in tte dark for 24 hours, a small but 

significant a:nount of sucrose would accumulate only above 

the girdle of the . cooler plants. Two different experinents 

gave essentially the snme results, thus indicating an in-. 

crease in translocation at lower temperature. One or the 

experiments is shown in Table II. 

Above 

Below 

TABLE II 

Sucrose eontent in Per Cent of Dr:r ~ieight of 
Tomato Plants kept for 24 Hours in Darkness 

. at 26. 5° C. or 18° C. 

18° c. 26. 5° c. 
Girdled Non-Girdled Girclled Non-Girdled 

Girdle 3.49 3.70 • 2.65 2.93 

Girdle 3~10 3.65 2.67 2.90 

A si~ilar experiment was also performed, in which the volume 

of exudate was measured rather than the sucrose concentration. 

:iiea.surement of exudate makes an excellent tool in the study 
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of tra.nslocation. Its use will be later d~scribed. Tomato 

plants were girdled or not girdled and placed for 24 hours 

·1n the dark at either 18° c. or 26.5° c., just as in the 

last experiment. At the end of this period all plants •nere 

decapitated and placed at 26.0° c., during which time the 

exuda te was collected over tho 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 production of bleeding, and 

indicated that living cells are essential for this trans­

location. Data for the e:mdate collected during the first 

50 hours is shown in Table III. 

TABLE III 

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

Te~'!per a t ure Indica ted Below. 

Girdled Plants 

Non-girdled Plants 

Plants decapitated 
at time of stear::ing 

4.60 

8.47 

9.76 

, 

18° c. 
+ 0.48 -
t o.43 
... 
- 0.87 

26. 5° c. 
3.44 ... 0.33 -
4.62 ... 

0.59 -

Fro1:1 this relationship it would appear that the signifi­

cantly granter amotmt of exudation occurring in plants kept 

at the cooler temperatures is due to a greater amount of 

osrnotically or metabolically active material in the roots, 

~his material apparently having been translocat~d to a 

gre$ter extent a t the lower temperatures. Even though 
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respiratory losses in the aerial portion of tho 26.r{> c. 
plants would be somev;hat~ greater than tn the 18° c. plants, 

the difference would be small, and it a11pears ver~r tmlikely 

that the volume of exudates would boa function onlv of the .. 
residual carbohydrates. i.e., with a higher respiratory 

rate, there would be less residual carbohydrat~ left to be 

translocatcd to the roots • .rhe possibility of interconver­

sion of non-osmotically active carbohydrate into osuotically 

active carbohydrate within thE? roots at 18° c. can not be 

ruled. out. Eowever, previous knowledge of te:nperature­

caroohydra te r·ela.tions :nakes it uppe~r most unlikely that 

such a conversion would take place at a temperature as high 

as 18° c., and in such a short t1::10. Another bloetding 

experiment clearly demonstrated that the amount of exudate 

cooing trom decapitated plants having been previously kept 

at different temperatures, is not dependent upon variable 

interconversion of the carbohydrates within the roots at 

the differen-1; temperatures, but rathor is dependent upon 

the amount of 1:1aterial previou:;.;l;r transloc-::.; tecl from the 

aerial portion to t~·1e roots. This was done by decapitating 

the plants 5 en. above the ground and placing them i'or 24 

hours in the dark at temperatures ranging from 8° c. to 

26.5° c., along with controls which were not decapitated. 

At the end of this period, the intuct plants were decapi-

·ta tetl und drip tubes were connected to 'both sets of plan ts. 

The difference in exude. te collect,ed over the next 48 . hours 

between the pre and the post-dark period decapitated plants 

was compared for each of several tem;,ert:1.tures. The difference 



~t any given temperature was taken as a measure:1ent of 

carbohydrate translocH.tion into the roots Vi'hich had occurred 

in t he intact plants during the 24 hour dark pa:riod . This 

difference was very great nt 8° c., and decreased in a 

1 inear fashion to n ver~r low value at 26. 5° C. 

Tln~ we see that there exists a r at her wide array of 
... ,, 

experimental results, as far as te~perature offect on trnns-

locu tion in concerned. The con t.r.::,versy regardi ::-1c the exact 

mec!ianism involved in org..:.rd.c :wh~to move.::1ent, which will 

lntnr be discussod, is probab ly oven ,;1ore unset.tleid~ -r) It is 

hoped that various types of exr)er imentation im,olving tem­

pera ture effect on the trnn.slocation of ca r uohydrates may 

eventually create one ::1ore building block wi.:ich will be 

useful in tr:e final solution of the translocation pro1llem. 



Bleeding -- A useful Tool in the Study or Carbo• 
hydrate •.rranslocation 

Literature Review 

Most plants will exude a sap if they are injured or 

decapitated, this exudation usually :x~ing from the trans­

piration stream moving up tho xylem. Tomato plants, pro­

viding they are in good condition and well watered, may 

bleed in this manner for five days or i11ore, nf ter having 

been decapitated. W~nt (1944b) first demonstrated that 

tomato plants, after having been partially depleted of 

carbohydrates by 24 hours of darkness, and then decapitated, 

will bleed considerably more du.ring the next two days if 

one or two of the leaves on the stump are placed in a solu­

tion of 5 to 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 

amount of respj.ratory metabolite present. Thus by care,-

•. fully noting the rate of bleeding over an extended period, 

one should have an accurate measure of the extent of carbo­

hydrate tra:nslocation from othor parts ot the plant to the 

root. 

When the tomato plant is kept in the dark for a longer 

period of 48 hours, l)ubnoff (1944) has shown that only a 

slight increase in exudation takes place when the leaves 

are sublJlerged in a 5 per cent sucrose solution. Tho plant 

apparently reaches a certain degree of starvation beyond 

which it is unable to utilize an external source of carbo 

h;,rc1rate. It will still recover at this point however, if 
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returned to light. 

It was also found that if all leaves of a pl.ant except 

one were removed before a 24 hour dark period, the plants 

bled less during this period than if they had not had the 

, leav,es removed. The one-leaf plants, whether the leaf was 

submerged in a sucrose solution or not, bled significantly 

nore 1f the temperature durine the 24 hour dark period was 

7° c. rather than 18° c. This phenomenon held true in spite 

of the fact that absorption of water by the plant under 

conditions of low soil tempera tu:re is cons5.dera bly decreased, 

as shown by Kramer (1940) in the case of su..T1flov1er and 

privet, · and by the present author in the case of tomato. 

Grossenbacher (1939) also found that the sunflower bled 
•~"'i 

very little at 10°, nore at 15° and considerably at 30°, but 

slowly dropped off after several days nt the higher temp~r­

ature. The increased bleedine; noted by Dubnoff at the lower 

temperature must be due either to a general conversion of 

carbohydrates to their most osmotically active form l"Jithin 

• the stem and especially within the root, or to a e;reator 

translocation toward the root at 7° c. than 18° c. The 

phenomenon can not be ascribed to · the loss of assimilates 

through respiration at the higher te;;1pera ture, because the 

increased bleeding rate at the lower tonpHrature is apparent 

almost from the beginning -- lorig • before any significant 

amount of assimilate could be lost through respiration at 

either temp~rature. 



-28-

The manner and form in which externally supplied 

carbohydrates are absorbed and translocated is of interest. 
II 

Said (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 presented which indi-, 

cates that products other than the hexose sugars are also 

translocated when sucrose is applied to the leaves. 

Bleeding in itself is an exceedingly intricate and 

sensitive process -- a process which is not well understood. 

If one considers two plants which are of identical genetic 

backgrotmd, of identical age, and which have been ·grown side 

by side under the same environmental conditions -- plants 

which to the eye are 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 in tomatoes, and is the reason why large numbers of 

plants must be utilized to establish results which are 

statistically significant. A satisfactory explanation for 

the variability has not been found. 

Bleeding has been variously ascribed to osiaotic forces 

and to active or "vitalistic" forces. Experiments involving 

temper~ture and narcotic or anaerobic effects have generally 

indicated that energy for bleeding is provided by respiration. 

V1orking with excised root systems of tomato, vanOverbeek 

(1942) found root pressure to be made up of.' two eomponentss 
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an osmotic factor, and an active factor, the latter being 

reversibly 1nh1b1 tad by 10-\1 KCN • The active factor was 

·described as being dependent upon respiratory processes, 

in conjunction with heav:,• metal cntalysj_s. Heyl {1933) 

utilizing decapitated stems of ~Jl.chezia, Ricinus, and BrassiQ!! 

also dernons tra ted • that exudation of sap fror:1 ti1e cut surface 

could be inhibited .by hydroGen or narcotics such as ether and 

chloroform. These experiments indicate that the bleeding 

mechanism is located in the roots and involves active 

excretion of water by living cells. A weak electric current 

was also found to enhance the bleeding whereas a stronger 

one hindered the process. Ee:rl also concluded that the 

cechanism of bleeding rrust depend upon certain processes 

.whicn are not entirely osr.10t1c in nature. 

On the other hand, Eaton (1943), by investieation of 

osr,10tic values of bathing solution and exudate under dif­

ferent conditions, came to the conclusion that simple osmosis 

and capillary forces account for root pressure and bleeding 

or the tomato plant, and that there is scant basis for the 

view that vital activity is involved. This "liew, however, 

is not supported bt Skoog. 

Actual pressures developed by the root system are very 

considerable. White (1938) found that tomato roots in 

culture solution, when attached to a manometer with six 

atmospheres of pressure applied, were not appreciably 

retarded in secretion, thus indicating that the sap movement . 

takes place under pressures considernbly exceeding this value. 



Upon walkinc OVEH' a wooded area v-1hich had been partially 

logged four years previously, Friesner !1940) noted a. strik• 

;I..ng exudation through t he uninjured stems of tlf!_Q!rub:rum, 

one to two inches in dia.r1eter. The o:xuda tion came only from 

stump sprouts, none beine fotrrw. from virgin timber. The 

stumps were 3 to 5 inches in diameter. This observation 

does not indicate that osmotic nctivi ty of liv:i.ng cells in 

the ster:1 is not involved, -:.mt certainly suggests that root 

press1ITe is a factor of eroat significance. It is interesting 

to note at this point Schum.acter• s finding that root pressur.e 

has no effect ·,1!)on t he velocity of fluorescein transport. 

Thore is a natural periodicity iD the bleeding rate 

of most plants, vd. th a maxir::11.L'TI usually about noon and a 

ninimum during the nicht . A diurnal fluctuation of this 

type in :root activity \%1S probably first reported by 

Hofmeister ( 1862) o He found thnt althoq:::}1 such fluctuations 

• could occur independently of enviror..r;ental changes during the 

tine of observation, t hey could however be modified by such 

changes. Bleeding experiments cnrried out by Speidel (1939) 

on Helianthus, Ricir~ and other plants clearly demonstrated 

the existence of a da:1.ly periodicity. Bleeding was found to 

be dependent on time of cutting and tet'qerature. Also using 

E,elianthus, Grossenbacher ( 1939) found that the diurnal oycle 

of exudation was independent of the time of day that the 

plants were decapitated, provided they had been growing undei­

nor:nal ereenh011se co.ndi tions. Under constant te ::1pera ture 

of 20° c. and continuous light of either very low or 300 foot 
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' candle intensj_ty, the plants m:hi:iited a 24 hour cycle of 

maximum and minU.'llUs'i'l exude.tion, 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. 
i·, 

VIh1.te (1938), using tomato plants grovm in culture 

solution, noted that upon decapitation they wotild contin­

uously and rhythmically secrete sap. Bxperiments of Went 

(1944b) in which an accurately measuring bleedometor was 

used, and later experiments of the author have demonstrated 

a maximll,."fl 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 well 

correlated with any other !mmm function ho.s been found by 

different invest1eators. For example, Krasovskaya (1947) 

USfJS the voluoe of flm'II of e::,."uda te fror:: 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 note that exudate per unit of fresh 

weight of tops was lHss in shade plants than in sun plants. 

Dubnoff (1944) also failed to demonstrate a proportionality 

between rate of bleeding and root woight, nnd found but 

slight correlation between hleedine rate and sucrose content 

oi' roots, whether or not the plant had been fed sucrose 

through the leaves. 

In spite of the irregularity of the bleed i ng process 

and of its failure to · correlate well with any known flmction 
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or quantity within the plant, it nevertheless becomes an 

exceedingly useful tool Whan properly used. A recent study 

·,, was: made by ~Jent and Hull (1949) on the effect of temnerature 
1'• ,ll, 

on carbohydrate translocation, utilizing the bleeding 

phenomenon as a primary tool. Tomato plants of the San Jose 

Carmer Variety were used for the experiments a,t an age of 

about two months, when they averaged around 75 cr:io in 

height. All leaves were pinched off from the lowc;r 22 cme 

of the stem to allow installation of cooline collars. This 

was done at least four days before the experiment, since it 

has been shown (Vlent and Carter, 1945) that removal of the 

leaves during application of sucrose solution to two leaves 

reduces the bleedinr: stimulus considerably, as well as 

subsequent grmvth. The effect is r,1ore marked when the leaves 

are cut than when thoy are pinched off, but decreases rn:1rk­

edly after several days .. The two leaves remaining immediately 

above tlIB removed leaves were then submerged in 7 per cent 

sucrose (or in water as a control), and the plant ~es docap­

itated just abov0 these two leaves. Rubber tubin~ which led 

to a dripping recorder was connected to the decapi ta tr,~d stump 

in sueh a 1."i'ay a.s to make any chanr;e in the rate of blcedinc 

imr>'!ediately visible. It was found thnt if the loaves were 

submercfJd in 7 per cent sucrosri thel"(J vms 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 coJ.lar in which cold water was circulated 
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. ( through copper tubfr1g soldered to the collar) , it was 

found thi1t only about 8 hours were taken instead of 11 

for this increase in rato of bleeding to be noted. The 

relationship is shown graphically 1h Fiz. 1. Internediate 

ter:1peratures betvmen 1° and 24° C. gave lai period~ more 

or less intermediate between the extre~es, as indica ted 

in Fig. 2. '£his inverse relation would seem to indicate 

that sucrose or at least some metabolically active sub­

stance is translocated into the roots, thus causing the 

increase in rate of bleeding and that the rate of down-

ward translocation of t his substance is greater at the lower 

temperature. 

In considering only plants w~ich had either 7 per cent 

sucrose or water supplied to the le~ves, but not those which 

had cooled stems, reducinr; sugarsl of the roots of plants 

supplied sucrose were equal to or greater by a.bout ·10 to 30 

pcir cent than those of the plants supplied only water, in 

nine cases out of ten. In the case of the sucrose content 

of roots however, there ap;)eared to b(3 no correlation between 

control plants and sucrose-fed plants. This strongly suggests 

that the added sucrose reaches the roots in the form of 

•hexose s'C.ga:rs 1 but gives no enlightenment as to the locus 

of inversion. ':rhe fact thut one mole of sucrose upon inver­

sion yields t~'o moles of hexose, and consequently twice the 

1. The detorminn tion of' red•,1cing sugars in these experiments 
v;as not made from extracts cleared of non-sugar reducing 
substances v-:ith lead acetate, and conseq-u.ently a small amount 
of the reducing power must be clue to these substances. 

' sucrose was determined si12ply by the difference in reducing 
; .. power before and after inversion with invertase, reducing 

pdwer being deteru inod according to tht~ method of Hassid (1937). 



-34-

8 Drops per hour 

7 

6 

5 

2 

I 

Sucrose 1° 
• Water 

·~ 

j('Water 24° 

1900 2100 2300 

Time 

Pe re ent 200 

175 

150 

125 

Sucrose 24° 0 
Water / 

~1/ 
100 

/ 
75 

50 

¢'Sucrose 1° 
---x--><-

-x--x 
25 

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 a.no Hull, 1949) 
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Fig. 2. Relationship between temperature of the stems 
of the sugar-fed plants and the length of time it takes 
before the effect of the applied sugar can be observed. 
(plot includes all experiments) (After Went and Hull, 1949) 



osmotic activity should not be forgotten in explaining 

the greater bleeding rate of the sucrose-fed plants. 

If only the plants fed sucrose are considered, which 

had their stems either cooled or at room temperature, it 

is seen that in 16 out of 17 experiments a hi gher sucrose 

content existed in the roots of plants with stems maintai ned 

at room temperature. 11he average difference in sucrose 

content of the roots between these two series wa:1 1.6 mg. 

per g. of dry weight. Reducing sugars of t hese t wo groups 

showed no cor~elation, being slightly greater in roots of 

cooled stem plants in about half of the experiments and 

slightly gree.te:r in the roots of the room tempera ture r:roup 

in the other halr. · This relationship within tbe sugar-fed 

plants indicates an apparent neeative correlation between 

sucrose content of the roots and bleeding rate. However, it 

must be considered that ' the plants were always harvested 

after the excess bleeding rate caused by sugar appliqntion 

had tapered off to that of. the controls. The fact t ha t the 

analyses were not carried out when the differences in bleed­

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 inverse 

correlation between sucrose content and reducing sugar con­

tent of the roots. 



Experimental Methods · 

Certain bth~r ~xperiments we~e carried ou~ by the. au­

thor in order: to determine optimum conditions t·or bleeding. 

'romato plants · var. San Jose Canner or ;/iarglobe used L."1 

these experiments, unless other wise stated, were grown 

in two large concrete tanks containing Eoagland's nutrient 

solution. The solution was maintained at 28°- 30° by 

raeans of electric im:r:1ersion h13a te:rs. By use of such 

elevated nutrient temperatures, Gericke and Travernett1 

(1936) were able to grow tomatoes ut the ratf:} of one ton 

a year in a tasin area of' 100 sq. ft. 

A special metnl trough was constru,cted from which 

twelve plants co1..:; ld be bled, and the rate of bleeding 

recorded simultaneously. r;ater in the trough was slowly 

cir~ulatod by 1:1eans of an electric stirring motor and was 

thermostatically controlled to wtthin 0.1° c. The water 

was usually kept at a moderately high temperature of 

_about 26° to 30° c., since it bad been_noticed on several 

occasions that bleeding wa~ inhibited at lower ternperatures. 

Kramer (1940) had in fact shown that the transpiration 

rate of sunflower and privet plants was reduced to 20-JO 

per cent of the rate at 25° c. ,0:hen the soil was cooled to 

2° c. Although, in general, plants bled no better when in 

culture solution than in sand, it was hoped that this method 

would give a more 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 bloeding rates, four tomato plants were 

grown 1n gallon jars containing noagland'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 ttlllo weeks the roots were neasured, 

the plants 1>:ere decapitated at 15: 00, and 6 rnrn. i.d. trans­

lucent rubber tubing attached to the stumps. The tubing 

was filled with distilled water to a central mark, so that 

either back suction or bleeding could be determined by the 

rate of change of the column .height. 'rhis is shown in 

Table IV, where the rate is indicated at the r:lid-point of 

several time intervals. The advantage gained by aeration 

·TABLE IV 

Bleeding rate of Aerated and Non-aerated Plants. 

Not Aerated Aerated 

Plant number 1 2 3 4 
Root length, cm. 21 23 39 45 

Time Bleeding rate (Change in Column ht., mm/hr) 

15:15 -8.o -6.0 +4.0 ..-36.0 
17.45 -1.5 -1.1 +2.7 + 4.9 
21 •. 45 -1.7 -1.4 +2.0 , -+ 5.7 
03:30 -0.9 -1.1 +1.1 (Leaked) 
14:45 +o.4 +1.0 +1.5 + 2.6 
03f45 -o.6 -1.3 -0.7 - o.6 
22:15 -0.3 -0.9 -0.3 ' - 0.3 

was obvious. Aeration systems were set up in both the large 

growing tanks and the bleeding trough, and used thereafter 

unless otherwise specified. 



Pasadena city water varies considerably during the 

year as to total mineral content and to added chlorine. 

When it consists . of almost pure Colorado River water, the 

solid content runs about 800 ppm, but when diluted with 

local well water, as it sometimes is, the content is con­

siderably lower. The fact that the plants appear less vig­

orous and somewhat chlorotic at certain tirnes' 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 t his were 

true, and also if any addendura to the nutrient would be 

effective in overcoming this toxicity, an experiment was 

set up involvinc different treatments of the nutrient. 

All solutions were 100 per cent Hoagland's, were maintained 

at pH 5.3 and had additional iron added once a week, unless 

othorwise specified. After two ·weeks the plants were decap• 

itnted and bled, the exudate boing collected and measured 

over fivG diffe r ent pe1~iods. The res1dts will not be 

presented in detail, but are fnm:rr,nrized in t he following points: 

1. Nutrient made of distilled . water gave sor:·1ev1hat 

better bleeding than that made from tap water. 

2. If pH were not constantly adjusted, it slowly 

rose to 7.0 or over and resulted in slightly 

chlorotic plants, but. the bleeding of such 

pldnts ~as not inhibited. 



3. Failure to add extra iron did not reduce growth 

or cause chlorosis ove;r the two week period of 

the experiment, and bleeding was only very slight­

ly reduced. Apparently an acidic pH is far more 

important for absorption of the iton ion than 

having a high concentration of the iron salt 

present. 

4. Aeration again proved beneficial. 

5. Boiling of tap water to remove dissolved gases 

aided somewhat • . The plants bled cibout as well as 

when distilled water was used for the nutrient. 

6. Addition of carbon black as an a.dsorb.ent proved 

exceedingly toxic. Plants became c:blorotie and 

did not grow well. They bled only about one-third 

normal. 

7. 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 vary 

significant differences in bleeding, although con­

clusions should not be dra¥m on this point until 

more plants are used. 

8. Pfeffer' s solution gave results not unlit-co Eoag-

land Is. 

Guided by these findings, all successive plants were grown 

under ---conditions of aeration, careful pH 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 CO2 free air or darkness for a length 

of time would be more sensitive to externally applied suc­

rose. Consequently twelve plunts were selected and placed 

in darkness at 30° c. fo r 48 hours. At the end of this 

period they were decapitated and had either seven per cent 

sucrose or water applied to two leaves. Not only did the 

sucrose-fed plants fail to bleed more than the controls as 

.found by Dubnoff, but ·only one out of the entire twelve 

plants bled at all, that being one of the controls -which 

bled only very feebly. 

When a low carbohydrate plant failed to show a bleeding 

response, as just described, it was then considered whether 

or not one excessively high in assimilates would be any less 

sensitive to added sucrose, as one would teleologically 

believe. Pour days before the experiment, the plants were 

plnced under continuous artificial (fluorescent) illu•·nina­

tion of 400 foot ca.nd.le inten.sity, at 22° c. Upon d!.::Ca pi­

tation and bleeding, there was found to be a s harp increase 

in t he rate of bleedine of t he sucrose-fed plants about 8 

hours after o.pplica tion of t}:e carbohydrate, This res ponse 

was slightly faster than would normally be expected at 22° c., 
but showed unc:.eniably that the reception of the bleeding 

stb1Ulus b y the roots is independent of the degree of 

previous as-sir'lilation, providing that reserves are not 
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completely depleted. The experiment strongly suggests 

that the mechanism of translocation operating in this case 

was completely independent of concentration r,radient. 

Sucrose analysis of roots at the end of 20 J1ours of bleed~ 

ing indicated 5.2 mg. per gram of dry weight for the suc­

rose-fed plants, and 4.2 mg. for the controls, a hardly 

sicnificant difference. 

Previous experir:1ents had der:ionstrated that a sucrose 

solution of anywhere between 5' and 10 per cent applied to · 

two leaves gave excellent ble<~ding increments over controls. 

In an effort to find the optimum concentration of sucrose, 
was 

an experimentAcarried out utilizing an 18.7 per cent 

solution of this sugar, actually a hypertonic concentration, 

Twelve plants were set up :on the bleodo:netar in the normal 

manner, as previously described, 
0 • 

An 8 c. cooling collar 

was applied to each of the first four .plants, and 24° collars 

to the ~econd set of four, both sets receiving the concen­

trated sucrose solution through two leaves on each plant. 

The third set, the control plants, simply had water applied 

to the leaves. When the bleeding r~te of the sucrose-fed 

plants was plotted as a percentage of the bleeding rate of 

the controls, there was no inflection at all in case of the 

· 24° c. plants, and only a very grn.dual rise in the 8° c. 
plants. This relationship would seem to indicate that 

plasmolysis of the leaf cells, caused by the concentrated 

sucrose solution, resulted in °a ~ecreased uptake and trans~ 

location. Since Dubnoff (1944) had already shovm that there .· 



was no significant difference between the volu.1110 of exudate . 

of tomato plants with leaves in l or 2 per cent sucrose and 

control plants, it was assumed that 5 to 10 per cent was 

about the optimum range of concentration. Sevel' per cent 

was usod in most succeeding experiments. 

In order to determine whethor other sugars were as 

effective as sucrose in promoting the bleedirt~ stimulus, 

an experiment was undertaken utilizing 3.7 per cent glucose 

and 3.7 por cent mannitol. '11hese concentrations were used 

because they had the same .osmotic concentration. as 7 pPr 

cent sucrose. :Cuch solution was supplied to two lenves ·or 

two plants, the third pair of control plants having water 

supplied to the leaves. No sten cooling was used in this 

case, the pla.nts being bled in the dark rool!l, which was 

The su.gars iNere applied at 11: 00 and the 

bleedinc rates recorded over 24 hours. Bleedinc rates of 

the plants supp1iea. glucose and 1-:1armi tol were plotted as 

percentages of bleeding rates of the contra~ plants, the 

curves being f;hown in Fig. 3. Also plotted ' in this graph 

for :means of comparison, is the percentuce curve common to 

sucrose, at tho same tc-mperaturo, this curve having been 

prepared from the neans of the bleeding rates of about 

200 plants. The first point of interest is the upward in­

f-lection of the mannitol curve at a time identical with 

that of the sucrose curve. Although nannitol may be util­

ized hr Rhizobium as a source of carbon (Peterse>n and 

Peterson, 1945), and although it is found rather widely 
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. i _n higher plants, there is no evidence of its being util• 

·ized in metabolism by the latter. Judging from the curves, 

it . appears evident that mannitol may _be translocated by 

the same mechanism as sucrose, even though it may be a 

rather "foreign" substance to the tomato at such concentra­

tions. If further experimentation with mannitol indicates 

this suggestion to be true, then the sugar mfy prove an 

ideal substance for the study of translocation, since, being 

metabolically inert, 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 

osmotic effect, the "vita.list1c" theory 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 

nulti-fold manner, and that the increased bleeding noted in 

this case 1s simply a measure of the osmotic component. 

Interpretation of the t; lucose curvEf 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 qui ta higp, 1 t ·-.vould seem to indicate that the sugar is 

absorbed by the leaf and tra.nslocated very rapidly. Also, 

it may be utilized by the root both metabol.icnlly and oSJmo­

t1cally in creating the very high bleeding rates. If ab­

sorption of sucrose does not occur as such, but only as its · 
IJ • 

inversion products, as postulated by Said (1948), then the 

apparent rapid absorption rate of glucose as compared to 
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sucrose may simply be due to the fa.ct that the former has 

.no_ lag due to the inversion process. It should be mentioned 
./ 

that Went a..-rid Bonner (1943) found a solution. of sucrose to 

be 'more active than glucose in causing growth of to!'!lato 

plants in darkness, when applied to the leaves. Further 

experiments involving these and other sugars should be most 

enlightning. 

At this point it appeared of interest to determine 

whether the 11 hour interval (at 23° c.) between applica-

tion of the sugar and initial rise in bleeding rate held 

regardless of the time of day of application. Seven per cent 

sucrose was applied in the normal manner to three plants at 

. 11_: oo, to three more at 16: 00 and to the final set of three 

• at 22:00. Three control plants bad wuter applied a t 11:00. 

'the data indicated first of all,a sudden surge in the bleed­

ing rate to about double its previous value, immediately 

after application of the sugar solution -- regardless of the 

time of application. This was apparently due to the rising 

sap, which had previously been partially lost by transpir­

ation through the leaves, nmv being _diverted to the stream 

exuding at the cut surface. Also, a small . amount of water is 

absorbed by the leaves and probably adds to -the bleeding 

s t1"'eam. It was noted that thero was the normal 1ncre::1en t 

over control plants 11 hours uftor 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 

application, no response was exhibited. Thus, application 



was · r:tost effect:J.•.;e if timed so that the response came 

during the even.i11e hours or period of minimum diurnal bleed;.. · 

ing. 

Since it was deemed desirable to study the effect of 

• low temperatures upon the absorption of sucrose by leaves, 

several experiments were run in: which the sucrose nolution 

surrounding the leaves, as well as the stems, ,were cooled. 

In the first run, two plants had the sterns cooled to 5° C. 

and the 7 per cent sucrose solutions about the lea,res main­

tained . at 10° C. by means of cold water circ1.1 lnting through 

. s.rnall diameter rubber tubing which was coiled in the solu­

tions. Two other plants simply had ·sucrose applied to the 

• leaves, · and the final two ncted as controls wi tr.1 water about 

the leaves. Dark room temperature was 24° c. The bleeding 

da tu shmved an increase over tho controls 7 hours after 

sucrose application for the coaled plants and 10 hours after 

application for the plants at room temperature. Considering 

the inherent variation among individual plants, 7 hours is 

hardly significantly shorter than 8.5 hours, which 1~ the 

mean for sucrose fed plants with the stems only cooled to 

5° c. A second experiment was run in the same manner except 

that four plants were used in each group, the sterns being 

cooled to 1° c. this time and the leaves to 8° c. Again 

there was an upward inflection of the bleeding percentage 

curve somewhat short of the mean time for plants with stems 

only cooled to 1° c. The inflection came after 5 ·hburs 

compared to a mean of 8 hours at 1° c • . Sucrose analys.1s 



of the roots at the end of the bleeding failed to show a 

significant difference between any of the 3 groups. Thus 

we can say that cooling the surroundinc solution and the 

leaves does not hinder, and probably slightly enhances 

absorption by the leaves and translocation of carbohydrates 

within the rachis. 

In order to further determine which process took the 

greater amount of time, absorption by the leaves or tre.ns­

looation down the petioles and stems to the roots, the 

following experiment was designed. Seven per cent sucrose 

was i:ipplied to nine plants at 13:00, all plants being . 

decapitated and connected to the bleedometer. • Of these 

plants, three were left intact, two had the petioles of the 

two leaves submerged in the solution tiehtly pinched by 

means of screw clamps at 17:0o, two more were so treated 

at 19:00, and the final pair 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 bleeqing rate over 

the controls. Those in which the petioles were not pinched 

showed the norr'ilal increase over controls. The relationship · 

.is perhaps more res<lily apparent if the average absolute 

bleeding rate of each set of plants is indicated at 02:00 

( just when the su r;ar effect was beginning to talrn place) 

and at 06: CO ( when the effect has reached 1 ts r:1aximum) , 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 

Not Clamped 

Clamped 21:00 

Clumped 19: 60 

Clamped 17:00 

Time of 

02:00 

0.2 

1.5 

1.9 

0.5 

Measurement Change 

06:00 

0.4 t0.2 

1.2 

1.5 -0.4 

0.3 - 0.2 

In t his experiment it was assUi11ed that if 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 increased 

i n bleeding rate between the hours of 02:00 and 06:00 pro­

bably indicates that absorption by the leaf and transloca­

tion down t he rachis and petiole takes considerably longer 

t han novement down t he stem to the roots. No correlation 

was noted between t he different times of clamping. 

In order to deterF:1ina whether transloca tion was cyanide 

inhibited, and consequently completely dependent upon the 

metabolic activity of living cells, a 3 cm. ring of !1aCN 

in agar was applied around the stem of tomato ·plants, near 
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tho base. Nine plants roceived sucrose through the lerives 

at 12:00 and throe received water. Of the nine, three had 

0.25 M Haen applied, three had 0.0025 IJ Haerr, and the third · 

set had plain agar• The last set of three v1i th leaven in 

water served as controls. As seen in I<'ig. 4, the bleeding 

rate of the plain agar ringed plants with respect.to the 

.controls, began increasing about 23:00. The plants with 

' tho lower concentration of cyanide, although bleeding at 

almo'.,t the same rate as the plaln agar plants at 18:00 9 at 

first began to decrease, but finally reached a maximum at 

07:00 about half as great as the plain agar plants. Plants 

with the high concentration of 0.25 M showed no response at 

atl, and constantl~r decreased while the other plants were 

increasine;. At about 06:oo, however, they did begin to 

recover, and by 13: 30 had r(➔achod a rate equal to that of 

the plants not given cyanide. The hizhe.r concentration of 

cyanide visibly injured the stem, a;) did an equivalent 

molar concentration of sodiur:n chloride in agar, even 
hvpotonic 

thour;h such concentrations are os?1otic::J.11yA to the stern 

tissue. It is probable thut the phloen was completely 

killed by the higher cyanide concentration, and consequently 

tho fact that the bleed1ng recovered a.ncl became equal to that· 

of the untreated plants would indicate that although the 

narcotized phloem effectivr!ly inhibited the do·wnward trans­

location of organic r,1aterials, the xylem, which undoubtedly 

. received a. fair dose of cyanide by diffusion across the 
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ca□bium, did · not suppress tb.e upward flow of sap. Tho fnct 

that the sucrose ~ffect wan completely abolished in the case 

of the higher concentration would therefore indicate the 

necessity of living tissue for realization of this effect. 

These findinis are in line with the previously mentioned 

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

by hy·drogen or certain narcotics, and also of Speidel ( 1939) 

who found that bleeding ·-1.'a s decreased by the addition of 

phenylurethane to the nu trient r:,edhm or by decreasin0 the 

available oxygen snppl:r, ::re also noted that potassium de­

creased the bleeding r a te, whereas calcium increased it. 

These addenda, however, wore all in the nutrient solution, 

and therefore are not comps. rable with t he author's experi­

ments in which application was around the base of the stem. 

Since future e}:pori::wnts were planned utilizini:: sucrose 

1sotopically tugged with c14, it was deemed necessarJ' to 

find the most efficient nethod of applic~tion to the leaves. 

Obviously, because of the expense of the isot:=ope, a large 

volume of solution of which only a minute amount would be 

absorbed was out of the quostion. To test the absorption . 

from a .small aliquot, ordinary si..1crose was made tip in a 

solution of 10 p (3T cont concentra tion in 1 per cent agar. 

On the first four plants, 1 cc. vias applied on both sides 

to each of the five leaflets bf t wo leaves, a total of 10 cc. 

per plant. The second set of four plants had 1 ·cc. applied 

only to the terminal leaflet of each of the two leaves or 

2 cc. per plant. The four control plants had application 



similar to the latter, minus the sucrose. · Bleeding data 

indicated a behavior ah1ost identical as if the leaves had 

been in a sucrose solution. noth 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 a 

temperature of 20° c., at which the room was maintained. 

The final maximum was slightly greatGr in case of the plants 

supplied with 10 cc., as would be expected. This experiment 

also indicates that the rate of absorption and/or trans­

location is independent of the turgor of the leaf and pos-

s:t tly the rac~1is and petiole col1s, the tissues almost nurely 

beinG under a higher turgor \'then subGerged in a solution 

which is actively absorbed. The a gar soon becar:1e dry and 

could not contribute much to the leaf t1..1rcor. 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

location rate as determined by the bleeding process, again 

suggests that turgor, within cert::dn limits, is not a factor 

in transloca tion ra. te. '!.his ha~i. been no tea by Di jke tre. ( 1937) . 

A similar experiment was performed in which a 7 pQr cent 

sucrose solution in o.8 per cent Drene (a detergent to cause 

better adhere.nee of the solution) was painted directly onto 

the leaves. The fir$t group of three plants had j~st the . 

lower surfaces of the two leaves painted, while the second 

group had both surfnces pa.inted. Controls were thus supplied 

with detereent solution onl:v. Althouch the plants did not 



bleed a great dcul due to the high foliar transpiration, 

the data showed an increased bleeding rate after 11 hours 

in the case of the plants with both surfaces of their 

leaves covered, thus indicating the method . to be success­

ful. This was the r.iethod later adopted for application 

of c14 sucrose to the leaves. The fact that Vient and 

Carter (1948) have shown narked growth responses of tomato 

plants by either dippinc leaves into or spraying the foliage 

with a 10 per cent sucrose solution also substantiates the 

effectiveness of such a method of application. 

A preliminary bleeding experinent was performed using 

squash, £ucurbi t§ ™' and was set up just as :i.n the case 

of tomatoes. Two leaves were left on each plant, just below 

the decapitated stump, and were immersed in the solution. 

Below these leaves the cooling collar was applied, being 

1° c. 1n this experiment. four plants had 7 per cent 

sucrose and 10 c. collars, the second set of four had the 

sucrose and 230 c. collars, and the final fou~ were controls 

with leaves in water and 23° c. collars. Ten 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 sugar-fed plants 

for the first 2 to 3 hours, but rapidly decreased in rate, 

so that by the end of 7 hours (now considerine 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 inflection in the per­

centage curve, but only a general rise begin.nine right after 

sugar application -- not unlike the experir.1ent in which 

clucose was applied to tomato plants. fi.t any rate, it was 

deemed that squash was a less satisfactory plant for bleed­

ing experirnenta tion than tor.1a to, 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 possibility of 

different amounts of carbohydrate in the exudate being depen­

dent upon treatnent, t vmlve tor:1ato plants were set up in two 

groups of six plants each. One group had 7 per cent sucrose 

supplied to the leaves, and the other had water. The croups 

were further subdivided into 1° c. stems and 20° c. stems, 

each sub-eroup containj_ng three plants. Sucrose or water 

vms applied at 13:00, the plants decapita ted, and trw exudate 

collected and measured over three following periods: 16:00 -

19: 30, 19: 30 - 10: 00, and 10: 00 - 17 ~ JO. Volunes r;;howed the 

ceneral trend previm1sly described by t h0 111oro accurate 

hleedometer recordings., Sucrose anal:,,rses were r:mde on exu-

dates fror2 the niddle period for each of the four groups of 

plants. The vall:les obtni ned, 1:owovcr, were exceedingly low, 

rancing from 0.000 to 0.013 per cent. Reducing power before 

inversion was even nuch lower · than the increment due to in­

version, and consequently reducing sugars were utterly non• 

existent in the exudate. no general trend was noted. 
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It seemed possible that if the e:/11date collection were 

fractionated into 10 short periods, cor:E1encing immediately 

after decupi ta tion, a slight increr:1ent in the sugar concen­

tration of · the exudate which might be associated \\11th the 

increased activity of the root S?stem ut the 8 to 11 hour 

period, might be picked up. The design of the experiment 

was identical to the one last described except- that the 

plants were decapitated at 10:15, ric;ht after arrangement 

of the cooling collars, and the sucrose was not supplied 

until 13:00. '.l'r-i is v1as done so tbat in case of any initial 

increment in sucrose content of the exudate, it could be 

attributed to an artifact caused by the cutting, and not 

to addition of the sugar. '.rhe first sa!r,ple was collected 

immediately following decapitation, all poriods being ir1di­

cated in Table VI. The volume of exudate flow per hour is 

indicated for each period and group of plants as is t he 

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. 7he accuracy of the analysis at this 

concentration runs about! 0.0005 per cent, and thus some 

of the smaller fluctuations are not significant. The higher 

concentration found in the first sample of three of the 

groups is significant, hovmver, and is most likely due to a 

sudden release df the high-sw;ar content phloem sap at the 

cut surface, or of the contents of the wounded cells, with 

consequent contamination of the transriration stream rising 
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'J:ABLE VI 

Bleeding Rates uncl Sucrose Concentration of E::,::uda tes 
Over Several Pcn:-iods of Time of Tomato Plants 

Supplied Sucrose or tater 'Through the Leaves and 
t'iith Stems !.'Iuintained at 1° c. or 20° c. 

/ 

Period of Stems at 10 c. Stems at 20° c. 
Collection Sucrose L'ater sucrose \Jate:r 

Rate Cone. Rate Cone. Rate Cone. Rate Cone. 
cc/hr '" cc/hr. a.~ cc/hr c1 cc/hr l/.., 1-· l• /:> ,-· 

10: 15-11: 15 t.:'. 9· _,,. 0.0009 4.1 0.0034 4.6 0.0021 3.9 0.0024 

11:15-14:45 3.1 0.0003 2.7 OoOOll 2.9 0.0008 3.3 0.0027 

14~45-18:45 2.4 0.0008 1.8 0.0018 2.0 0.0014 2.1 0.0011 

18:45-22:45 1.8 0.0008 1.4 0.0018 1.1 0.0018 1.5 0.0011 

223 45-02: 45 1.7 0.0006 1.4 0.0009 1.0 0.0011 1.3 0.0008 

02: 45-07: 45 lc,5+ 0.0008 1.3+ 0.0012 1.2+ 0.0011 1.1+ 0.0000 

07: 45-12: 45 1.7 0.0005 1.3 0.0009 2.1 0.0008 1.2 0.0006 

l ') • .a. f;'.::>'- 1 8. 4..Jr.::-L.. ' .... . . 1.1 0.0006 o.8 0.0009 loO 0.0012 o.s 0.0006 

18:45-23:15 0.9 0.0008 o.6 0.0014 0.9 0.0017 0.7 000015 

23:15-08:15 o.8 0.0008 o.6 0.0018 0.7 0.0011 0 r;-. .,, 0.0017 

tl1rouch the xylemo In none of the plants was there a signi­

ficant increase in concentration at the 8 to 11 hour poriod 7 

or at any other period other thn.n the first one. Hedueinc 

- • tt tl d i b ... ' d 1 sugars, o..Long wJ. ": o ·_wr re uc ng su s va.nces, na , a va ue 

considerably lower than sue.rose, and did not show as e;roat 

o.n increase at the first p0riod. It would seer,1 that the in­

creased ble~ding rate due to sugar applica tion is mediated 
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through acthrE: metabolism of the root cells, ln,1t in. :-:;uch a 

vmy that n11 car1)oh~rdrates are retained within the cell or 

lost through rospiratj_on, and not released to the trar1spir-

ation strenm. The above findings ,2ssentia.lly confirm the 

work of van0vf1r·beek (1942), in which he noted that the first 

sample of exu.date collected from decapitated tomatoes con­

tained never over O.O1 per cent of sucrose ancl clucose, 

whereas later s.:HJ.ples seemingly contained no sue:::-,r. Chemical 

analysis of the e:mcla te fro?i qu~ur.bi ~§ ll§.2Q hmre been made 

by Litvinov (1927). Ee also found no sugar, but small 

ur~cw.nts of plant aci<ls, albur,;1ens, ainino acids, nitrates, 

n.itrites 7 nnd certain other inorganic ions. Dry residue 

and ash had a value of 2.6 and 1.1 grans per litre of 

exudate respectively. 

In all of the previously de~;cribed exp0rL:1cmts 7 the 

blcod1nc response vms ::.1edlated through externally applied 

carl.Joh:1drate. In an effort to doter::1inc if the response 

could also be caused by the naturally formed asSiLlilnte of 

the plant, a series of experiments was planned· in which 

light was to be the activating mechanism, thus causing the 

plant to manufacture its own carbohydrate. If different 

intensities of reactlon or different time intervals between 

application and :i."eaction r1ere noted when compared to sinilar 

values of experiments involving sucrose-feeding, some light 

may be shed upon rates of absorption within the leaf, the 

most co~1on form of sugar translocated, etc. Vlould one 



expect the externally applied sucar which had to truvel 

lareely through stomatu, intercellular spaces, vascular 

shea ths, and finally into the phloe:..n of the leaf veins, 

to reach the petiole fast er than natural carbohydrate 

photosynthetically e1.-abornted within the parenchyma cells? 

Perhaps t his type of experiment would help answer these 

problems. 

Initially, twelve San Jose Cari..ner plants which had 

been grown in 6-inch pots with a 50-50 mixture of vermi­

culite and gravelj were brought to the bleeding roor:1 the 

evening befor e the e:xperirr:ent. In an atte:npt to prevent 

transpiration fro r:·: the leaves whicb may cause failure to 

bleed, the room ,·ms J-n.1;.1idifiec1 to a relative bu.midi ty of 

7~·-02 per cent, the to:::pei~a ture beinc 24.5° c. t 2.0° c. 
Tho pla~1.ts were divided into two groups, those ·with 

collars at 2° c., and those with collars at room tonpera­

ture. Lalf of each of these groups (3 plants) had the base 

of t~1e stem girdled by applica tion of stear;i jets for three 

minutes. Upon decapi tation and 1111..1.mination at 11:00, the 

plants failed to blee~. At 15:30, still not bleedlnc, the 

petioles w-ere all ticbtly pinched with screw cla1-:-:ps? }_y,._1t 

this treat1::1ent did not induce bleoding. At 16~ 30 t he li e;hts 

·were extinguished, and at 22: 30 the plants were harvested 

for sugar analyses, the three individuals of each group 

being luxnped tocethero Stem sections of 1. 5 cm. length., 



imnediately above the girdle, or at corrosponding positions 

on non-eirdled plan ts, were anal:1zed, as were roots. The 

data are indicat<-3d i n Table VII, nnd ar·e discussed later. 

TA13LE VII 

Sucrose Content i n mg. por g. Dry Weight of 
Stem Soctions above Girdlo'1 or of Corre~ponding 

Sections on Ungirdled Plants, and of Roots. 

Treatment 1.5 cm. section 
above girdle 

Roots 

20 c. Etem, Girdled 

20 c. '" t-,.) ... e r1 , };ot Girdled 

24.5° c. r• A. 
,:; (,em, Girdled 

24.5° c. Stem, liot Girdled 

0.98 

o.64 

1.41 

1.-09 

o.40 

1.48 

1.21 

2.43 

A similar experinent to the above was set up 9 except 

that all of the leaves were placed within tichtly closed 

clear plastic bags which had previously been wetted inside 

to help maintain a virtually saturated at:nosphere within. 

Lights were turned on at 12:00 and the bags were supplied 

v1ith CO2 every few hours. Although a preliminary experi­

nent on one plant indicated fairly good bleeding when the 

leaves were t hus enclosed, only two of the twelve plants 

bled for more t han several hours. At any rate, lights were 

extinguished at 18:JO, and the plants were left connected 

to the bleedometer 1..mtil 11: 00 t he next da:r, at which time 

they were harvested. Since the two plants which. bled ·.vere 

both in one croup (24.,0 c. stem, not r; irdled), no conclusions 
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could be e;leaned from the bleeding data. Sucrose analysis, 

just as in the last experiment, was made of stem sections 

and roots, and is presented in Table VIII. Although the 

two experiments described are not comparable as to sucrose 

20 c. 
20 c. 

TABLE VIII 

Sucrose content in mg. per g. Dry Wei£;ht of 
Stem sections above Girdle, or of Corresponding 

Dections on Non-zirdled Plants, and of Hoots. 

Treatment 1.5 en. section Hoots 
above girdle 

Stem, Girdled 1.57 1.08 

Sten, Not Girdled 1.10 1.62 

24.,° ·C. Stem, Girdled 1.13 1.08 

2L', r.,-0 ·• c. Stem, Not Girdled 1.64 1.62 

content 7 since the latter one was harvested the following 

morning, and di°d not hnve the petioles clamped but did 

have leaves in plastic bags, there nevertheless are s6me 

deductions which may be r:1ade from both experinents~ 

1. The roots are higher in sucrose in every .caso wh0re 

the plants are not girdled, regardless of stem tonperature. 

It is interestinc to note that the reducing power of the 

roots between any conparable group of girdled and non-sirdled 

plants never differed by over 5 per cent, whereas the sucrose · 

·..ralues, as seen from the above tables, differed by up to 

almost 300 per cent. This clearly demonstrates the 

effectiveness- of tlle steam-girdles in preventing trans­

location to the roots, and also suggests that carbohydrate 



is translocated alri1ost entirely as sucrose, or else under­

goes conversion to this form ·within a very short time after 

arrival in the root. 

2. V✓hen the stern sections a.re 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 accu.mulation of sucrose 

was found above the girdle as compared to corresponding 

sections on non-girdled plants. Reducing power in all four 

of those co:~1parisons was greater in the ste:ns of .!l.Q!l~fulr,dled 

plants, but only to a very slight amount of about 6 per cent, 

thus •strongly indicating transport in the form of sucrose. 

3. It shciuld be e~phasized that all of these carbo­

hydrate values are exceedingly low, and that a difference of 

only one drop in the titration could cause a reversed rela­

tion of sucrose concentration in any two comparable eroups 

of sir<lled and non-rirdled plants. 

4. 'I'he data do not appear to include a sufficient 

m.unber of plants to draw statistical conclusions regarding 

temperature offect. 

In an effort to give plants light, and still have them 

bleed, it was decided t l :u t the light would have to be given 

first, and then the ster'.1 decapitated below all of the leaves, 

thus preventing robbery of the bleeding stream by foliar 

transpiration. This methud was not considered ideal, since 

the exact tlr.ie 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 such a 

r:mthod would be feasible, two tomato plants were removed 

to the dark bleodinc roorn in the evenini:_-:. The following 

morning at 08:15 one was exposed to fluorescent light, tho 

other being left in the dark at the same temperature 

( 23° C.). At 12: 00 both plants were decapi tatcd belovr the 

three upper mature leaves, which were the only ones that 

had been left on the plants, and connected to the bleedo­

neter. 1,he plant given light started out bleeding at about 

twice the rate of the darkened plant, and at the end of 8 

hours was bleeding over four times as fast. 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 enh1rgement of the above experiment was planned, 

in which the plants would be subjected to different lengths 

of photoperiod before decapitation and bleeding. Twelve 

San Jose Canner tonnto plants, all about 60 cm. in hoieht 7 

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. At 09:00 four plants were 

placed under fluorescent illur:iination ( 500 root candle) 

at 24° c., the other eight remaining in the dark room at 

the snme temperature. At 14:30 four more were removed to 

the lights, and at 20:00 the liehts were extinguished and 
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the plants decapitated and bled. Thus t he three croups 

received an 11 and a 5ti hourphotop<:~riod 1 and no light 

respectively. Two leaves were left on the stems just below 

the point of decapitation in order not to completely cleplet.e 

the plants of a reservoir of carhoh~1drate. Vlhen the plants 

are not illuminated, transpiration appears to be sufficiently 

reduced so that bleeding still takes place in spite of the 

leaves romnining on the stump. All twelve plants bled very 

well, some of them up to five days. The bleeding rates of 

all three groups ure plotted in Fig. 5, as are the percentage 

values of 11 hour photoperiod/da1"k, and 5ir hour photoperiod/ 

dark. The striking rnaru1er in which the 1ong-photoper1od 

plants bled at such a high rate immediately after decnpitn­

tion is of interest. Althou,0h the peak of the curve is at 

02:00, we have no ~Nay of telling when the increnent first 

becan, since the plants were still intact at the time ~ mn 

it probably would have occurred. Stnce, in this croup of 

plants, light was first given at 09:00, we can say that 

translocntion to the roots occurred between the hours of 

09:00 and 02:00, or within 17 hours. Considering that tho 

curve may begin to increase many hours before 02:00, and that 

there must be a considerabl0 lag between formation of tho 

first photosynthetic assimilates in the leaf parenchyma and 

their transport in s:1.gnificant quantity to the sieve tubes 9 

it .appears likely that the actual transport occurred in far 

less than 17 hours. On the other hand, upon consideration 

of tho plants which received only a 5½ hour photoperiod 9 
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we see that the increase over controls (darl-c plants) did 

not begin to take place until after 02:00. Since these 

plants first received light at 14:30, this would imply that 

transloca tion took place between these two periods, or vd. th­

in 11½ hours. This interval would be shortened only by 

subtraction of the above-mentioned lag due to ri1ovement from 

parenchyma to sieve tubes. Another point of -interest, in 

the case of the lonr;er-photoperioo plants, is the second 

and even ereater peak occurring at 03:00 on the follovling day& 

It would seem to represent a second surge of carbohydrates 

to the root, completely separate and distinct fror:i tho 

first movement. These two separate increnents in bleeding· 

rate, as compared to the darkened plants, apparently arose 

from assimilates elucidated by ono and the same photoporiod-

. the only one given. If t his interpretation is true, it is 

strongly suggestive that either maximum transport occurs 

in cycles, only at certain period of the day, or that it 

occurs more or less constantly once the assimilate is formed, 

but 1s activated by two distinct rnechanismn, each .operating 

at its own velocity. The peaks can not be ascribed to 

change in type of ca.rbohy<lrate 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 con­

sidered possible that the transpiration strea:11 of such 
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plants may have a sufficient volurne of flow to overcome the 

transpiration of two leaves left on tbe plant, even when the 

leaves were brightly illu'Tiinated. Two such plants (1 m. tall) 

were brought to the darkened bleeding room one evening and 

were decapitated the next mornini 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 Mazda­

lightine. The latter apparently eave off such intense 

infra-red radiati.on that the heatinc effect on the leaves 

rapidly increased transpiratj_on, resulting alnost in cessa­

tion of bleeding. Upon observation of this effect, about 

two hours after illumination was hegun, the Mazda was turned 

off. The fluorescents were extinguished at 13:30, havihg 

been on over five hours. Although the bleeding rate of the 

illuminated plant was slightly less than the dar[rnned one 

while the lights were on, duo 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 time~ .. tha.t of 

the darkened pne, the increased rate first becominc 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 lust experiment, directn attention 

to the s01:iewhat 8reater root activity that Day- be achieved 

through the action of naturally fornod assirnila te as corripnrod 

to artificially supplied carbohydrate. 

These experiments in bleeding have dealt only with a 

relatively narrow ranee of methods and mate.rials -- several 



of the carbohydrates. That there are other subs tar:.ces .of 

great importance synthesized and utilized in the plant, and 

which are 1m9ortant in the processes of absorption and 

translocation is not denied. For exam:,le, Skoog (1938) 

has shown that application of indole ... J-acetic acid 

(10 mg./g. of lanolin) to the upper part of a decapitated 

etiolated Pisum shoot or to a decapitated Heiianthus shoot 

caused about a 4X incr0ase in volume of exudation during 

the next 160 hours. The auxin was considerably r.:iore ef'fec-

-t-~~i:ln increasing exudation if applied near the upper part 

of the decapitated shoot, making it hard to visualize its 

effect on exu.dation acting via translocation to the rooto 

The ineffectiveness of basal application may of course have 

been due to a lower sensitivity or absorptive power of the 

more mature basal tissue. The tact that a 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 lateral buds above the 

point of application has an inhibitory effect. Such re­

sponses in both species of plants are dependent upon the 

presence of the attached seed or upon previous illumination, 

thus demonstrating the requirement of stored material for 

continued exudation. It is probable that the influence of 

auxin is related to utilization of this storage materialo 

Dubnoff (1944) has in fact shown that tomato plants supplied 

indole-3-acetic acid to the roots and sucrose solution to 

the leaves, bleed more than plants supplied only the sucrose. 
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This increased bleodinc: rate was a::i sociatnd wi t h n docreased 

sucrose concentration in the roots , due apparentl37 to its 

increased utilization by the auxin . 

It 1s realized t hat many of the bleeding experiments 

herein described are not directly related with tmnp ,~n ·o.tt.tre 

effect. A laree percentage of them were performed in an 

ef fort to es t ablish optimum conditions under which the 

final temperature exper i ~ents reported in the work of Jent 

and Hull (1949) were carried out. 



Miscellaneous Aspects of Translocation 

In addition to the sucrose chang:res in vivo which ---
external application of this sugar brings about, it was 

deemed advisable to leclrn what changes such 'application 

might have on certain othor carbohydrates and plant acids. 

The initial experiment ':,,;.ras an analysis of steos and 

roots of tomato plants which had bled over night in the 

normal manner. Gix plai."1ts were fed 7 per cent sucrose 

through the leaves 9 and six wore givon Wc,ter. On the 

following morninc they \';'f:re hnrvestod, :.lmr.:ediateJ.y cut 

into stem sections (8 cm. sections taken □id-~ay between 

the roots and two feedine leaves) and roots, and dried in 

the forced draft oven at about 70° C. An 80 por Cfmt 

ethanol extract was made on the dried, groun.d r,m terial ~ 

the six plants being ltunµed together i..r1 0nch case . The 

extract was cleared of non-sugnr reducing substances, and 

was then used for the determination of fructose accordinc 

to the colori~etric method of Roe (1934), and of rod~cing 

sugars according to the metl1.od of Eass1d (1937) by titration 

with eerie sulphate. Glucose was roughly estima ted b~~ sub­

tracting fructose from the reducing sugars. An acidified 

ether extract of the material wns used for determination 

of total organic acids by titration with 0.05 N HNO-,. from 
.;) 

pH 8.o to pH 2.6, and for determination of oxalic acid by 

oxidation with permanganate. The methods usc.:id in the detGr­

mination of these and 0th.er plant acids to be reported on, 
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were essentially ·:;iethods deve l oped by Vickery, ?ucher, 

et al . (1934, 1941) . The values found for these sub­

s tances are s t own -in Table IX. Fructose and the plant 

Leaf 

TABLE IX 

Values of Certain Substances in mg . or m. 
Equivalent per Gram of Dry Stem or Root Tissue 
After 24 Hours of Feeding 7 per cent Sucrose 

or Via ter to Two Leaves. 

im- Tissue ?r·u.ctose Glucose Total Acids Oxalic Acid 
oersed in analyzed •;1r.- / (:• •• 0 • t;, O 

.,..,,, / (" 

•"6 • b • 
,·1 
.. L. . cq . /i; , ,, 

-'• 0 cq . /g . 

Sucr ose Stem 4 ? 0 ~i 5o5 3. 28 1. 98 

Water Stetti 4. 5 4. 3 3. 17 2. 03 

Sucrose Hoot 2.9 7. 2 1. 86 1 . 23 

Water H.oo-t; 2 . 2 7 ~ . _,/ 2. 46 1. 87 

acids appear t o be in hi Eher concent ration in the stems, 

and glucose higher in the r oots, regardless of whether the 

pl ant was supplied sucrose or not. Differ ences between the 

tissues in the case of sucrose vs . water supplied leaves 

are probably not significant . 

Since the organic a cids of plants are important inter­

mediates in carbohydrate Iaetaholisn , it was considered 

des i rable to follow the path of isotopi6 c14 through the 

acids , and certain other fractions of the plant, wlilln sup­

plied to the leaves in tte fo rm of radioactive sucrose . 

Consequently several preliminary exporinents were carried 

out to de termine recovery of certain of the organic plant 

acids and carbohydrates . 



To 2 g. of dried, ground toma to leaves were added 

small amounts of fructose, glucose, oxalic acid and citric 

acid, as indicated in Table X. This material and also 2 g. 

of the same dried tissue without addenda were each extracted 

first with acidified ether for the plant acids, and t hen 

with 80 per cent ethanol for the carbohydrates, after first 

neutralizing tr.e tissue. Detorminationo were made as pre­

viously described, and in adclition·cltric acid and 1-malic 

All values are 

indicated in Table X. 

'fABLE X 

necovery of Various Addendo. to 2-gram Sa1:1ples 
of Dried Tomato Leaves. 

Cr ganic Acids 
( m. eq.) 

Carbohydrates 
( DZ • ) 

Fructose n~d~ci£g 
... iuc.,ar 

Total Oxalic Citric 
Acids Acid Acid 

1-r,mlic 
Acid 

Amount added 

Amount r Pcovered 

Percentage recovery 

e, .o 1.6 

11 

1.245 0.635 0.312 0 .298 

1.170 0.780 0.312 0. 310 

120 94 123 100 

l. The reducing susar consisted of 10 mg. glucose 
plus t he 5 ng . fructose. 

All recoveries we2e :::odera tely cood except reducing sugar. 

Tllis was possibly due to a decomposition resulting from the 

strongly acidified condition of t he residue from the ether 

extraction, and failure to immediately neutralize it. 

104-
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The experiment was repeated, taking this precaution 

into consideration, and using this time sucrose, glucose 

and citric acid as addenda. Sucrose was determined by 

hydrolysis with HCl, and noting resultant increase in 
' • 

reducing power. Recoveries in this case were: sucrose, 91 per 

. cent; glucose, 128 per cent; and citric acid, 80 per cent. 

In considering these percentage .recoveries, it must be 

realized that the small addenda of 5-10 mg.was in each 

case only a minute percentage of the material 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 explained 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 

tomato plants 4 months of age and four more which were 

2 3/4 months old were divided into four series - each 

series consisting of one old and one young plant. The 

four series included 7 per cent sucrose supplied to two 

leaves with stems at 1° C. and 21° c., and water supplied 

to two leaves with stems at the above temperatures. Rleed­

ing was started at 12:00, however, only 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 harvested and immediately sectioned and 

dried in the forced craft oven. Sections included roots 



-74-

together with the lower 3 cm. portion of the stem, and the 

upper portion which included the two petioles and the stem 

between the loci 1 cm. below the original decapitation and 

1 cm. below the top of the cooling collnr. ·rable XI indicates 

the sucrose values of these tissues for both age plants. 

Although the two different ages of plants are not strictly 

TABLE XI 

Sucrose Concentration (mg. per g. dry weight) of 
Tops and Roots of Tomato Plants Supplied Sucrose 
o0 \7a ter through the Leaves 1 with Sterns at either 
1 c. or 21° c., harvested 13 Hours after Appli-

cation. 

1° c. 21° c. 
S:UCI:QS!a Viater su~ro~~ Water 

Age (mos.) 4 2-3/4 4 2-3/4 4 2-3/4 4 2-374 

Tops 

Roots 

2.38 2.68 2.68 0.89 5.51 5.06 2.38 1.78 

2. 53 2.08 3.57 1.78 3.28 3.13 r::" • ..,,.21 1.78 

• Value probably high due to the small size of these 
roots. 

comparable because of the fact that only one series bled, 

and because of the age difference itself, there are never­

theless some interesting conclusions which may be drawn 

from the results. rhe lare;e accumulation of sucrose in 

the tops of the sucrose-fed plants with 21° c. stems sug­

gests a blocking of downward translocation at that temper­

ature. In both ages of sucrose-fed plants there is consi­

derably less sucrose present in the tops of tho cooled stem 

plants. The difference between sucrose concentration in 



tops of sucrose vs. ·aater-fed plants is r,mch [:reater ut 

21° c. than at 1° c., s howing that sucrose a ppJ.ied to the 

leaves accmnulates scarcely ::,ore at the top of a cold stern 

than when just water is ap;ilied. The piling up of sucrose 

appears to be quite significant at the top of t he 21° c. 

stems of the sugar-fed plants. When only water is applied 

to the leaves, regardless of stem temperature~ the concen-

tration of sugar is usually hiehcr in the roots than tn 

the tops~ ioeo in three of the four cases above, the fourth 

being equal. However, v;b cm sucrose is ap ) lied '> this rela­

tion is rediJc~:id to s0?10 extent :f'or tho 1° C. stens, but 

,sgmr;:le_~e~ ?,."eVq}:§.~ in case of the 21° c. ster11s ~ a13ain 

indicating a block by the war::; s':er'.1. 

In order to ntud:r the more detailed <..U~triht:tion of 

carbohydrates v;i thin t ho plant, the fol1ovJlng experir1ent 

was designed. r.rwel ve plants were set up on the bleedometer 

under e::actly the sa:n:.c conditions as described in the last; 

experiment, except that t he stem temperatures wore 1° Co 

end 20° c. Sucrose solution or water was applied to the 

leaves at 13:00 9 and tho plants were allowed to bleed until 

17:30 the following day, at which time they were dissected 

into f1 ve separa to sections, as shown in Pie;. 6 and i:,1::1odia te• 

ly dried. The three plants of each series received identical 

treatment~were crouped for analysis. 

Another experiment was run vii th exactly the sarne 

treatments~ the only difference being that the plants had 

been transplanted slightly longer, and bled mor0 vigorously 



appar ently due to t, be ttc:n" dG"?cloped root syster.1 0 '.i'he: 7 

were allowed to bleed over 

trea t r1ents, the results of both e:z:pe:r L-1.ent~:; a.r0 C<:)mparec~. in 

'l'abl e XI I . 

Sucrose Concentr a t i ons in mg . pe r g. Dry Ne ight 
of Different Secti ons Indica t ed in Fig . 6 for 
Plants Hece1~1inc 7 per cen t S1.1cro so or \\'ater 
throuch the Leaves 1 and wi tr s to,:1s at 1 ° C. or 

200 c. 

Data of Two Experiments Included . 
10 c. 20° c. 

Sucr ose ·,:nter E/uc:rose r:ator 

Sec t i on 1 2 1 2 1 2 1 2 

1 3. 56 7. 37 3. 43 4. 96 C r::·9 ,, .. -.; 9. 28 2 . 03 G. 48 

2 7,11 11 . 06 ~ 0 c;-6 7 . 24 "I ""l ~ ~:,., 3. 43 (, 3"' -·. ,/ 
.:,,~. {) l ., 0 ~; L-. ,_, • I 

3 5. 84 lC . 42 3. 93 5. 47 ") 17 
_) . -· 6 . 12 2 . 03 i~ n;9 

/ . ' 

4 (n -:, r.:: 
,; • c.....,' 4. 96 4 . 82 2 . 42 4 . 19 2 . (~7 4 al9 -i 78 J_ . .. 

~ 3. 43 2 . 42 3. 30 2. 16 1 7,., 3. 95 ".l . 43 0• oa ., -. () _ J a , 0 C) ,' 

These concentra t ions aga i n indicate a s tronc tendency for 

sucrose to a ccumulate at the t op of the 20° C. stems ?1hon 

this sugar is externall y applied t o the leaves . TLer0 is 

a l so a high concent ration w.ithin the s tem ( sections 2, 3, 

and 4) at t:-H:~ l ow stem te7perature 7 but ,Qnl~ when su crose 1Q 

This stroncly indicates that the 

sucrose present i n the 1° c. stom is tho sa:';le sucrose wh1.ch 

Wa c,: a p·.)ll.' ed to tr':~ 7 • ~ .; l • :re ul~ o•·· •• T1,4.er = • -~ _eaves~ ana no~ s~□P-~ a s G ~ L ~ - -

conver sion from some other carbohydrate us a rosult of l ow 
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tenperature. The.➔ cold sten a.ppou:rcd to have almost no 

effect on any of the five soctions as far as the plants 

supplied onl:,,· wn ter are concerned. The r::iean.s of the two 

experi~ents are plotted in Fig. 7, and give a rnore clear 

concept of the relations. 

It appeared advisable to make a ~ore detailed carbo­

hydrate analysis of the center sections of su6rose-fed 

1° c. plant and tho sucrose-fed 20° c. plant . In addition 

to sucrone, these sections were therefore analyzed for 

fructose and r(:ducing sugars by :-,1et!'-,ods previously des­

cribed, and for starch by r:1eans of reducing r ower on a 

clarified extract hydrolyzed with takadiastase. Duplicate 

deterrnina tions were ;-riade on roducing sugars, and s-ucrose 

was detnr~ined by three different ~ethods, all of which 

are 1ndicated in Table XIII . Practically all cnrhohydrates 

Stem 
'remp. 
oc. 

1 

20 

Stem 
Temp. 
oc. 

l 
20 

TAJLE XIII 

Carbohydrate Concentrntions in mg. per n:. dry we:lrht 
of Stems within Collars ~aintained at 1b c. or 208 c. 
All Plants fed 7 per cent Sucrose through two Leaves. 

Sucrose values by three nethods 

Water Extraction 
Invertase 

Hydrolysis 

Other 

Retlucins Sugars 

1 2 
0 9r.') ,,,, . - 9oBl 
5. 57 5.63 

80 per cent 
Ethanol 

Extraction 
Invertase 

h:v7drolysis 

2.1 

·Carbohydrates 

:vructose 

9.6 
4.2 

80 per cent 
Et hanol 

Extraction 
r~cid 

11J7d ~, () 1:,v~s is 

8.6 

Starch 

9.4 
3.4 
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appear at a 2-JX greater· concentrntion in t.he colder s te:1 . 

It therefore semns exceed:1ne1:l unlikely that the hieher 

sucrose content is produced at the expense of other carbo­

hydrates. 'l'he differences !:;hould probably be ascribed to 

differential translocation and respiration at the two tem­

pera t ._ ;:res. 

In order to s~Jdy the rate of transport cif carbohydrate 

from leaf dovm t!'u·o11gh the steu, the technique of ster~n 

girdlinc the lower portion of tho sten and noting the time 

of firs 't accur:mla tion above the girdle,. was usod o This 

technique had previously beEm used in the tomato plant by 

Bonrier (1944) in stuc'1yinc t Le loci of foruation and tho 

movement of certain sLbstances within the plant. UtiJizinc 

laree numbers of tonnto plants, he g:Lrdled many -;.vi th a 

steam jet, a.nd left other[, unt).rdled. as controls. :::: tem 

sections 1. 5 c t1. in len:._:th, nbove and 1)(~low the girdle, or 

at equivalent positions on control plants 9 were analyzed 

every d~y over a five day period for thiamine, riboflavin, 

pyridoxine, non-protein nitrocen , 

and protein nj_ trou:mo ~;ucrose on the fifth d::1y wns found 

to be 87 .81 tir.1es !::ore concentrated a Love t han below the 

eirdle, whereas the re. tio of r e c:i-... ,~cinc rrn.t,:;ar above and below 

was 4.91 to 1. Other substances accuuulnted at van,ring 

ratios, some L:irdl:r at all. rate of accumulation of -
certain of these compO'uncl s over several days was very inter­

est1.ng. r'or example, sucrose, had accumulated very little 

the firot day, but had alraost reached its maximum on the 

second day. 'l'hiai,1 in, on t he other hand, accurn.ulated 
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markedly the first day$ ronching about 75 per cent of its 

final concentration • .Although steam. girdline doos not 

interfere with tho transpiration strcar::i, since the pla.---its 

remain perfectly turgid and normal appearing for about a 

week, there is evidence of eventual injury. Overton (1911) 

found that leaves of ,gyneru§ becarne discolored and dried 3 

to 10 days after the ster:1 was steaued, the degree depending 

upon the length of stem so treated. He concluded that the 

steaming released poisonous supstances which were carried 

to the upper leaves, but also noted that transpiration was 

only very slightly decreased by the stoai:1ing. 

To test accunulation with ti□e, twelve plants were 

placed in the darkroom at 25° c. They were not decapitated. 

Half of the plants were steat:1ed near the base, and half J.eft 

intact, these groups being furttwr subdivided by the addi­

tion of either 2° c. collars or 25° c. collars. The three 

plant~, thus rer;1aininr; in each croup were har'"..rested at three 

different intervals after the application of 7 pnr cent 

sucrose to all of the plants at 12:00. The plants were 

harvested 1, 5, and 20 hours after application of sucrose, 

and the 1. 5 cm. sections irnraediately above the girdle dried 

and analyzed for sLcrose. Unfortunately the results showed 

no accumulation with time or any other correlation which 

could be interpreted., The entire experiment was ropeated, 

and the results did not agree at all well. Appa:r-ently the 

fact that there was only one plant to each treatment, in 

conjunction with the inherent variability or carbohydrate 



content of individuals, especially when partially starved, 

rendered the results too inaccurate to drav1 any conclusions. 

However, growth measurements were made on the four plants of 

the second experiment which were not harvested until 2Q hours 

after sucrose applicationt the growth increment being shown 

in Table XIV. The inhibition of erowth at the lower temper­

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 Durin~ Which They Ware 
Supplied Sucrose. Treatment Indicated at Left. 

Stem Temp., 0 c. Treatment Growth, mm./20 

2 Girdled 6 

2 Not Girdled 7 

25 Girdled 15 
25 Not Girdled 16 

carbohydrate trunslocation at low temperature, because 

foliage on the plant (including the two leaves supplied 

sucrose) was gbove the cooled stem. The carbohydrate 

passing from leaves to growing point would no~ traverse 

hrs. 

all 

that portion of the stem. A more logical explanatio~ would 

be that some factor coming from the root and needed for 

stem elongation, such as oaulocaline, 1s inhibited by the 

low stem temperature. 1Ne do know that cooling causes 11 ttle 

or no retardation of the transpiration stream and the in­

organic minerals which accompany it. Consequently, it 



would be necessary to postulate up'.''Jnrd nove:'1ent of the stem 

growth substance in the phloem. This, however, would appear 

unlikely since one would expect a steam girdle to effectively 

interfere with all transport through the phloem, and yet 

growth is not significantly differ ent in girdled and non­

girdled plants. There is the r(::mote possibility that the 

growth substance is norrually carried upward in the vessels 

of the xylem, but due to its extreme insolubility at near­

freezing temperatures or due to physical changes in t he 

adsorptive properties of the vessel walls at such temper­

atures, the substance may be al1'.'.iost comp2etely preclpi tated 

or crystallized from the tranapiration strea□• 

In order to minimize the inherent differences betr1een 

individual plants, the next experiment was set up so that 

six plants received identical treatment. nll plants were 

girdled, and all received 7 per cent sucrose through two 

leavos. :Jix had collars uaintained nt 2° c. and six had 

22° c. collars. All plants were harvested together after 

48 hours in the dark room, e;rowth being neasured at the 24 

and 48 hour periods. The sucrose content of 1.5 cm. sec­

tions above the girdle of individual plants was det(:rr:1ined, 

the means of which are indicated in Table }'J/ along with 

growth rates during the dark period. At the same time the 

plants in the dark room nere girdled, two similar plants 

were girdled in the greenhouse, and allowed to remain t here 

during the sa!.Tie 48 hour period. At the end of this time, 

sucrose analyses of t he sections above the Girdle gave 



'I'l.BLE XV 

Sucrose Content of Stem Sections Above the Girdle 
of To~ato Plants with Loaves in Sucrose and Stems 
at 2° or 22° c., the Plants hnving been 48 Hours 
in the Dark. Growth Hates aro also Inch,dod. Si:K 

Plants per Treatment. 

Stem Sucrose Concentration 
Tenp., 0 c. (ng./g. dry weight) 

• Grmvth in Growth at end 
First 24 hrs(mm)of 42, hrs(mm) 

... /' 

4.8 

14.8 

12.6 ± 2.13 

26.8 ± 2.92 

values of 43.G and 4'7.9 mg. per 6• dry weight respoctively 9 

about 10:-: t he vuluo of the plants fed sucrose in the dark. 

The difference between the means of the sucrose concentrations 

of plants with stems at 2° and 22° c. is just under signifi­

cance at the 5 per cent level, attended by 10 degrees of 

freedom. Difference between the growth resulting from the 

different tcP:lporatnres is highly significant. The sucrose 

vulues, althouch not quite significantly different 7 sum:;est 

that over an extended period of 4fl hours, greater transloca­

tion takes plo.co in the stems held at 22° c. The data on 

growth would be interpreted essentially the snrne as :ln the 

case of t he last experiment. 

In addition to the sections just above the girdle 9 the 

top 8 c1:1., the 10 cr.1. section within the cooling collar, and 

the section just bo loV1 the girdle, were all anal~rzed for 

sucrose content, at both stem t06porat1.,u-•es. 'rhe values were 

all very low, and no significant differences appeared between 

the two different stem tei:::perature treat:-:1ents in anr case. 

'J?he fact that light was many times r.1.ore effective in 



causing the accur:mlation of sucrose above a girdle than 

the sar:1e sugar applied through the loaves, suggested the 

use of light as a primary source of assimilates in conjunc­

tion with different temperature treatwonts. A bracket 

contoJ.ning four ·white slii)llinc fluorescent tubes was in­

stalled in the dark roon. It would give an intensity close 

to 1000 foot candles when lowered closely over the plants. 

The first experiment was again planned so that six 

plants received identical treatment. All twelve plants were 

girdled , and then gi,;en two photoperiods -- from 12:15 to 

22:30 (10 hrs., 15 r,•1n ) ,.1 • the first C~a·u 
<. ,J ' and fro:li 8:45 to 

21:00 (12 hrso, 15 r;1in .) the second day. During this period 

six plants had 2° c. ster:1s and six had 24° c. stems (light 

poriods) and 19° stems (dark period). 7hey were harvested 

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

plant being dissected into six sections, as shown in Figo 8. 

In addition to the twelve girdled plants, two were :illtnn­

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

were di~sected in the same manner . Growth, measured over 

tho entire period was not significantly different in any of 

the treat1~1ents, every one of the fourteen plants crowing 

alDost exactl~r 2 n:r:1.- dur•inr; the expe:t•imontal period• For 

sucrose analyses, three plants from each group of six were 

lumped toeether, thus t: iving t\•10 determina.tions of each 

treatment. The two non-girdled plants v-mre also pooled, 

the ·values for all plants beinr, indicated in rrable :XVI. 

The data unmistakably exhlbit the effectiveness of the 



Three mature 
I e4 ves I ef't on-

Colla.r ____ -

Gird I e _____ _ 

-- --A -1.oc,n. 

- - - - B - Io. o cm. 

~ - - - C - l.o cm. 
+- - - - D - I. O cm. 
+-- - - E - o.S cm. (8/eciched 

from ste4,nin9) 
+- - - F - IS c.m. 

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

cooled stems in inh.ibi tL11g the downward translocat i on of 

naturally synthesized sucrose over extended periods. Also 

the apparent complete stoppage of transport by the girdle is 

clearly demonstrated by the high accu.<nulatio.n of sucrose 

in the bottom section of non-girdled plants. It was pre­

viously noted that accumulation of DU.Crose above a girdle 

after only one photoper1od is hardly significantly more 

when the stem is maintained at 24.5° c. than at 2° c. In 

conjunction with this phenomenon, the finding of Went (1944a) 

is of interest. He studied the detailed growth of tomato 

plants by means of a tcymogruph, on which growth was 



,··- ; 

C';~ .>t.i c:;:» 

Treatment Tops Center Upper Z..:i doJ.o Lowor Bottom 
( : • ,.•l ~-T·"' -'t •~ 

•• 1 ...... \,l ll ..!-l~ ( :T1pl8 ·t (::\::low 
collar) above tirdlo) 

r _• ·t .,.,Cq ~.LC) 
t ,14.t .:. ·.., 

(A) ·'D) \; _ _j (C) (D) (E) {F) 

Girdled! 1 
.,,, ,-, 

·• 9("> 1.,97 ,:_~. o l() .~ o•47 Oo.t~3 ·; 0 ::J . ,-,., • , J 

2° c. s~em "l 0 r-i I () ,-~ 2 . 44 .i :.:·o -2- o 4-S) c~ . 33 .L l J 0 ( ~:- o O ) •• .• 0 / ··' 

Girdled , 1 () . 0 :: . 74* ,,-, 7 '")r::' 0 ')(, 0 OoOO •<) • c. .. ,,, • • ··' t;_, .,, 0 #/ 

19- 24° c. Stma 1 r , 'J 2l . 4* ~✓-~- . 8 3 ~· .c: 28J) (l e l (, ..1- \ . 0 c.... __ , 

Not Girdled~ r; .o 1 Go ?4 o2 l~'o4• 
-, ,.., 

~ r,; 6' 
i ~ . ,,,,, ✓ J.. ~> G ,,, (,:- ,- 0 

1 -, 0~ 0 ,~ ,··- . 
'_;.,-,_'+ \., • ;:; ~6L1 

* ThosG widely divergent values suceestcd an error 
analysis1 and consequently a second analysis rms r tm on 
C "'•1.·1·p- letnl~,r 1.·.1ev,, i"! ·~tr:::;~1·,~ o_-f ~-l·,r., c•a1·-,o ,'-- 4 c•cr ·•-::, 5 ~-',,·e• ,-.-,"l• v--, r• ....,,,_. o .... _ " -- ·- ._..,_ vl.J V.:.J.V.::, ,!i· · v.!..,~.;.)Ll.t,... . , 1., .;. i~ 'Ju..1,.~';..'VL) 

1):..;J .. r1~; ~.~ . so [U.1(~ 2=. 03 ffl[ o/ c • 1~0spect~iv0l~to 1

~:·1e d1 .. f:re:-:x~e 11ce 
is npparontly real . 

was noted thnt \tl1en plru1ts ~ore 

growth cont:J.nv.cd to increa;:,o for fror;1 

had thus come to a st::.u1dstill in ccm·-1th ·were r;iven a t0n 

hour photoperiod , they would fail to c1•m:; t:·1 e i.'ollowinc 

nigh t , but needed a second pho toperioct , after whlch they 

again r esuraed 

tec1 that :,1.orc 

thei:c ..,. ... 
..L '-' 
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assinilates formed in the leaves to reach the growing point, 

at least in sufficient quantity to cause growth. 

An interesting corollary has also been found by v:ent 

and Carter (1948). Ar;ain using the_kymograph, it was noted 

that growth of tomato plants dropped to zero about 33 hours 

after being placed in darv.ness. However, grow-th would 
.-_.,,' 

again be resumed upon the application of sucro!rn 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 tb1e the plant had 

been in the dark. For exanple, if sucrose was given after 

only 8 hours of darkness, growth was rosumed 34 hours there­

nfter, whereas if given after 42 hours in darkness, growth 

was resur.ied in only 9 hours. Such a great difference in 

rate 'NOUld seom to indicnte either different mechanisms of 

transport in the two cases, or else that rate is strongly 

dependent upon concentration ~radient, the plants being 

practically depleted of carbohydrates after 42 hours in 

the dark, and therefore creating a strong gradient between 

the sugar-enriched leaves and the growinc point. 

A study of the long-term effect of a cooled stem upon 

growth was considered. Four San Jose Cmmer tomato plants 

which had been crown in washed river sand and had reached 

a height of about 90 cm. were selected. Cooling collars 

20 en in lencth were placed at tho center of the plants, 

about the stems, by rer:10vin2 two leaves. Lmver leaves 

were also renoved ,- thus leaving three :·Jature leaves below 
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and three younc mature leaves above the collar of each 

planto Two of the collars were maintained at 7-9° c., 
and the other two were allowed to remain at room tempera­

ture, which was 23° C. day and 17° C. night-, the plants 

being kept in the a:i.r conditioned ereenhouse for the 

cxperimento Growth was recorded periodically, and on 

December 22, all of the loaves above the collars of the 

number 2 plants of each series were removed, in order to 

study tho effect of the cold ter:1perature on transport from 

the lower leaves upward through the collar to the growing 

point. Unfortunately the plant so treated, which had the 

room temperature collar, bocane infected with fungus about 

the 3ter:1, beneath the collar. Judeing from growth rates, 

the infection must have become toxic just about the time 

the leaves were :removed. Upon completion of the experi­

nent, the other three stems· v.-ere found to have traces of 

f1.mp;al infection beneath the collars, but no visible damage 

was discernible. Growth rates are indicated in table XVII. 

1'here was a sLort period of about 8 hours between Dec. 15 

and 17th when cold wator was not circulating in the collars. 

The data seer.1 to indicate a very sliGht retardation of 

growth in tho case of the cooled-stem plants for ubout tho 

first week, but after two weeks (considering now only the 

no. 1 plants) the inhibition had seemingly reversed. In the 

c<1se of the 7.9° plant which had its uppGr leaves removed, 

e;rowth continued at a rate equal to about half that of the 



Date 

Growth Ra.tea of 
between Several 
Located Collars 

of 7-9° 
rtessurernant 1 

Dec~ 13, '50 
13.0 

15 
20.0 

17 
23.E 

19 
19.? 

Tl'. BL'F XVII 

Tomato Plants in mm. per Day, 
Periods of .Time, when Ce nt.rally 
are Maintalned at ei ther 7-9° C. 
or 17-23° c. 

c. Collar 17-23° c. Collar 
2 1 2 

/ 
·---

13.5 14.5 13.0 

18.5 34.0 28.0 

24.t 25.0 25o5 

21.3 25.0 23.7 
22 (Upper leaves removed tbls date, no. 2 plants only) 

25.8 
27 

28.4 
Jen. 2, '51 

Original Ht. B94 

Final Ht. 1:365 

Total Growth 471 

11.4 

, 15.0 

go6 

1230 

324 

26.8 

ff16 

1390 

514 

0.6 (Fungus) 

0.0 (Fungus) 

286 

1693 

20? 

intact plant. Th is i t rather remarkable in view of the 

fact that the upper leaves, by th e time of removal, con-

t i rr ted of cons iderably more than half of the total leaf 

ar~a of the plant. Apparently, cerbobydrates are readily 

concuc t ed \lpward through t he coo led s tem. It is unf or tuna t e 

t'aat the figures for the corresponding plant with the 1'7-23° C. 

'collar ar.e not usable . :f It would be hi gh ly desirs:ble for 

this experiment to be repeated, utilizing a greater number 

o.f plants, and maklnt certain of disinfection before appli­

cation ,of the collars. 
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experir;1cnt was t he considerably lareer size and ereater 

greenness of the leaf imr.1edla tely cbove, a!:d t he one i r.1rne­

diately below the collar naintained at t he lower tenperature, 

a.s compared to the same leaves on the plants with room­

temperature collars. The latter leaves were, in fact, 

quite dry ~nd withered by the end of the experimen-to Also 

axillary shoots were ob8erved growing out from the nodes 

imnediately below both of the cooled collars, but not in 

the case of the room-ter:·tperature collars. The explanation 

of this 11henomenon is difficult. It is not unl:i..I!e the pre­

viously described observations of Child and Bellamy (1919, 

1920), in which increased outgrowth of buds was noted upon 

the chilling of ~;terns or petioles of ~r~otihyllum or Pha5eolus. 

The authors do not atter:ipt to explain tho induction of in­

creased plant lets in Jlr_yophyllum leaves with chilled petioles 

as beinc due to an inhibition of carbohydrate translocation 

out of tho lenf, but rathor interpret it as being due· to a 

stoppag(~ by the cold petiole of b~d inhibiting substance 

formed b!' the terminal bud and adjacent leaves, and trans­

loca tod to the leaf in question. This argument 1:1ight appear 

logical from one standpoint. Due to the relatively high 

solubility .of most sugars, it would seem impossible for 

the translocation strent1 to become saturated with respect 

to these sugars, even at temperatures Just above freezing. 

On the other hand, many hormones or substances that may 

inhibit bud erowth have an extremely low solubility -- a 

solub111 ty which in some cases is scar:_ cely higher than 
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their physiolocical concentrations, especially under sub­

optirnnl conditions of pE, and the presence of other solutes. 

The so-called bud inhibiting substance, if it be such a hor­

mone, may not be an excEiption to this rule. It is conceiv­

able that this substance nay reach saturation in vivo at 

ter.1peratures weJ.1 above freezing, and when cooled to very 

loi-1 temperature s be almoGt cor.:ipletely crystall:1zed or pre­

cipi tnted fro:·/1 the solution. The fact tbat chilling of 

the stems or petioles does not affect tho turgor of leaves 

beyond, and thus apparently does not :retard the transpir­

ation stream, is an indication that r:1ovement of the inhib-

i tint; substance i s not t hrough vascular bundles, but is 

dependent upon physiolobical activity of the cells -­

probably being transpo1~ted through living protoplasm of the 

phloem. \Jhon the tissue is cooled to a low temperature, 

this activity is apparently inhibited. Eov1ever, • the inhibi­

tion is lost after a few days and the tissue soon becor:1es 

acclimated to the new tet1perature. Indeed, in the bean 

seedlin0 , ter:peratures w):lich at first served as a block 

becams 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 Jlr:zophyllu.1! leaf with chilled petiole, 

the actual li.:!& of develop:'.'.lent is less rapid in t his leaf 

than in the opposite one which does not have a chilled 

petiole. Jude;ine from this behavior, one could easily 

reverse the previous conclusions, or one could evon postu­

late that the low temperature decreases resistance to 



outward translocr;_tion fro;n. the louf, and that tho :resultant 

lowered carbohydrate content causes a slower development of 

the plantlets. the phenomenon is one of crea.t 

interest. An understanding of its mechanism will probably . 

necessitate investigation from sev.1ral aspects. 



Tracer Studies in Translocation 

During the last c~ecade, an increasinz ar;1ount of exper­

imental work on translocation has been accompJished b~r the 

use of radioactive tracers. These investigations have 

utilized isotopes of phosphorus, nitrogen, carbon, and 

certain other elements which &re required by the plant • 
.,/ 

Arnon, et . al. (1940) supplied p32 to barley and 

tomato plants in the form of Ifa.
2

HP32o 4 added to the nutrient. 

They detected the isotope in the top of tomato plants six 

feet tall only 40 minutes after addition to the nutrient 9 

the maximum concentration in the nutrient for tomatoes 

being 28.5 microcuries per liter. Tomato plants v;ere also 

harvested 36 hours after administration of the isotope, 

and their leaves and sections of fruit were pressed 

aeainst non-screen :{0 ray film for one hour. The resulting 

radioautographs showed vr:1ry clearly movement of the isotope 

into these organs. In order to investigate possible injury 

duo to radiation, barley plants were gr.own in a nutrient 

containing 92 m.icrocuries per liter, but no damage was 

observed even at this high concentration. 

Diddulph (1941), also utilizing p32 ·1:n the same form, 

studied the diurnal translocntion of this isotope from bean 

leaves. He cut a srriall flap, which included a vein, from 

a lower leaf, and dipped it into a solution contnining the 

,isotope. It was applied to different plants in this manner 

at 4 hour intervals, throughout 24 hours, and the activity 



of different portions of the plant were analyzed 4 hours 

after application in each case. Total p32 migration from 

the leaf v;as thus found to be greatest around 10:00, and 

least around 22:00. A lar~e percentage moved into the 

root throughout the day, but ceased with the onset of 

darkness. Eowover, it again started to move int;o the 

roots s Lortly after r.:ddni[:ht, and by 04:00 wu--s/ al:1ost up 

to the day rate. Thi!3 acceleration bet1.;<Jeen midnicht and 

04:00 is nost interesting. Since sunrise v:as not until a 

few mihutes before 06:oo, light was obviously not a factor. 

Sooe delicate balance among transpiration, translocation 

and sugar metabolism r:ust be involved. ' tovcment into the 

up:)er stem and leaves was very slight du.rinr:; the morning 

hour s, and stopped entirely after 14:00. ~rovement appeared 

to be primurily downward in the phloem and upward in the 

xylem. 

In further work of this type, Biddulph and Markle 

(1944) found the p32 to be localized in single vascular 

traces, depending upon ·which vein of the leaf was submerged 

in the isotope solution. If the fact that the vascular 

trace from the petiole anastomoses with the vascular cylinder 

of the stem about one inch below the node is talrnn into 

account, then the ar:iounts of p32 moving upward and downward 

from this point are approximately equal. tli thin the sten, . 

90 per cent of the p32 was found in the phloem, and 10 per 

cent in the xylem, although the amount in trm xylem increased 

from .base to apex due to the slow leaching from phloem to 
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xylen, f ollowed b y rapid upward transport in t he trans­

piration stream. Y::xperiments in which a ring of bark was 

removed 4 inches bGlow the petiole of the treated leaf showed 

accumulation of p32 above t he rine only 1-3 hours after 

application. Downward :nove!!lent in the stem was found to 

be greater than 21 cm. per hour. 

p32 was also used by Colwell (1942) for ----translocution 

studies in Hubbard squash. When a small spot of the iso­

topic solution was applied to the surface of a .leaf, it was 

not translocated dovm a petiole which had been scalded, 

even though the xyle1!t remained intact from the scalding. 

·Movement was thus shovm to be in the phloem. If, however, 

_the leaf was almost wllted so that practically no trans-. 

piration was ta;cinc place, and the tracer then supplied :tn 

solution over a larKe proportion of the leaf, activity 

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

thus indicating .a m.ovement through the xylem. Both water 

and tracer were apparently 11Yi thdrawn from the leaf surface 

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

treated with radioactive phosphorus, and the plant harvested 

the next day, movement was found to be predominantly upward 

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

indicated movement to be 1°1ostly dowm:mrd into the roots, 

thus dm:·10nstrating that primary movm:1ent was not in the xylem. 

Finally applicntion to a centrally located leaf resulted in 

movement to both the tip and the roots. It was also found . 
that when leaVE.?S were treated e,s described above, but sections 



of stern analyzed for activity by nenns of radioautocraphs 

rnther t han by the counter, sr:1all anou.>1ts of p32 arrived 

near the base of the sten, at a point 208-300 cm. below the 

treated loo.f, in 16 hours. If, however, the leaf was vacuum 

in.filtrated, larce concentrations were fo1.md throughout the 

plant in only 3 hours. such rapid r::ovement was probably 
/ 

throue;h the xylem, since scaldinr; the petiole ,of the treated 

leaf failed to stop it. 

The recent work of Moore (1949) is of interest. By 

dividing the roots of r1aize into two parts, and placing 

each part in a separate nutrient bath, only one of which 

contained p32, th:Ls author was able to nhov1 transport of 

the isotope to all of the upper parts of the plant within 

2 hours. Dy G activity was detected in roots im.-nersod 

in the other nutrient solution, and at the end of 96 hours 

the isotope vc1as de;-:1onstrated to be in the solution itself. 

The experiment sucgests that dovmward movement of p32 occurs 

only after it has first been translocated upviard to the shoot. 

Using (HH4)2so4 labeled with N15, lJacVicar and :.:3urris 

(1,948) followed the ;novemcnt of this isotope when fed to 

tomato plan.ts in the nutrient. A very rapid increase in con­

centration of labeled nitrogen to a maximum in nbout 24 hours 

occurred in the r.1ore mature plant parts, such as the older 

portion of the stem and roots, and the mature (but not 

senescent) leaves. Increase of r:r15 ooncontration in the 

·younger leaves and roots was much slm·mr, takine about 60 

hours to reach a maximum. The authors suggest the.t the 



experiment indicntos ::'.laturc tissue ns r)Ging tho ~,ito of' 

$ynthesis of at!lino acids and other nitrogenous constituents, 

which are then trnnsloca ted to more r ::ipidly m.etaboli:~inc or 

meristematic portions of the plant, to supplcnent nitroeenous 

compounds synthesized there. The rapidity with which the 

N15 first . appeared in leaves (less than 2 hours) would 

indicate with certainty that this initia1 · transport is via 

the xylem vessels. The secondary transport of the newly 

synthesized amino acids, being much slower, is undoubtedly 

an active transport throuGh the 11vinc phloem. Experiments 

of the above type in conjunction wi t h chillin;_: and steam 

girdling of the stems or petioles should offer in.terestinG 

results. 

Some strange findings we:re reported by Rabideau and 

Burr (1945) in which c13 in the form of co2 was supplied 

to a centrally ' located and actively photosynthesizin1:3 

bean leaf. c13 was deterr1ined in various part!3 of the 

plant after 13-43 houi~s by moans of a mass spectrometer. 1 

It was noted that renoval of the leaf opposite or removal 

of the shoot abovo the treated leaf did not hinder downward 

translocation of cl3 into the root. Accu:r,1ulation in general 

w3s by far the greatest in the~ growine points of both shoot 

and root, but no transport took place, either upward or 

downward, past a section of stem scalded with hot wax (100° C.). 

On the other hand, these workers f'ounc1. pl2 to pass quite 

readily throur;h scalded stems. They also found a positive 
~ -

correlation of '?rov;th and newl v deuosi tocl c.l.J in sections 
....... "' ,I 

----------------------------------------------------------1 c13 was determined in co2 after combustion of the tissue. 



of the stem tip 7 t he ;::axi mum be:i.ng about 5 cm. below the 

stem apex. Under no cir cur:1st2n c .:: \,as the :isotope tre.ns­

located to t he leaf opposite the one fed. Experiments 

·were undertaken in wh icL the roceptor leaf was ei tl1er 

darkened or in the lir;ht, aEd also ,vhe1"e t he entire top of 

the plant above the 

c13 was detected in 

two leaves was removed, but still no 

opposite leaf, even t~ough both 

sides of the node at tho leaf bases contained an equal amount 

of the isotope. '2o tEJs t t~1is phcnor:ienon from another 

aspect, t he autlmrs starved one leaf by placing it in a 

black paper envelope for 220 hours. Its poor appearance at 

the end of this period sucgested that it had failed to 

r(-3Cei ve any f ooc. fror:1 the opposite illunina tec1 loaf, vkich 

-..rn11ld corroborr:1. te the trncer experiments. These find 5.n[;s 

do not acree 0Ni th anatomical studies on the bean plnnt ;vbich 

show anastonosis of the vessels of oppo:Ji te leaves, and 

consequently the➔ phenomenon is strongly indicative of a 

m1ilateral translocation in the petioleo 

,. '} ,.. l/J.. 1 ' , - , • 1 b, f 1, -ien \J ...- uoe ... ea sucrose oecar:1e ava1 a .J.e • rom 

Dro Hasr;id at 'Jerkeley, and later . from the .Atomic Energy 

Com'':ission, it wns decided to follow 1 ts . movm:1en'c thrm.1ch 

ycung tomato plnnts, about 25 c:·:: . hic:h, by means of radio­

auto0raphs. A solu.tio!1 c::m.sist1::1c of o. 2 ml. of 7 per cent 

sucrose was painted on both sUI'f:~..ces of the fiVt) leaflets 

of an upper Lut '::aturo J.e tJ. f of t1,c first plant . The second 

plant 'l.fi'as treated in tl"~e sam.e manner excopt that the 

solution consisted of l.084 mg . of the labi:~led sucrose, 



and sufficient ncc;::ml m1cror1e to brine the concentration 

of' the tracer vms 0.41 ::<;icrocuri~':l (;le.)~ and lol8 x 105 

counts pt➔r minute ( c/m). The solt1.tions were? made up in 

0 .8 per cent Drane, as a 1:1,ettinc a r e:2.t , to rn-'od-uce bettor 

adhesion to tho leaf. Application to the leaves was at 

15g00, and after 24 hours in t he dc.rl:, the :irfc.11vidu~l loaves 

severa l sections to stop all transJ.ocs tion, all parts 

beinc fastened t c sheets of papGr in e.s nearly t heir norrnal 

position on the plant as possible. Thoy were pressed in a 

plant press , nnd i nncdiately dried in a forced draft oven. 

;.\ fter expom.~re to non-screen X-ray film for (. days, develop-

was applied, or \\:Lether extra sucrose 1vas also added as a 

c cn•r-J.er. In future ox;)er i 1::1ents the adc1i tion0.l nor::·1a l sucrose 

wc:-.ts not t;.scd. hcti vi ty v;a s clenrly disc,:rni 1;le throughout 

all of the plant except tLe lower leaves . It 1n1s )'X,~:..., t5. cularly 

conce :-; trated in t::.e r oots nnd g:roTiinr~ potnt of t Lo :3tem. 

Testing of indiv!d1...1a1 lca·1es 1 .' i.th the Trncerlab r.1onito:r 

indica ted a posi tive co~7(?2.nt:Lon betvm0n c/m nnd density on 

s mrni ti vc in I'.'ic k:lng 

fil!1 did not register on the counter~ ,xhen the wi ndow was 

placed ovor the corresponding part of ,Glle plant. This corro­

borates tho previously des crJ.bed findings of Colwell (1942). 
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The fact that the above experiment demonstrated move­

ment into the roots wlthin 24 hours, suggested a time study 

in which the plants would be harvested at various intervals 

after application of the tracer. By feeding c13 tagged 

co., to illuminated young bean plants, Belkengren (1941) 
C. 

found that about 2 hours were required for the synthesis 

of carbohydrate and its transport in sufficient quantity 

to be detected at a distance of JO cm. from the point of 

synthesis. Exposure of tagged co2 in the dark indicated 

that no unassir.nilated co2 was transported. 

The t .ima experiment utilized seven small tomato plants, 

about 20 cm. high. A solution containing 0.41 pc. or 

. radioactive sucrose in 0.4 ml. of water was painted on 

both surfaces of the termihal leaflet of one young but 

mature leaf 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 exposure for 22 days, the filL.1 was 

developed. Prints of the radioautographs for the 1, 2, and 

10 hour intervals, along with shadoweraphs of the same 

plants are shov-m in Pig. 9. In addition to the plant::; 

describod above, one plant ·was expooed to the film during 

the same interval as a blank. An extremely faint imaie was 

noted along the film exposed to the stem, thus indicatine 

a minute amount of natural :radioactivity in the untreated 

plant. 
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The intensity c-,f this irne..ge was so weak, however, that the 

intensity of radiation producing it was prooably of t he order 

of 1/lOCC or- less of tbat in the 11:or-e active re :; i.ons. ltccording 

to Kamen (1948), normal potassium contains a small percentage 

of K40 (0.012 per cent). Tbis isotope has a half 1:tfe of 109 

years and gives off very weak radiation of tl1e peg~tive ~ type. _,,, 

Such radiation could well be the cause of the blank :tmar.,e, 

since a considerable . amount of pota~slum is present ln plants. 

The:r 0 is also t:he possibility Urnt tho pressure of u ~:e stern 

uga1m,t the photographic film caueed the irnar-e, and t)H:1.t the 

lecvos , being flatter, <He net create sut ficient p1·esst;_r e to 

ima e·e was so weEk, that it in no ·way intorfered wJth proper 

:i.nter-pretetion of the radioautogra.phs. The c6nclusion8 

reached after examination ot all autographs may be e uR1.TJa:r·ized 

as follows: 



_, 1-

Fir. 9 . RadiOb.U top-ra rho and shadowrrt phs of tcmn to 
plants fed c1~ through one torm1ncl leaflet. Plante herve~tcc 
after 1 , 2, and 10 hours. 
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1. At the end of 1 hour there was positive but slight 

translocation of the c14 into the roots, and to the 

other leaflets of the treated leaf. Hone appeared in 

the growing point at 1 hour. 

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

roots, as Y,ell as the growing point. 

3. At no t1r:ie did leaves other than the -treated one 

show activity. 

4. Several of the films showed clearly the particular 

vascular bundle through which the isotope passed. 

In order to study the effect of temperature by means 

of the tracer, the following experiment ·was set up. Four 

plants, 25 cm. tall, were placed i.n the dark at 09:00 9 and 

1° C. collars were e.pp11ed to two of them, tho collars being 

10 em. in length. At 14:00, a total of 0.75 µe. of the 

traeer was painted on the terminal leaflets of these two 

plants, and. on two with collars at room tenperaturc (20° c.). 

One plant of each set was harvested nfter 1 hour, the other 

two plants being harvested after 3 hours. Tr0atnent was as 

previously described, the resultant radioautocraphs being 

illustrated in Fig. 10. Inspection of the autographs shows 

the following points: 

1. A considerable a.mount of c14 in the stems anq. roots 

of all fom- plants, but somewhat more in the roots or 

the three hour plants. 

2. Activity .in the growing point appears to be fairly 

strong in a.11 plants except the one exposed l hour with 

200 a. stem. 



Fi~. lv. racioautorrepbs of tomato flunts havi.,.,r- ·tad 
c14 applied to t .. e termi~Al leaflet o1 one leaf. PlEnte 
were harvezted rfter 1 er•d ~ ho•1rs, 'l--av3nr;-, had ster~s 
valnte1ned at 1° C. or 20c C., as 1nd1cated shove. 



3. There appears to be no difference between trans• 

location (as jUd£ed by c14 activity in the roots) at 

the different tor;1pera tures, . in eithor t he 1 or the 3 

hour plants. 

4. None .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 failed to produce an 

image on the !ilm, and upon concentration onto one 

eount:i.ng plate, showed no activity above the back• 

ground count. This supports the possibility of - rela­

tively greater sensitivity of the film, as compared 

to the c01mter, in picking up low concentrations of 

the tracer. 

As. previously mentioned, it was considered desirable 

to find in what fractions the cl4 beca.rne incorporated. After 

a preliminary trial, an extraction was :nade individually 

on leaves, stems and roots, as shown in Fig. 11. Only the 

leaves which showed activity in the radioautographswere 

used in the extraction, the plants being those described 

in the last experiment. Although it was not considered 

ideal to lump together plants exposed both 1 .and 3 hours­

before harvesting, this v,as done in an effort to conserve 

all activity possible. To determine the variation in the 

co1.mter, and what the minimum number of cot1nts above back• 

ground r:rust be for significance, background was counted 

for six successive 20-minute periods. The values found, 

in counts per minute, were: 10.1, 10.41 9.9, 9.6, 10.0, 



Al:i 11-oluma1i in ml. 
e.n~ tits, ln mg. 

Leave~ 
Stems 
Roots 

Tim:mo 
0.3%7g. 0.4 ml H2SOt1-
0.4137r;. Ether extr'n 25ml, 24 hr$. 
0.2240g. Cono-. to 7 ml. 

'Ether P.,.;;h=asa~_...___A __ ._. """"'Phase Ext.mot 
Form-ent 

Vol. e:rtraet 
Vol. ~llquot 
D17 >tib. aliquot 
wt. fraction 
Cts/t:i.1.iq1tot 
"t"'/f',.-,,_.r...,: ........ V i,;, ~\..£~:; ~ t),1~ ·.;u, ,\ 

Gt.;3/nz~. • .,~,., ·. 

Vol. c:ct.root 
Vol. ei.liquqt 
D:t>1r ,,.tt. nliciuot 
wt'.~ ~et:1.on • 
Cts/ci:li4uot .. 
Cts/~edti•~n 
Cts/tng •• 

RO'.Yl'S 

7.2 
2.0 
""') (\ 
e:.. :. , 

10.1 
0~6 
2.2 
0.2 

Vol. s~ot 6.9 
Vol. aliquot 6.9 
Dr:; ,;Jt • . aliquot , .3.0 
Wt f':raet.iori 3.0 
Cts/e.1:tqttot .•• •• 1.6 
Cto/f':raotion • 1 ~ .• o 
Cts/mg • • 0.5 

EtOT-I 

16.7 
1.0 
1.5 

25.1 
1.5 

25.1 
1.0 

16.5 
:?.o 
2.1 

17.3 
0.2 

.1..7 
0.1 

16.a 
5.0 
0.9 
3.0 

0.9 
3.0 
1.0 

Ether 
Phase 

© r:.i 

l:~ 
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and 10.8. Thernean of 10.1 and s t and~1r·d deviation of 

0.383 would seemingly indicate that any number of counts 

roughly 1.2 above background would be highly signfica.nt. 

However, to be perfectly safe, nothing under 3 counts per 

minute above background is considered significant. Consi-

dering the counts per aliquot (this being the amount concen-

trated onto one counting plate), we see that only in the 

leaves does the activity reach the threshold of significance 

in the case of pigments, includine the chlorophylls, caro-

tonoids, and sterols. In none of the organs did activi:ty 

in the lipids or xanthophylls reach a significant value. 

Ether extractable organic acids and free fatty acids con­

tained a rather high amount of cl4 , but only in the leaves. 

Sugars appear to be in highly significant amounts in the 

roots and especially in the leaves, but not in the stem. 

It seems probable that the fermentation on tho previous 

ethanol extract did not r;o to completion, and that one 

would therefore expect a larger percentage of activity in 

the sugars ( column F') and a smaller percentage in the aqueous 

extractable organic acids and amino acids (col. H), than is 

indicated. The acti~.rity of these two fractions would be 

better considered only as their sum, indicated in col. G. 

A large amount of activity has accurnulated in the cellu-

lose, starch, and protein fraction of the leaves, and a 

moderate amount •in the stens. The rate of conversion of 

sucrose to other compounds appears to be quite rapid in both 

the leaves and roots. The activity recovered in the organic 
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acids 1s particularly high, as might be expected because 

of their important role in carbohydrate metabolism. The 

moderately high activity of the root sugars is of interest, 

and suggests that some of the first c14 in the roots arrives 

in this form, ,along with certain of the organic and amino 

acids. 

A determination was also run on the cl4 activity in 

the carboxyl carbon of the «-amino acids of the leaves. A 

5 ral. aliquot of the sugar-amino acid fraction wa.s incubated 

in a Thunberg tube with 5 ml. ninhydrin, all buffered to 

pH 5.0. The upper part of the tube contnined 1 ml. of 1/3 

saturated Ba(OH) 2 , the entire tube being incubated 48 hours 

at 34° c. Tho 'Da{OH) 2 and Baco3 recovered weighed 17.3 mg., 

and ran 6.3 cmmts per minute over background. Since the 

5 ml. of extract originally contained 4995 c/m, the percen­

tage oi' c14 in the carboxyl group of the amino acids, as 

compared to total c14 in the sugar-acid fraction, was 6.3/4995 

or 0.13 per cent. The Thunberg tube was nitrocen filled, and 

the presence of a moderately large collection or Baco3 pre• 

cipitate in the Da(OH) 2 solution, upon completion of the 

experiment, indicated that a considerable amount of ol-amino 

acids had been decarboxylated, but only an exceedingly small 

percentage of these contained c14• 

Total recovery of c14 was only 7.7 per cent, which 

indicates that a large portion was lost either in respira• 

tion or during the processes of drying, mmmting, and grind­

ing the tissue. 
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To investigate the effect of concentration gradient 

(resulting from previous exposure to light) on rate of 

translocation, the following experiment was designed. 

Four 20 cm. plants were placed in the dark room at 17:0o, 

and allowed to remain there the next day, the temperature 

being 20° c. Four similar plants were left in the greenhouse 

(day temperature 230 c., night temperature 170 c.) so that 

they received normnl daylight. One plant of each set was 

steo.□ eirdled, and at 16:15 a solution of cl4 was painted 

on the terminal leaflet of one younc but mature leaf of all 

plants, both light and dark treated, and tha plants were 

left in the dark. The first two harvests were 15 and 45 

r:iinutes after application of the tracer, and included 

only non-girdled plants, one light and one dark treated 

plant being taken at each of the harvests. The third 

harvest, 2 hours after application, included four plants -­

both eirdled and non-girdled as well as light and dark 

tren.ted. After treatment in the previously described manner, 

X...:ray films were exposed to the plants for six weeks. Devel­

opment showed good positive images. Tho time of exposure 

can apparently be varied over a moderately wide range, and 

still provide good density and deftnition of the image. 

Col'tvell (1942) found that exposures involving a time dif­

ference of lOX were both completely useful, apparently due 

to a saturation effect. Such a saturation effect, however, 

could 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 radioautographs are shown 

in Fig. 12. along with shadowgraphs of the same plants. 

There •re several pdints of interest to be noted: 

l. Previou:.. exposuro to either light or dark apparently 

makes no difference in the amount of cl4 transported 

to the roots, at any ci ven time interval betv1een 15 

minutes n_nd 2 hours nfter application. (The non-

girdl_ed durk pln...11t c::posed 45 minutes had s lightly 

less activity in the roots than the corresponding 

light treated plant, but the reverse was tr·ue for the 

2 hour girdled plants.) Such behavior is suggestive 

of a depleted carboh:ldrate content, or a variable 

concentration gradient, not being of great importance 

in affecting the rate of this rapid c14 migration. 

2. Definite activity appears in the roots after 

only 15 minutes. of exposure. 

3. Appearance of c14 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 dark. 

4. Stear1 girdles (as shoi.m by arrows on the shadow­

graphs) decr8nsed translocation of the tracer, but d\d 

not stop it. Considerable activity passed through 

the girdle, and a:;ipeurs in the roots. A definite aceum­

ula.tio_n above the girdles is discernible. Lateral 

movement into a leaf located just above the girdle or 

the 2 hour dark plant is most pronounced. Movement of 
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any consequence into 1ea.ves other than the treated 

leaf (except vecy young leaves) has not previously 

occurred, this fact being in accordance with the pre­

viously mentioned work of llabideau and Burr (1945). 

According to the findings of Colwell (1942), a well• 

water-ad and turgid squash plant would not transport 

P32 down .the xylem (shown by scalding the petiole) 

when it was applied to the surface of tha leaf. The 

tomato experiment does not corroborate these findings 

because of obvious transport through the girdle. It 

is d.iffleult to say whether this phenomenon is simply 

due to the inefficiency of the girdle, or whether 

transport was . actually through the xylem. All plants 

were grown in nutrient solution and ,vere maintained on 

this mediu..m during the experiment, and were conse• 

quently completely turgid at all times. 

This experiment does not support the conclusion of 

Tsehesnokov and Bazyrina (1930), that translocation is de• 

pendent upon the amount of' "surplus assimilate11 (Assimilate 

which has not been incorporated into the tissue) in the leaf, 

and the resulting concentration gradient. It is possible, 

or course, that the extremely rapid trfmsport made detect .. 

able v11i th the tracer, is a completely different type from 

normal transport. 
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'.I'he great complexity of tranclocation le probably the 

primary factor brought to l!ght ln this and other 1.nvestlga­

tlons.. Hot only do we find por.sible different mechanisms of 

tr&nsport, variable rates, Gnd variable temperature coeffi­

cients for cH.fferent groups of substances, but these same dif­

i'erences are beconSnf more apparent even for ~ frou.E 2£. ~­

stances 1£ ~ single species .2.£ J?lant. Such differ·ences make 

the acceptance of only one mechanism to explain ali transport 

increasingly difficult. Reascns for the postulat.ion of two 

michanisms will be considered later in the ~iecussicn. 

It would appear that there are at least three dtstinct 

rstes of sugar tr-anslocc.tion in tbe tomato plant: (1) The 

tracer wor:k which indicated movement throurrb thE· greater part 

of the plant in less than 15 minutes, as seen :!.n the ractoauto­

graphs, anc also the fractions.t1on of c~iff erent parts of the 

1.i1 plant one to three hour::: after appl5.cat1on of the C ~, in 

V\hich activity was recovered in the sutre.r, starch, and -orpanic 

ecid fractions of the roots. ( 2) Bleedinz expertments which 

demonstrat0d re.tee of 8 to 11 hours. (3) F.xperiments which 

involved mess sugar movement as a result of exposure to light 

or ado1tion of sucrose to the leaves, and eubsoquent measure­

ment by g:rowtl-1 or by tissue ena lyses, wh t ch m1gges ted rates 

of 24 to 48 hours. 'Iha t only one mechentsm coulc: account for 

such widely divergent rates of transport of one group of sub­

stances in one species of plent seems improbable, if not impose-
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ible. 'I'he possibility must, of ccCJ.rce, be considered that 

three distinctly different rates of tranelocetion ere ~ot 

being m9asured 1n these exneri~ente. For examrle, it is not 

im.;:;ossible that the racioo1J.to,c,;raphs detect the ver7 first 

trace of materiel rea.chinp th::' roota, wbcreaf.1 the bleeding 

experi~ents exhibit an ineromont in exudatJon rate only after 

s certain mJnimu:n threshold concentration has been achteveo 

in the roots. That t)leedh1g rate ts depri::ndent upon the con­

centration of an activating factor, probe~ly a carbohydrate, 

within the root itself, appears evident. If such were not 

the cat,e, it is unlikely that gir•dllng tho base of tl1e st0r1 

would have ony influence on suppressJng the sugar effect 

as it does. 

Different rates of transport found by various investiga­

tors among dtfferent species of plants are probably not neces­

sarily indicative of different mechanisms. Such variot!ons in 

transport are almost certainl71 influenced by different rates 

of synthesis a.nc utilization, as well as certain other rectors. 

Not only different rotes of transport, but also widely 

different temperature coefficients, as reported in these ex­

periments, strong:ly su~gest the existence of e. multt-mechanism 

type of translocation. The fact that tracer experiments, as 

well es the bleedin~ experiments described herein, have not 

demonstrated a 010 of more than ono for translocation is very 

eu ggestlve cf a mechanism of transport unique froni the slower 

more . general type movement. 

Of the various types of mechan1.ams proposed for carbohy-
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orate tranelocatlon~ there are senrnral which would appear 

most likely to account .for the data presented in this work. 

A mass f16w type of transport as postulated b y Mfinch (1S30), 

or a modlficatlon of this whlch includes diffusion Qlong 

plasmodesmats of cross walls and acceleration_ by protoplasmic 

streaming within non-vascular tissues in comblno.ti cn with 

pressure flow through permesble sieve tubes, ae proposed by 

Crafts (1933), would appear to be the most logical expl8.na-

tlon for the ma.iority of experiments. The slower movements, 

involving 10.rge amounts of carbohycrate, i.e., transport of 

low velocity but high capacity, could quite conceivably occur 

ln this manner. Transport cf this pature usually . .involves a 

t1.me factor of' at loaat 24 hours for movement from lea..f to root 

or leaf to growing point. For example, Te.ble XV, which shows 

accumulation of sucrose above a girdle only after ~ photo­

periods, demonstrates th:i.e slow but voluminous movement. It 

is not likely that !:ll carbohydrate trans.port could occur by 

a high velocity but low ce.pa,c! ty type of molecular movement, 

a.net in this manner eventually account for the large a.mounts 

transported. If such were the case, one would ex pect an ac­

cumulation of carbohydrate above a girdle more or less propor-

ttonel to time, and such is nor the case. At the end of one 

photoperlod, 11 ttle or no ~mcrose :ts foum: to a.ccurnula. te. 

T'nese findings would corroborate the wor1.-: of };ent ( 1944b), in 

which e.pplica tion .of' a 10 per cent sucrose solut.i :'."Jn to three 

leaves of to:ne.to plants, e.fter they had been one day in the 

de.rk, was found to eeuse an I ncrease of 10 to 20 times in 
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both sucrose and reducing suP:are of other leaves, as compared 

to controls nlso kept in the darlc but not fed sucrose. 'These 

great differences became apparent only after 24 to 48 hours 

s.1ter applicotion of the sucrose, and were somewhat dependent 
• ' 

upon the length of time the plant hac been in the dark. 

The question of whether the protopls.smic strea;12ing theory 

of transport, s.s postulated by deVrios (1£185), :i.s an important 

factor in the experiments herein r eported should be considered. 

Tei the authors knowledge, the ma.xi.mum rates or streaming which 

have been observed are 7.9 mm. per minute in certain cells of 

aquatic plants maintained for short periods of observation at 

high temperatures ( 30-40° Co). Rates obs ~" rved in phloem 

parenchyma and companion cells ar~ much slo\ver, the maximum 

being about 0.4 mm. per minute. · The maximum rates reported in 

the few cases where streaming he.~~ been observed in sieve tubes 

a.re also of . this order of magnitude. It is at once apparent 

that such rates could not begin to account for the rapid 

moveinent detected by tracers. Fowever, ths t such protoplasmic 

streaming could oo a significant factor 1n enhancing the 

slower mass-flow type · of transpo:rt is certs inly not boyond 

the realm of possibility. If one considers, on the ·other hand, 

the avers.ire ra tee of mass transpo:r·t and the average r e. tea of 

protoplasmic streaming, it hardly appears possible that 

streaming could play more than a minor role even in the 

:mass-flow transport. 

In searching for a mechanism to satisfy the exceedingly 

rapid transport demonstrated by the tracer-radioautograph 
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exper1reents described ir1 the text, the n. ttle--s.cknowledged 

hypothesis of Mangham (1917) should not be forgotten. With 

the knowledge that protoplasm consists of proteins, lipoids, 

end certain gels, among other substances, which form with 

wo.ter a complex colloidal system, this author postulated 

that certain of these substances act ae adsorbe.nte of sugar, 

since it had been shown that true adsorption compounds of 

glucose do exist. In such a. colloidal system there woµld 

alws.y's be a relation between concentration of the solute 

concerned (sugar in this case) at the surface of the adsorbing 

phase and within the solvent itself. ~ben a concentration 

gradient axie ts, moi,Tement of e uge.r may take place by meo.ne 

of waves of readjustment. of equilibrium between these two 

phases. The rate of movement would approximate that at wbich 

condensation on the surface of' the adsorbing phase would 

occur, and should be extremely re.p1d, par.ticuler1-y when the . 

adsorbing partlc.les were highly concentrated and separated 

from one another only by a very thin film .of solvent. 

Another mechanism which may prove· success.ful :in e:;cplalning 

the rapid type of trans port is that propos~d by van den Honert 

(1S32). He .was able to demonstrate extremely rapid movement 

(up to 3 cm. per second) of potassium olea.te along an ether­

water interface, the interface being along the length of a 

100 cm. glass tube. The author sugr ests that an 1nterfacie.l 

boundary between cytoplasm and vacuole may allow for this 

type of transport in the plant. It seems quite possible t Lat 

prbtoplasmie streaming may be a consequence rather than an 
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ap:ent of such transport. '~1:e cause of transpor t in t h is case 

would sppear to be nothin~ more than a concentrat i on gradient 

of the substance beinF,r transported. I rJ1i bi tion of trensport by 

narcotics a2rees rather well with this type of mechanism, 

since most narcotics are surf~ce active eubst&nces and would 

tend to accumulate at the interface, thus die placi ng substances 

which would ·normally be transported .. It is of course nuestionable 

whether such a mechan1-sin as this could explain sugar trans- · 

location. Although augers show little or no surface act1v5.ty 

at an air-water interfac.e, they have been shown to be positively 

adsorbed st a coal-water interfece, end :!.t :l s qu:lte possible 

that the degree of adsorption depends upon the ns. ture of th:l.s 

interface. It may be that the interfBce between cell wall and 

cytoplasm, or cytoplasm ant vacuole, ie of such a nature ~s 

to offer posit.ive adsorption toward soluble carbohydrates 

and other substan<-es. Another al terns ti v·e is t.ha t sugars could 

ba temporarily transformed into some interfe.cially active 

form dur i ng tbeir course of transport. For example, in ve.n 

den Honert's experiment, the potassium salt of oleic acid 

proved to be positively interfacially act:tve, whereas tho 

acid its elf was not e.c ti Ve. Even if sugars in e.ny form are 

not positively adsorbed, 1t is still conceivable that they 

could be pulled along toe certain extent with natural 

substances that are so adsorbed. Probably the most serious 

drawback to such e mechanism of interfaclal transport, 

providing one . assumes the cytoplasm-vacuole interface as the 

pa th of movement, is the fact that this hoµnda.ry becomes 
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rather nebulous in mature s1eve tubes. Also, t he vacuoles 

tend to remain es discrete units in the separate sieve tube 

cells, all. of which make it difficult to expla:tn such inter­

facial movement over any great dis tan ca. However, 1 t is 

possible that young sieve tubes, which have e. very sharply 

defined cytoplasm-vecuole interface, pilay e.n important part 

in translocation, more of which will be said later. Even 

though they do not transport the major portton of the ce.rbo­

hydra tes, they may move small amounts at a .,,ery blg,h rete 

by the above mentioned mechanism. 

The rapid movement of c14 through the plant, as found 

in these experiments, would appear most likely to be a molecular 

movement, not unlike the type observed by ~;cbumacher ( 1937, 

1950) in the case of fluoresce1n. Such movement was described 

as being of a molecular nature, independent of the solute and 

of protoplasmic streaming. Whether such molecular movement is 

primarily within the cytoplasm, and thus of a particle 

adsorption nature, or whether it 1s more of an interfacial 

type, moving essentially along the plasma membranes, is 

difficult to say. P,Alrlier work shows conflicting evidence 

on this point, and the data herein reported do not bear 

directly on the problem. The possibility of a high veloclty 

but low capacity movement down the xylem con not be completely 
. • 14 . 
cHsre.r:arded. The fact that C passed a steam p-irdle would 

appear to make euch a phenomenon not at a11 impossible, 

al though the more likely explanation of the girdle not being 

completely effective in stopping transport down the pbl~em 

would seem more plausible. 
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The ouestion of which transport mechenisms are best 

adapted to account for the experimental data herein reported, 

as !ar as the n10 is concerned, is of interest. 010 ,s of 

varying mep:nitude, but of more than one, would normally be 

expected of practically all transport mechanisms wh:tch have 

been postulated. However, certain of the experiments described 

in this work have indicated a transport whicr:. is independent 

of temperature (tracer experiments, end those involving 

accumulation of sucrose above a girdle after only~ photo­

period), or which mny even possess a 010 of less than one 

(bleeding e,-;per1ments cf Went and Rull, 194g). It ls 

sur-p:ested that these rapid movements which are almost 

_ independent of temperature , or v;hich 3how a 010 of les 2 

than one, are of e molecular nature. 

Whether or not a mass flow or modified type of mas s flow 

mechanism could account for movement from leaf to roots in 

less than 15 minutes, as shown for the c14 transport, is 

certainly open to question. With the knowledge that actively 

respiring, living cells are necessary for complete efficiency 

of oarbohydrat e trans port, and that the rate of movement of 

a liquid through a capillary is inversely porportione.l to its 

_viscosity, one would normally expect a mass flow type of 

mecha.niem to have e. Q10 of more than one. However, there is e. 

way in.which mass ~low may be accompanied by a 010 of lees than 

one, as described by Went and Hull (1949). Assuming that carbo­

hydrate transport occurs within the protoplasm of the sieve tube, 

th1s ·protople.sm would offer a certain roststance to movement _of 
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a euga.r solution through i te 1nters tices, t:he ros:tstrmce 

being proportional to tb8 degree of twelling of the proto­

plasmic colloids. Since m~ture sieve tubes hove moderately 

rigid walls, and ere elmost completely filled with protoplasm, 

e swclllng of the colloids brought about ty increased 

temperature could only result in a decreased cross-sect,1onal 

area of the protoplasmic solution, with e resultant increment 
\ 

ln resistence· to me.as flow. 

In c-onjunction vii th this sugp:es tion, there ts experimental 

e.vidence of permes.bili ty be:lng increased by low temperature 

treatment, as shown by Boon-Long ( 1941) in the case of cabbap:e 

plants held seven days at 5° C. Memhrf:nes of the long:'t tudinal 

sections of petioles were found to be about twice aa pe~meeble 

to water as membranes of the tender unhardened ones, as told 

by the rate of deplesmolysis. 'Ihe hat'dened plants were also 

found to transpire 2-4 X :more than unherdered plants~ even 

though the freezing point depression indicated an osmotic 

concentration more than twice that of unhardened plants, which, 

ih itself, would tend to decrease transpirati,on. This would 

indicate that the increased permeability more than offset tbe 

effect of high osmotic concentration on the transpiration rate 

of the hardened plants. Alt:hougb the mechanism described by 

Went end Hull would refer to the permeability of the protoplasm 

itself, wher ~,as the above experiment indicates en altered 

• permesbili ty pril1".arily of plasma lemma and cell wall, the 

analogy ls of inter~et, as is the fact that in both cases 

permeability is increased at low temperature. 
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A phenomenon not unrelated to this altered permeability 

is demonstrated by the long . term growth experiment, with and 

without a cooled stem. i-'\n inhibition in growth was noted 

several days after application of the chilled collar, but the 

treated plants soon overcame the effect of chilling , and 

grew as well as the controls. 'The plsnts apparently became 

completely acclimated to the low tempers. tlire. It is w_or·thy of 

note that in practically all experiments involving ternperature 

effect on translocstion, the investigators have applied local 

chilling to plants which have been grown througtout the i r life 

under moderately warm conditions. Thie ehilllng is usually 

applied only for hours, or- at the mo~. t for several days, and 

as such, • does not give the plan to e.n opportunity to become 

acc11ma ted.,. In many of the long term . growth experiments in 

which certain plants are fo :,md to do better at a :re la ti vely 

low tempea:>ature, particularly a low night temperature, :'l.t is 

apparent that the ple.nts have become well e.col1mnted, having· 

grown under these conditions all of their life. Consequently, 

they are able to transport carbohydrates withe high degree of 

efficiency e. t low temperatures. Such tempera tu res are· usually 

considerably below the optimum temperature for the growth 

process itself. The degree of importance of acclimation is 

well demonotrated by the experiments of' Child snd Bellamy 

(19lfl, 1920), whlch nre described in the text. 

The relationship of sucrose accu.mulation · in various parts 

of the tomato plant (No. 1 experiment, Table XII) e.fter one 

day in the dark room, and growth of the entire plant (Table 
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XIV and XV) during about t h o sarr.e leng th of ·time in the dark 

room, is interesting. Vlhen the stem ls allowed to rem&in at 

room temperature , &nd sucrose is applied to the leaves, there 

is a s t.rong tendency for this sugar to accumulate a. t t h e top 

of the collar. On the other hand, a hi@:h concen-tra tion i i i found 

w1thln the stem when it is cooled to 1-2° C., particularly 

" when sucrose is supplied to the leaves. This, s. lpng with the 

fact thst various other carbohydrates also occur -at a higher 

concentration in tbe cooled stems of plants having been 

· supplied sucrose {Table XIII), gives st:r·ong evidence . of an 

increased c~rbohydrate translocat ion at the low~r· temperature o 

The possibility of the high sucrose values resulting .from 

interconversion of other carbohydrates is elimina tao · by the 

fact that ill car·bohydrates a.ppec.r et substantially higher 

concentr·ations within the cooled stem. It appears very likely. 

' that these higher values are a result of sucrose application 

to the leaves, its increased translocation at the low temp­

erature, and partial _conversion to other carbohydrates. As 

fs.r as growth during the dark per•iod is concerned ( Table XIV 

and XV), it s.ppesrs to be about twice as great when the sterns 

are ~llowed · to remain at room temperature of 25° c. a s compared 

to 2° C. It is o.ifficult to ascribe tlie lessened growth to 

decreased carbohydre. te transloca tion, • s1noe a 11 lea. ves. on the 

plant, including - those supplied sucrose, were above the cooled 

stem, an<i consequently carbohydrate passing from the leaves to 

the growing point would not pass through the cooled portion of 

stem. It ts rr1ore probable that some growth factor arising from 
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the root, such as caulocal1ne, was suppressed in upward 

translocation by the cold stern. 

With particular reference to the bleeding experiments 

reported herein, and those carried out by VJent and Hull ( 1949), 

in which recording of exudation rate we.a made by the number of 

drops per hour falling one. moving pe.per s~rip, it has been 

suggested that evaporation from the drops, as they form on 

the nozzle tip, may · be a· source of erl"'or at· low bleeding 

rate.a. To check this poes!bility, crops of eye .were dispensed 

at various but constant rates by means of e. hypode·rmic syringe, . 

the r,1ston of' which was driven withe. pear track connected to 

an electric clock motor. Withe knowledge of the syringe 

capacity (1.00 ml. or 25 drops), and the number. of drops 

falling on the moving paper strip over a given period of 

time, it is possible to calcmlate the evaporation ·1n drops 

. per hour. F'our eYper1.ments were run in t.his menner, under 

,different . conditions of relative humjdity and rat_es of 

d1spension. Recording of the dispensed dye was made both 

by drops per hour e.nd by weight. In all cases., the circulating. 

fan was left . on during the recording , as had been done in 

· the previous experiments. 

In the first experiment ( room tempera .ture 19 .8° ±. o.5° C • ., 

relative humidity 37 per cent), dye wes dispensed at a 

theoretical constant rate of 1.10 drops per hour. The drops 

actually fel}- onto the paper at the following rates ( in drops 

per hour): 0.47, 0.50, C.47, 0.49, o.53, o.55, o.54, o.f9, 

0.59, the mean bein~ o.53. 'Ihe theoretieai rate (1.10) minus 



the actual r e corded rate (C.53) gives C.f7 arops per h0ur, 

the loss cue to evnporation. 

In the s econt exper~nent (room tempera ture 19.7°± 0.28 c., 
relative humidity 42 per cent), eye ~ae dispensed at a t h f)c-

re ti cal cons tent rate of 4 .40 drops p,er hour. rropL actually 

3.5, 2.4, 

drops per hour, the mean being 3.45. The amount lest due to 

evaporation w&s then 4.4C - 3.45 = 0.95 drops per hour. 

'l'he third and fourth e.xperiments were mo6i f ied ln tha. t 

the crops were allowed to fall into a narrow-necked bottle 

rather than ontc the paper strip. The omount dispenset~ f rom 

tb0 syringe minus the smormt collectec ln - the bottle, ~fter 

co;:--rection for evaporation from tho :)◊ttle, would indicate 

t:t.e loss--due to cvHporation frcm the nozzle tip. Vo1u:te 

c.ollectlng in the bottle wes determined by weip-ht, 1.00 ml., 

s.s me.,;.sured by th~ syringe, weighing C. 9714 g. Details of' the 

two experiments are given tn 'I'able XVIII. 

In all experiments, evaporation was slightly rreeter 

when the dye was dispensed at the faster rate , 'I'his appeor-s 

strange, since over an extended period of time the ri;ean of 

the surface presented to the a t n"osphere by the for-ming drops 

should be the same, regardless of their rate of forxa tion. 

Th e f!I'ea.tel' loss from evapore tion in t he flrs t tw:o experiments 

was undoubtedly due to the low hum:idity at that time (37 ond 

42 _per cent~ respectively). Considering a mean rei&ti've hur:-licHty 

of ab out · 50 per cent, 0.40 drops per hour wcs chosen £-,s an 

appropri~te value to be e 6ded to all bleedometer recordings. 
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Another corre ction ~iich appeared desirable to 

incorporate was the osrrotic ef'fect o f tbo sugal'.' soluU.o:n 

in decreasing the exudation rat e . In ell bleeding oxperirnents, 

when water is applied to the leaves rather than sucrose 

solution, e.xudr"" tion ia greater duri.ng: t~e first port:lon of 

the experiment. This is apparently due to t:he lower osmotic 

prBssure of the water and its coneequer1t fnster a bs orption · 

t,y the leaf, the acdi tional wa t~r thus be coming adc:~d to the 

transpiration stream. On the average, 1.0 to 1.5 ml mo:re 

e:xud-at1 on !s r e corc?ed by the bleedometer for control plants 

(with leaves in water) them for · s·ucrose f ec3 plants. t.n 

approxlmHte meosurement of water abeorbed by the leaves, &f te:r 

correction for evaporation from the large tost tube s in which 

they werP 1nsertod, s}~owec'! a difference of a t -.out 2 .8 ml. 
. . . 

betwe en control and sugr,r-:fec1 plants. ( 3 06 ml. v. bsorbed ;from 

the wa.b1r controls, and O .G ml. from thq 7 per cont suciose 

treated plants.) 

TAELE XVIII 

~6om temperature,° C. 
Exgt. No. 3 

1.:.5 ± 0.3 
58 Rela t1ve hum1d1 ty, per cent. 

The·orotfcal dis-pension rate, drops/hr. i .10 
Amount dispensed from syringe, ml. 0. '78 
Tirne of run, hours. 
Increment in bottle weight, g. 
Loss from bottle due to evs.pc:ration, g. 
Increment in wt., -corrected for eva p., g. 
Correctec increment, in ml. 
Evaporation from nozzle tip, ml. 

17.50 
0 .fi072 
0.0350 
0.54~2 
0.06 
0.22 
0.0126 Evaporation per hour, ml. 

Evaporation per hour, drops. (25 dps./ml.) 0 .:s2 · 

ExEt• No. 4 
ld.9±0.4 

55 
4.40 
0.80 
4.EO 
o.7021 
0.009C 
o.?111 
0.73 
0.07 
O.Olf:5 
0.39 
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If the difference between the bleeding rates of the 

sugar-treated plants and the controls is compared •just 

several hours prior · to the onset of the suear of'fect, then 

the value of this diffel'ence may be added to the bleeding 

re. te of the sugar-trea tea plo.nts throup-hou t the enttre bleeding 

period. Such super imposition of the curves at one locus 

results in~ more readily observed delineation of the sucrose 

effect. In Fig. 1, if the differences between the bleeding 

rates of the sucrose fed plants with 1° C. stems and the 

water fed controls are tHken for 18:00 and 19:QO, and the 

mean of these differences computec, we see that it amounts 

to O .90 drops per hour. ( 'rhe figures me.y be more accurately 

taken from Table I of Went and Eull, 1949.} The entire Sucrose 
0 . 

l C. curve may then be raised by thls value of 0.90, which 

eause,s it to become superi1nposed on the Water 24° C. curve 

. at 18 :00-H) :OO, just before onset of the sugar effect. If 

the same mean difference is calculated for the Sucrose 24° C. 

curve, we see that it may be superimposed on the water curve 

by raising it 0.73 drops per hour • .All three bleeding curves 

are then raised an ac1d i tional O .40 drops per hou.r to offset 

the previously discussed evaporational loss from the nozzle 

tip. If these corrections are all lncorporated into the dsta 

t'rcim which the curves of Flg. 1 were plotted, the graph now 

appears as shown 1n Fig. 13. It is apparent that there e.re no 

basic alterations. The time of upward lnflecti.on of the Sucrose 

1° c./water percente.ge curve takes place about 7 hours after 

appllcation of the sucrose to tbe leaves at 11:55, as compared 
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to 8 hours in the original graph. The upward trend of the . ·-· 

Sucrose 24° c./water curve is somewhat earlier than in -t be 

original ~reph, occurrlng about g hours after application of 

the sucrose, as compared to almost 12 hours for the original. 

The cHff erent1al between the time of upward trend in the t wo 

curves is very apparent in both graphs, altbough it :i.s about 

, 2 hours in the rev1sec graph, compared to 3-4 hours for the 

original. 

One cf the most 1mpo;rtant factors measured by the 

bleeding experiments is capacity for transport at the 

different temperatures. The s.rea bounded by .the bleeding . rate 

curves for the water control ( wS.ter 24 ° C.) and the sucrose 

• fed plants of the temperature in question {1° C. or 24° c. in 

Fig. _13), may be taken for the capacity of transport at t hat 

_particular temperature. As inspection of the curves readily 

indicates, capacity at the lower temperature ls a bout twice 

. that · at 24° C. 

Aetually, it may be possible to measure velocity of 

transport, as \,ell s.s capacity, by such a bleeding technique. 

If the in1ti~l . 1neree.se in root activity, as determined by 

the .rise in the percentage curve, is a result of t he first 

material arriving in the roots, then the time of t h is increa s e 

may be taken as the time of c.rr1val in the roots. However, 

the po5sib111ty must be considered that t he ini tial rise of 

the pereente.~e curve 1s not a measur c'. of the first traces of 

material reaching the root, but rather the measure of a. 

concentration in excess of a certain threshold. 
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Although '.. it has been shown hy seve_rPl investigators that 

general transport. of carbohydrates ie dependent upon concentration 

gradient, it appears probe ble that the rapid molecular' type of 

transport reported 1n this work act s almost independently of 

concentration gradient. This is demonstrated first of all by 

the bleeding experiments, in which the S-11 hour lag period 

between sucrose application to leaves a.nd 1n~~t1on of excess 

.bleeding appears to be essentially independent of previous 

exposure to light, providing that the plants have not been 

deprived ot light for too long a period pr,ior to the .experiment. 

Second,ly, it is sugg·eeted by the tracer experiment, t.r1e r&dto­

autographs of which are shown in Fig. 12. Here, the rapid 

transport to the . roots under the different condltions of 

treatment is of about the same ma~nitude, regardless of 

whether the plants had been exposed to 11.rr.ht immecHately 

prior to the experiment or not. 

Also, treatment of the plant during the bleedlng 

experiment appears to have no profound effect on composition 

of the exudate, as far as application of eugar to the leaves 

or cooling of the stems is concerned. Apparently none of the 

.. root carbohydrates• either naturally orcurr.ing or those 

transported down through application to the leaves, are 

reijised to the transpiration stream in any significant a.mount. 

The often-men,tioned dependency of translocation on living 

cells is probably upheld by the majority of thase experiments. 

for example; the fact that application of cyanide to the stem 

effectively .abolished the increased bleeding which normally 
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results 8-11 hours after sucrose application to the leaves 

is indicative. of this dependency. Numerous other invest1p;e.tors 
.I ' • _ , 

( wort.nan, i890; Cza.pek, 1897; Curtis, 1928, lfr29-; Kruseman, 

1931; Mason and Phillis, 19:36; D1.1kstra, 1937) have demonstrated 

that narcosis or anB.er·obiosie of the stem or petiole usually 

results in a reduced transport of organic solutes. Such 

experiments, when carried on over an extended pertod cf time, 

until the treated cells are completely inactive, are quite 

useful. The red~1ct:ton of transport obtained in such cases 

mEty be interpreted as indicating two mechan.isms of tr~ns­

location, one dependent on living cells which are actively 

respiring, and one operative in inactive tissue. The percentage 

reduction in transport would determine the relative effec.tiveness 

of each system. However, the fact that c14 traversed a steam 

girdle; as shown in Fig. 12, would certainly indicate that 

not all transport is motivated by 11 vine: cells. (Assuming that 

such transport throuf:-h the airdle did not occur in the xylem, 

as previously mentioned.) 

in studying tre.nsloce.tion by means of application of the 

substance in- question to 8 leaf surface and its determination 

·at . some dist:<int locus, 'it is important to know apprmc:imately 

the amount of time involved for absorption of the substance 

:lnto the leaf, and finally into the phloem so that it 1s re&dy 

for tr·e.nsport. The experiment summarized in ';'able V, i~ which 

petioles were t1gl1tly clamped at various int~1rvals after 

sucros~ ·application, would roughl~ indicate that the absorption 

process takes at least 8 hours. On the other hand, if we cone1c.er 
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carbohydrate transport as occu1"rinr by a :msss flow mechant s m, 

then pinching the peU.ole s of t h e only two re~na1n i nr leaves 

on the plant might be expected to st op all transport, jus t as 

closing the valve .in 0. pi pe line would stop t h e f low of water 

throughout the entire length of t he p -t pe. If s uch were the 

case, it is conceivable that a signif i cant amount of' material 

could ha v-e already been . transported throut?h • tb,e petioles and 

into the stem by the time the clamps were scr~wed shut, but 

that ·even so, lte f'urther transport was there byhindered. 

Since ma.as flow ls dependent upon a supply of v;ater ~vhich 

diffuses slowly from xylem to phloem, throug;hoU~ •the leaves 

and stems, there would undoubtedly be a sufficient amount of 

-such diffusion below the petiole clamps to enable a fe.i r 

• amotj,nt of mass flow to continue. A completely correct 

interpretation of this experiment must therefore be based 

. upo!l .a lcnowladge of the degree of mass flow possible below 

•• such points of 5.sole tion, s.s caused by pinchin~ of p~tioles. 

The cohtrovers:,:: of whether carbohydrate trans location 

involves . young or ol6e1? sieve tulJes is one of long st6lnd1ng. 

In ,passing, it m1ght be stated that if two mechaniemsof 

transport are postulated, 5,t:; becomes a possibility that one 

. type of .movement tenos to te.ke place prlmarily in younf sie ve 

tubes, · whereas the other type occurs more in older sieve 
. ' 

tubes • . Excellent evidence the.t cs.rbchydra te tranG loca t1on 

occurr:a essentially - in tbe mature sieve tubes has been offered 

by Crafts ( 1936, 19:39) and Esau ( 1£i35, 1939). However, there 

. are various typee of evidence for transport in young sieve 
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tubes, as described by Clements (1S40), James (1933), and 

uanch (1930). Postulation of an interfecial or molecular type 

of movement in young sieve tubes which have 2 definite 

cytopl&smic-ve.cuolar boundary and a mass flow type of 

transport in mature sieve tubes i"f3 tempting, but must awe.}t • 

f'urther evidence. 

It should be stressed that ln practlca.lly air trans­

location experiments involving temperature, the different 

in.::::::~vestig&tor-s have chilled the petioles · of their respective 

pls.nts, whereas in the present work, as well as that of' 

v:ent and Bull ( 1949), the sterns were chilleq. Al tboug,h this 

difference may not at first appear eip:nificent, the remote 

pos~ibility does exist that different mechanisms of transport 

may be actlve 1~ the stem and petiole. ~-•he very fact that 

rather marked differences exi~t in polarity of transport, as 

showp by Clements (1930), Be.b!deau and Burr (1945), and 

Schumacher {1933, 1948), suggests the possiblltty that 

certain inherent differences may be present in the c.onductive 

elernents of the stem and petiole. 

In general., it may be stated that the majority of 

. experiments reported herein a.re in agreement with · a mass 

flow type of translocation. However, oertsin experiments 

utiliz!ng the bleeding technique described in the text, and 

others involving the· use of c14 , have disclosed a new and 

extremely rapid type ·or t!'ansport which appears to be almost 

independent of temi:erature, or even possesses a 010 of less than 

· one. Such a t-ype of movement is difficult to explain solely on 
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the basis of mas c flow, and it is suggested t l~&t this rapid 

secondary tra nsport is a mo l e c u. lar rr over::r:rnt rr,ocJ:tat-3 d tl:rouf.!b 

some type of interfscic 1 or pa r ticle ads or pt:!.on phenomenon. 

Upon consideration of the diverse media through which 

carbohydr ate transport tak0s pla~e, and the many fa ctors 

which influence its movement, it 1s not s urprising that trans­

location is_ one of the most controversial fields of plant 

physiology. Unt11 the phys1c1s_t knows more c.oncerning the 

nature of colloidal systems and adsorption phenomena, and 

t:i.e b iologist knows more about the phys l cs of cytoplasm, it 

is difficult to say e:r.ectlv how -carbohydrate trans-port takes 

place within the sieve tube. 
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