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INTRODUCTION AJij]) RFVIE:'.v OF UTERATURE 

A yellowing which develops in some plants growing on naturally 

calcareous soils is called lime-induced chlorosis. The problem is 

complex, as indicated by Brown and Holmes (1956) and forter and Thorne 

(1955) . Species and varie ties of plants di f fer in their iron require­

ments, susceptibility to lime- induced chlorosis, and inter acting soil 

f actors which affect iro~ supply (Thorne !l al . 1950). Chl orosis of 

plants does not ~ppPar, t herefore, to stem from a common causative 

facto r. At leas t a part of thi s cii fference ha s been fo und to be as­

sociated with the plant roots. Thus , through the use of n r esistant 

root stock Wann (1941) was ahle t o prociuce non-chlorotic grapes. 

Th n~P grapPS g rown unde r simi lar conditions without the resistant root 

s~ock would have been hizh1y chlorotic. Certain citrus root stocks 

have also been used on calcareous soils because they give citrus trees 

r esistance to chlorosis . 

The physiological property or properties of pl ant roots that pro­

duce this difference i s little understood . It is suggested that the 

dominant. metal enzyme of the t erminal oxidase could give t his differ­

ence (Frown and Hendricks, 1952 , and Qrown , 1953). It has been found 

tha t pl ants known to be susceptible to lime-induced chlorosis had pre­

dominately an iron- containing enzyne as a terminal oxidase , whereas 

plants that failed to go chlorotic i n high-lime soils had a copper­

containing enzyme. Since iron is not at the deficiency level in the 

soils producing this chlorosis (Thorne and P<>terson , 1954) , a root. 
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property other than the dominant oxidase enzyme must be ope rating. 

Colloids , particularly pectins (Kelle r and Deuel, 1957) , present 

in plant roots possess electrical charges, usually negative , which 

give them thP ability to adsorb cations. It has been found that roots 

not only have a defi nitE' measurable capacit y to adsorb cations, but 

that tht> values vary with species (Drake et al. 1950, Graham and Baker, 

1951, :•illiams and Coleman , 1950, 11arcour, 1954 , and Smith , 1955) , with 

environmPntal temperature (Williams and Coleman , 1950), and with nutri­

tion (HuffakAr and ~allace , 1959). This cation exchange capacity8 is 

a defini te property of tht> external portions of root surfaces since 

cation exchange is exhibited even in the absence of pl a nt metabolism. 

\iilliams and Coleman (1950) obtained data that are nearly identical 

regardles s of the condition of the noots. It seems likely that the 

negative cha rge possessed by the root surfa ce is associated with non­

livine portions , or compounds which undergo no immediate change on the 

diminution or cessation of metabolism. It has been determined that 

root s ether killed ('.~illiams and Coleman, 1950) or roots that are 

dried (11arcour, 1954) have the same CEC as live roots. Evidence pre­

sent ed by most of the workers previously cited strongly indicates that 

a surface phenomenon is under investigation. This is substantiated by 

the ra pidity of the exchange reaction between pl ant roots and salt 

solutions, and tht> large amount of ions involved in the exchanee. 

The initial step of transferrinP, nutrients from the growth mediUM 

t o the root xylem involves an exchange of hydrogen, hydroxyl, or bi­

carbonate ions on t he surf&ce of the root for nutrient ions of the 

subst r ate (Overstreet and Dean , 1951 , and Ove rstreet and Jacobson, 

a Herea fter r eferrP.d to as CEC. 
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1952) • An underst anding of how and why olant species differ in their 

capacities to adsorb nutrient ions from a ~iven growth Medium may lead 

to a better understanding of ion adsorption by pl ant s . 

The pur pose of thi s study was to examine the differences in CEC of 

various plant roots in order to extend the knowledge of iron adsorption 

and absorption by plants. The answers to the following specific ques-

tlons were sought: 

1. I s the CEC of plant roots a constant? 

2. I s t he section or regi on of a r oot sbowing t he greatest 
uptake of a cation such as iron related with the region 
of the highest CEC? 



SECTIC'N I 

INFLUE 'CE C'F AOF 0" CEC OF PLANT ROOTS 

Introduction and review Q£ literature 
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A considerable amount of work has been done on thP determination 

of root CEC (Drake et al . 1951 , Graham ann BakPr , 1951, ann McLean et 

al. 1956). From CEC values reported by these workers and others, it 

is concluded that the CEC of monocotyledonous plant roots is generally 

lowPr than that of dicotyJerlonous plants. 

Even though thesp generalities are made, a study of the CEC values 

reported in thP literature shows considerab1e variation between workers 

for a given plant species . Some of this v ariation may be explained by 

such factors as differences in the metrods used in determining the CEC, 

differences in nutritional status ('.Yander and Sites, 1956, McLean !ll: 

al. 1957, and Huffaker and '4allace, 1959), and environmental conditions 

such as temperature ('.•illiams and Coleman, 1950). 

Also, it may be due t o d ifferences in the root samples used in 

determining CEC . Drake ~al. (1951) used complete root systems where­

as Smith (1955) and Bell (1957) used small sections obtained near the 

root tip. 

The ages of the plants used bv the various workers differed. This 

would undoubtedly cause variation in the CEC values obtained. Although 

no work to determine this effect has been carried out, there is some 

indication that the root CEC mi~ht change with age (Smith , 1955, and 

Bell, 1957). 

It was felt that this aspect of variance in CEC would be worthy 

of more critical study. In addition some mea s ure of the variat ion 
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introduced by changes in the location of the apportioned amount of root 

sampled for CEC deterninations should be obtained. 

Experimental ~ 

Various methods are used fo r determining root CEC . In most cases 

the root is first saturat~d with a cation. th~n immersed in a replacing 

solution anrl the replaced ion determined analytically. Williams and 

Coleman (1950) saturated the roots with Ba++ or NH4+ ions. The amounts 

of these ions removed by the replacine solution were determined chemi­

cally. Some workers saturated the roots with H+ ions either by L~er­

sion in co2-saturated water or by electrodialysis (Drake et al. 1950. 

S!nith. 1955, and Bell , 1957). The H+ ion removed by the replacing 

solution was titrated with a base to the original pH of the replacing 

solution. Huffaker and Wallace (1959) used a method whereby they 

saturated the roots with a radioisotope of zinc and determined the 

amount of adsorbed zinc using a scaling unit. The CEC values obtained 

by Huffaker and ~allace (1959) using the zinc radioisotope method are 

lower than those of other workers (Smith, 1955, and Bell, 1957) using 

the electrodialysis method. 

In order not t o handle radioisotopes more than necessary and 

since more information in th~ past was obtained using the electrodialy­

sis-titrating method, the latte r was chosen as the one to be used in 

this study. 

The CEC of a large number of plant species has been determined, 

and included in these are varieties which are resistant or susceptible 

to chlorosis. Corn and barley were cho sen to represent the resistant 

species and beans the susceptible species. A factor aiding in the 

selection was that the majority of the CEC work reported in the 

literature is on these pla nts . 
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Thr variPties userl in thi~ sturly were l'inP'scrost (KY7) corn (~ 

m"ys) , Atlas barley (Horrleum vul ~are) and Great ~orthe rn beans 

(Phaseolus vulr·ris). All seeds were treated using a mPrcurous fungi­

cide to dPter molds ~urinr ~n~inetion . 

Th<' corn wa' gPrrinalerl by placinf tre SPods on a p<'rforated 

po r celain r>late in a larP'e f'l ass ve~sPl in ·•hie~ distilled water was 

br~u,..rt up so that it just touched the se!'ds. To aid rer:nination 1 

ml. of saturated CaS04 solution was added to pach gallon of distilled 

water . After germination the level of the distilled water was raised 

so that the developine roots would not dry out . APration of the solu­

tion was started a t this timP. Co~n plants were large enough to 

transplant 5 days aftPr S<>ttinr the seeds to germinatP. 

Barley 1<as gerninat"d unrler conrlitions similar to that of the 

corn, anr. nlants lar"" Pnotwh t0 transolant '""rP of'-tainP i 5 days after 

sta rtinl" p:emination . 

Qeans werP. rerminatPd in sterilP. coarse , 1uartz sand since the 

r oot system devPloped bv beans did not lenrl itself to usinr the per­

foratpn norcelain plate . The perforated porcelain plate is preferred 

to any other methorl because it developed roots frPe from any foreign 

material , and no damage occurred to thP roo ts when the plants were 

transferred to the nutrient solution jars . The CaS04-distilled 

water was used in germinati ng beans also. ':!hen the beans were 5 em . 

high they were ready to be transplanted. Thi s was usually at 9 days 

after setting the seeds to germinate. 

All thp seeds set to geminate and the resulting plants were 

selected fo r uniformity in size , shape and color. 

After germination, when the plants were abcut 5 em . hifh , they 



7 

were ~et out in 1-gallon jars containinc full strength Hoa~land ' s #2 

nutriPnt soluti0n (Hoagland an~ Arnon, 1950). Iron was supplied in 

a chel ated form at 5 ppm. (Gi or.y Se1uestrene JJO-Fe) . 

A yellowing of the corn leaves developed when thP iron in the 

nu t rient solution droppP.d be]ow 1 ppm. This disappeared upon daily 

addition of chelated iron solution. The pH of thP nutrient solution 

was maintained between 5,5 an~ 6. 0 by addition of 0.5 ~ NaOH or 0.5 

~ HCl when reguired . 

At the onset of the P.Xp~riment the nutrient solution in the 1-

r,allon glass jars was chan~ed every 4 days . However, as the plants 

~rew l argP.r the nutrient soluti on was chanr Pd ev0ry J rlays in order 

that the nutriP.nt elemPnt balAnce and the pH could be maintained at 

the desired range. The interval between chanpes was shor tened to 2 

days when thP. plants ••ere J weeks old. Between cf:anges the level of 

the nutrient solution was maintained at thP desi red height by adding 

water. Deionized- distillP.d water was used in preparin~ nutri enc solu-

tions throughout the experiment , 

All the plants ~ere ~rown in a controlled environment ~ ro·Nth 

chamber which had the follo•Ning gro~~np, conditions: 

Temperature 

Humidity 

Day l ength 

Day 

85!. 2° F. 

40:t. 5% 

14 tore . 

Night 

65!. l ° F. 

97!. J% 

Light intensity 2 ,000 foot candles at a 
height of l foot 

A randomi7ed block ~esign with 4 r eplications was used. Three 

plants per jar were considered as a sample. The treatments consisted 

of ?0 date s of samrling . The plants were sampled every day for 1? days 
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after •hich they were sampled every 3 days for 1? days and thP. remain­

ing 4 samples were a week apart. If possible the plant s were sampled 

in the morning . 

The plants were grown t~ the age required , then removed from the 

nutrient solution and placed in a large pan of distilled water in 

order to facilitate obtaining the desired root sections . Only roots 

tha t were healthy, white in color, of equal size , and same type (that 

is without lateral roots) were taken. The root sections consisting bt 

successive 5 em. lengths were cut after the t ip em. was excised and 

discarded. Figure 1 shows the location of the various 5 em. sections 

of r oot obtained. Five em. r oot sections taken from the same portion 

of the root were bunched and loosely tied. Ten to 15 root segments 

were included in each bundle. These bundles of 5 em. root sections 

were rinsed in distilled water and pl aced in a 9radfield-type electro­

dialysis cell . 

The voltage of the dialysis cell was maintained at 1?0 volts and 

the current from 50 to 100 milliamperes. Duri ng dialysis an increase 

in ions in thP. end cells of the dialys is rell was accompanied by an in­

crea se in conductance or inversely by a decrease in resistance. From 

the basic relationship of resistance to current , a decrease in resist­

ance gives an increased amperage . Any increase in amperage, however , 

vas accompanied by an increase in cell temperature . Since it is not 

known what the effect of dialysis cell temperature has on the CEC of 

the root sections , care was taken to maintain the current below 100 

milliamperes so that the temperature could be kept low and nearly 

constant. This was accomplished by flu shi ng the end cells whenever 

the current reached 100 milliamperes. ~ keeping the current below 
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I 

I 

Firs t 5 em . section from seed 

t 
5 em, 11 to 16 em. section 

+-5 em. 6 to 11 em. section 

+-5 em. 1 to 6 em. section 

1 ""·~ TiP 1 em. section disc arded 

root tip 

Figure 1. Di ag r am showing location of root sections used in this study 
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100 milliamperPs and by running ~ater throurh cooling coils in the 

dialysis cell , the te~p~rature was kept between ?0 to )0° C. 

Initial dialysis was hastenPd by adding a few drops of dilute HCl 

to the center cell. 

After th~ root sections h~d dialyzed for 90 minutes they were re-

~ovnd from thP ~ialysis cP11, blotted ~n filter p~per for JO s~conds , 

KGl "o]utinn w;>s_ ti:rotNl usl nf' n,OJ ! KOJl tn pH 7 ~or 5- .,ir>utP inter-

of th» r0ot- KCl solutio~ wP• follow"~ u•ing a 'lPckman Moc'nl I' pll meter. 

wac used to add the KOH re ,ui red to Maintain thP root- KCl solution at 

pH 7. ThP. 'llilliequiv~le>nts (me.) of KOH used in ti1.r.1tinr thP root-

KCl solution was considered to he equivalent to the root CEC expressed 

as me . /100 g . of dried root materiala . 

In th<' preparatiM of thP 1.0 _: KCl solution the pH was adj usted 

to pH 7 using 0 .01-'- KOH or 0 . 01 HCl as re1uired. This pH was checked 

every day over a pe>riod of l week in order to achieve a constant pH. 

At the time of ticration the pH of the 1.0 li KCl solution was again 

checked to SeP if it was still at pH ?, and if it changed slightly 
/ 

during that period it was ad,iustPd . The pH of the 1.0 !!_ KCl solution 

is a very critical factor for a small change in the solution left 

unadjustecl would add to or subtract from thP ultimate CEC of the roots 

being titrated. 

~ ~ discussion 

Typical changes in me. of KOH used in thP 5- T.i'lute titrating 

a Henceforth referred to as me . /100 g . 



intervals are show~ in Fi~ure 2 . The number of me. of KOH used to 

UtratP the root - KCl solution in each 5-~~ute interval was always 

greater than thP number of me. of KOH USPd in the subsequent 5- min-

ute interval . This phenomenon i s not peculiar to this study , but 

has been found by S~ith (1955) and Bell (1957) ; no r is it common 

only to the ~ ion, for it has been found with other ions (Coleman 

ll 

and ~hlliams , 1050) . It can be speculated that t~is phenomenon occurs 

as a result of the large ~ount of ~ ions occupying sites at or near 

the surface of the root that are immediately available for exchange . 

OthPr H+ ions would be slowly available as the sites t hey occupy are 

more to the inte rior of the root and greater l engths of time would 

be r equir ed for the K+ exchanging ions to get to them. 

'tJhe n the roots were added t o the 1.0 !!_ KCl solution a large change 

in pH occurred. This change of 2 t o 4 pH units changed t he pH of the 

original 1 .0 ! KCl solution from pH 7 to pH 5 or pH J . The s ize of 

the pH change depended on the type of plant, section of thP root , and 

the number of s egments used . Bean root se~ments always caused a l a r ger 

drop than did the same segments of corn or barley roots . 

All t he titrations ~ere carried out using a microburette in which 

1 drop was e~ual to 1/1 0 of a ml . A small ovP~-titration of a dr op 

or 2 did not aopear t o affect the CFC obtainerl fo r that root sample . 

Alt hough the titrations werP obtained at 5- minutP intervals ove r a 

period of 15 minutes , only the va l ues for the first 5- minute interval 

wer e us ed in the study. This procedurP. w~s f ollowed in orde r that a 

comparison with the r esults of other wo rke r s could be made as many of 

them used only a single 5- minute titrating interval . 

Changes in the CEC of various 5 em. sections of co rn r oots with 
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ar,e are shown in Figure J , The CFC of the 1 to 6 em. root section 

started near 50 me./100 L• at an a~e of 5 days . At thP ave of 10 to 

12 days the CEC of this root section rose to ~ high of 91 me . /100 g , 

and then dropped to JO me . /100 g . at th!' 15- day age. The CEC of this 

corn root section remai ned a t this lovel . 

Roots sampled at the 4- week age showed a rise to 50 me./100 g. i n 

the CFC value of the 1 to 6 em . corn root sectio~ . However, what un-

doubtedly happened i s that root segments of younger lateral roots were 

incluned in the sample . This could have occurred due to the following 

reason . Lateral roots that developed looked in all appearances like 

the older r oots that were supposed to be sampled. Shorter lateral 

roots tha t developed near the tips of thP larger corn roots han a CEC 

of 88 me./100 g . for the 1 to 6 em . SPction . Tak i ~g this value for 

lateral roots and adrlinp to it the SEC value fo r t he l to 6 em . section 

of the older roots , a figure of 118 i s obtained . Divini ng this by 2 

a firure of 59 is obta ined . Thi~ val ue is very close to that shown 

fo r the 1 to 6 em . section of corn ~ots at 4 weeks . Since thP value 

beyono 4 weeks is unreliable , the value of ;r me . /100 g . will be con-

sidered as the final value fo r the 1 to 6 em . section of corn roots , 

i-t th" end of 10 weeks thP corn r oots wPr" so tightly packed into 

the 1-gallon jar s that the rootn dC'veloped first coul d not be di.stin-

guished from those t hct developed later. Th" C~C of the l to 6 em . 

sampl e f rom all roots at this time was J8 me . /100 g . 

Changes in thP CEC of the 6 to 11 em. section of corn roots wi t h 

age follow"d a pattern similar to that of the l t o 6 em. section . As 

in the l to 6 em . root section, the CF.C of thP 6 to 11 en . section 

startPd off with a lo•,, value of 22 m., , /100 f! · at a~ age of 5 days , 



7 14 
Age (days) 

1 to 6 em. section 

o- -o 6 to 11 c•. "l!echon 

o------o 11 to 16 em . section 

~ Fi rst 5 em. formed 

21 

Figur e ) . Chanr,es in rgc of va rious corn root sec t ions wi t h age 

28 
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rose to a peak of 43 me./100 g . at the 10 to 1? day interval. and then 

dropped to 23 me./100 g. The data after 5 weeks indicated a rise in 

the values of CEC obtained. These were not plotted for the same 

reason that was given for disregardin~ the rise in the 1 to 6 em. 

root section 's CEC . The final CEC value of thP 6 to 11 em. section 

of corn roots will be considerPd as 23 me./100 g . 

The ll to 16 em. section of corn roots started with a rEc l ower 

(15 me./100 g.) than that of the previous 2 sections. but developed 

a CEC higher than that of the 6 to ll em . section of corn roots at 

approximately 2 weeks after germination. The CEC of the 11 to 16 em. 

section of corn roots could not be obtained at 5 days as it had not 

formed yet. Therefore. the first determination of CEC on this root 

s~ction was at 1 week. At an age of 1 week the CEC of the ll to 16 

em. section was 15 me./100 g. At th~ 2-week age the 11 to 16 em. sec­

tion had a CEC of 46 me./100 g •• after which the CEC dropped off slowly 

to a low value at 23 days of 20 me./100 g. A rise in CEC of this sec­

tion after 5 weeks can be disrPgarded for the reason given for the 1 

to 6 em. root section. 

The next 5 em. section of corn roots studied was that part first 

formed nearest the seed. This section's CEC was studied only after 

the root was long enough t o produce the other J sections required. 

At a plant age of 9 days the CEC of th~ first formed 5 em. was 

16 me./100 g . There was a slow rise of the CEC to 24 me./100 g . at 

an age of 15 days after which it gradually ft>ll to 13 me./100 g . at 

22 days. 

Changes in the CEC of barley roots with age are shown in Figure 4 . 

The 1 to 6 em. section at 5 days had a c~c of 52 me./10~ g . This sec-
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tion's CEC rose slowly to a peak (64 me,/100 g .) after which it 

gradually fell to a valuP of 29 me./100 g . As in corn, the 6 to 11 
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em. section started out lower than that of the 1 to 6 em. , proceeded 

to rise to a peak at 10 days and then slowly dropped off to a value 

of 19 me ./100 g. A much lower starting value than that of the 1 to 6 

em. or 6 to 11 em . sections was obtained (28 me./100 g . ) , which with 

age rose very little and then gradually dr opped off to a value of 16 

me./100 g . The first 5 em. of root formed started with a CEC of 15 

me./100 g ., rose 2 me. and then dropped off to a value of 14 me./100 g . 

The variations with age in the CEC of beans are shown in Figure 

5. All the sections followed a pattern quite different from that of 

corn or barley in that they star ted out lower than eithe r of these 

and rose gradually to a value of 88 me./100 g . at 6 weeks without 

reaching the peak a t 10 to 12 days. 

A J -week comparison of the CEC of corn , bean and barley root sec­

tions is shown in Figure 6 . Only the 1 to 6 em . root sections were 

compared in this figure. This was done to examine the CEC of the root 

section that is considered by many workers to be the ~ost important 

SP.gment in the uptake of nutrients. 

As pointed out pr P.viously in the discussion , the CEC of the 1 to 

6 em . section of corn roots started at 50 me ./100 g. at the 5-day age, 

rose sharply to a high of 91 me./100 g . at the 10 to 12 day age, and 

then it dropped off t o a value of JO me./100 g. At 5 days the 1 to 6 

em . barley root section had a CEC of 52 me./100 g . Quite similarly 

to that of corn roots, the CEC of the 1 to 6 em . section of barley 

r oots rose to a peak (64 me/100 g . ) after which it fell and leveled 

off at J weeks (29 me./100 g . ). Barley root sections appeared to have 

. 
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a more gr adual rise and fall in CEC around the peak than did corn roots . 

The CEC peak in barlPy root sections, however , a ppeared at th~ same age 

as it did in corn roots. 

A lower st a rting CEC was measured on the bean roots than on barley 

or corn roots (42 me./100 g . ) . A CEC peak di d not show itself in the 

bean r oots as it did in barley and corn. Ra ther a drop in the CEC of 

bean roots occurred a fter which it slowly ro se day by day until it 

surpassed that of barley and cor n at app roximately 15 days. At 10 

weeks the bean roots had a CEC of 88 m~./100 g. 

A drop occurred in the CEC curve f or corn , ba r ley and beans j ust 

after the pl ants were placed in the nutrient solution. This coul d be 

due to a certain amount of setback as a r esul t of ~ome sli ght damage 

they may have received in th f' transplanting oper a tion. The corn and 

barley did not have as l arge a drop as did bea ns . This could be ex­

pected s ince the corn and ba r lpY were c rown on a perforated plate and 

little or no disturbance of the r oots occurred ·•hen t hey were moved to 

the 1-gallon jars. Beans on the oth~r hand we r e gr o•n in coa r se sand 

and even though g rea t care was exerted in removing th e plants f rom their 

ge rminating media to the 1- gallon j a rs, a ce rtain amount of root damage 

resulted. Thi s slight increase in the amount of damage to the beans 

may be the reason for the l ar ger dro p in the CEC after transplanting. 

It i s indicated by the data presented in Figure 6 that in order 

to compare plant mineral composition on a CEC basis , care must be taken 

t o insure that all plants are of equal age. At an early age corn and 

barley had a hir,her CEC than did beans . At l a ter ages , however, there 

was a reversal of plant CEC. If the mine ral composition of corn plants 

2 weeks old or younr,er were compared to bean plants of equal age , it 
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woulc be difficult to explain species composition differences on the 

basis of measured root CEC. On the other hand in comparing the mineral 

composition of plants 3 weeks old or older, no difficulty should be 

encountered usin~ the above procedure. 

At thi s polnt a cnmpar·ison of thP data obtained in this study with 

that in the literature mi~ht be in order. A summary of the root CEC 

of a number of plant species , as given by a number of workers , is pre­

sented in Table 1. This shows that the CEC of dicotyledonous plants 

is hi~her than that of monocotyledonous plants. 

The values reported in Table 1 differ from worker to worker. 

This is not too unusual as they used different varieties , plants of 

different ages, different root samples, different methods of saturat­

ing the roots with hydrogen or other cations, varied methods and times 

of titration, and replacement of adsorbed ions. Therefore, the rela­

tive CEC value s for pl a nt species given by various workers should be 

considered rather than the absolute values of the root CEC. 

A comparison of the CEC values of ba rley, bean and corn roots 

f ound in tris study and that for the same plants as reported by other 

workers is presented in Table ?, A first glance at the table appears 

to give an indication of a marked discrepancy between the CEC values 

foun~ in this study and those reported in the literatur e. This , how­

ever , is not the case , The CE~ values of corn roots presented by Bell 

(1957) are at an age of 9 and 14 days. This ag rees well with the pre­

sent study, for the 9- day values would be on the rising part of the 

CEC peak or on the fa1lin~ s ide dependin~ on whP.n the age of corn was 

determined by Bell (1957) . If the age nf corn was determined from the 

beg inning of ge~ination thP 9-~ay CEC values would be on the rising 
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Table l. Values of cation exchange capacity of various pl ants reported 
by various workers 

HcLean Dr ake Graham McLean 
and Baker et al. and Baker Smith Rell et al. 

Plant (1953) (1951) (1951) (1955) (1957) (1956) 

me./100 g . 

Great Northern 
bean 53 

Milo 17 18 

PI soybean 41 59 4J 54 

Pea 50 

Rye 15 26 

Wheat 9 22 

BarlP.y 12 24-26 2J lJ 

Corn 22 26 46-23 11 

Tomato 35 

Oats 24 19-23 

Alfalfa 42 46 

Red top 14 17 

Reed canary 12 14 

Cotton 40 

Vetch 54 

Rice 15 



Table 2 . Cation AxchangA capacity of excised r oots from a number of plants as reported Qy 
various worke rs 

Plant species 

Corn Barle::£ Beans 
Wo rker CEC Age CEC Age CEC Age 

me,Lloo g. Da::£5 me.lloo g, Da::£s me.LloO g. Da::£5 

Bell (1957) 46-23 9-14 

McLean !ll. al. (1956) 25 15 13 14 

Drake et al. (1951) 22 10 12 10 

Smith (1955) 23 ?1-42 53 10 

Gr aham and 24 56 
Raker (1951) 27 35 

Present study (1959) 91-26 10-21 64-29 10-21 30-88 10-42 

""- 2. 0 I l • ~ 

N 

"' 



side of thP peak. Five t o 6 days after germination are r equi r Pd to 

obtain plants of sufficient size t o pl ace into nutrient solution . 

Had the a~e of the corn pl ants been decided as 9 days after setting 
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the plants intc nutrient solution , they would have been 14 or 15 days 

old and consequently the re r orted CEC would be on the declining side 

of the curve, In either case the smaller value of 23 me./100 g. given 

at 14 days ag rees with the lower value of corn in the present study at 

the same age. Drake et ~· (1951) probably started t o count the age 

of corn plants from the time of setting pl a nts into nutrient solution 

and, as such, the reported value of 22 me./100 g . at 10 days would be 

closer tc 15 or 16 days and would agree with the data in the present 

s t udy. The values obtained by McLean et al. (1956) compare with the 

values obtained in this study and with those reported by Bell (1957) 

and Drake et al. (1951). The values given by Graham and Baker (1951) 

and Smith (1955) agr ee with the values obtained for barley at the 3 to 

8 week age. The 64 me . /100 g. listed from the present study is the 

peak value for barley in Figur e 6 , but the CEC of the barley roots con­

tinued to fall and at the end of 4 weeks had a value of 29 me./100 g . 

The latter CEC value agrees ••itb those r eported. 

The value given for beans at the 1?-day age by Smith (1955) is 

12 days after placing into solution anrl not 1? days after first start­

ing to germinate. In this study th~ ahes a re given for days after 

beginning of ge~ination, thus the ages for the beans reported by Smith 

(1955) would be approximately 1 week older and the values would agree 

with those in this study at the end of ?0 days (Figure 6). The CEC of 

bean roots in this s tudy started at 30 me. / 100 g . and continued to rise 

until at 6 weeks it attained a value of 88 me. / 100 g. 
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Care should be taken in interpreting the values obtained for the 

root CEC. The roots sampled would not always be of the same metabolic 

age, which may be the reason for the scattering of points in Figures 

l and 2. 

The changes with age in the heir.hts of aerial portio ns and the 

lengths of roots of plant s used in this study are presented in Table J , 

This table is included not as a means fo r critical comparison, but 

to show the r elative changes with age of the root and aerial porti ons 

of these plants . 

Summary 

Changes in the CEC of excised r oot sections were s tudied. Sec­

tions of plant roots were electrodialyzed i n order to saturate all 

exchange sites with hydrogen ions. Immersion i n a salt solution re­

placed thP exchangeable hydrogen which was subse~uently titrated. 

The milliequivalents of base used to titrate the hydrogen for a 5-

minute inte rval was considered to be equivalent t o the root CEC . 

Corn and barley root CEC s t a rted off low , r ose to a peak a t 10 

to 12 days and then f e ll to a level below that a t which it s tarted . 

The CEC of r oot secti ons excised from plants J weeks old or older 

remained l ow. 

Rean r oot CEC on the ot he r hand s t arted off lower than tha t of 

corn and barley, but proceeded to slowly rise until at approximately 

J weeks i t surpassed that of corn and barley and continued to rise until 

it reached a l evel of 88 me . /100 g. at a 5-week age. 

The 1 to 6 em. root sections had the highest CEC of all sections 

s t udied in all pl ants used. 



Tabl P ) . Th~ changes ~th a~e in thP heivhts of aerial po rtions Pnd thP lenr,ths of roots of plants 
usPd in thi s study 

Portion Age. (days) 
Plant Measured 5 6 8 10 12 15 JS 70 

·---------------· 
length (em.) 

Roots 10-15 15-20 25-)0 35-45 45- 55 50- 60 65- 80 100 
Corn 

APriel 11 15 ?4 Jl J7 45 75 125+ 
tasseling 

Roots 5- 7 8-10 10- 12 15-20 22-27 J0-40 45-55 
Fa rley 

A,rial 7 8 10 12 16 18 40 

Roots 10-20 20-JO 35-45 so-6o 
Beans 

Aerial 10 14 ?0 45 
flowerin!: 
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SFCTION II 

CA1'H1'1 "'XCHA'IIJ CAPAC I TY OF' S~LL R00T SEGM"' 'TS 

Introduction 

In orrlrr to obtain a mar~ detailed picture of thP. chanf, e in CEC 

of pl~ nt roots , po rtions of the root smal ler than 5 em. i n lengt h 

should be st udied . From the literature (Bell , 1957) and from consult­

ation with members of the Agrono~y and Aota ny departm~nts at Ut ah State 

Univers ity, it was decided tha t 1 c~ . sections of the root s would be 

the most f easible unit s t o study. It was a l so decided t o use the 1 

em . sections of th~ root containing the root t ip. This sect ion was 

discardPd by previous workers prio r to makinp, CEC measurements for it 

was felt that the incre8sed meris tematic activity of the g rowing r oot 

tip might have some effec t on th~ CEC measur~ment . 

F.~erimental methods 

The e~uirment used i n th~ previ ous ~ortion of the studv could not 

be usPd fo r thP 1 em. r oot serttons, so rlialysis cells wl'>ich would 

handle thP small~ r roo~ sections wer~ designed and bui lt IFi~ure ?). 

Five dialysis cel l s we-., constructed so that thP first five 1- cm . sec­

tio~s of pl a nt rQots could be s tudied at one time. These cells were 

made from plexigl ass tubing with an outsire diameter of 5/8 inch and 

an insi de diameter of 1/4 inch. To insu.rP better dialysis tr.e diameter 

of thP end cells was widened t o accommodate a n electrode as la r .e as 

th e inside diameter of the cente r cell. The ln r ge r dialysis cells used 

in Spction I had cooling coil s which enablrd the maintenance of a low 

cel l temperature despite incrP.ases i n ampPrage. However , t hf' smaller 

cel ls were t0o s~all to pr ov ide space f or ~~nlln~ co11s . ~refore , 
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Firure ?. ri~~ ra~ of ~1octr0rlialvsis cells USPrl r~ r ~Y~ri~nts ~ith 1 em. root 
sections (actual size) . 
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thP only alternative left for controlli~~ temperature was through 

finP cont r ol ~f tho dialyzinr, current accomplished qy f re~uent flush­

ing of the end cells th r oughout thP time of dialysis . In order tc pr o­

vide a swift er means of r eading the current in t he di alysis cells t han 

was used in Section I , a switch was constructed wh i ch e,abled reading 

the ampera~e and voltage in one cell without disrupting the dialyzing 

curr ent in the othe r 4 cells . This switching mechanism employed a 

~ulticonta ct dial ~~itch with separate leads tn all the cells in ony 

r~ndinh position . I nco r r ora t ed with the dial switch was a multicontact 

push button switch which enablod readin< either voltage or current in 

tho cell with~ut rlisrupting the dialyzinr ~~ocess . Tho temperature was 

kept between 20 and 45° C. 

The same va r ieties of plants with the eYception of barley we r e 

used in thi s study: Kingscrost (KY7) corn (Zea mays), Gr eat No r the rn 

beans (Phaseolus v ul;aris) , and, in additi on , 2 va rieties of soybeans 

were included. They ~ere PI 54619- 5- 1 soylea,s and Hawkeye soybeans 

(Clycine ~) . Ther e were included to enable compa r ing a va riety which 

is res i s tant (Hawkeye) wi t h one that i s su •ce ptible (PI ) t o lime­

induced chlorosis. 

As i n Sect ion I, a r andomi zed block des i gn with 4 r eplicates was 

employed . Sampli ng dates were consider~d the trea tment s . Three dateo 

of sampling we r e used so that a compar ison could be made i n ages be­

fore and afte r the 15- day period when crossing of the CEC values o f 

dicotyledonous plants and monocotyle~onous plant s occurred. Sampling 

dates were 10 to 14 cays , J weeks anr 5 ~eeks . 

Plants were ~rown in fu l l strenvth Hoagland ' s i? nutrient solu­

tion (Hoagland anrl Arnon , 1050) as giv~n in thP prevl.ous section. At 
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t~P d~sirP~ age plants wpre rP~ov~d fro~ the ~utriPnt solution, the 

r00ts ri nS~d in distill~d water , anc thPn tr.r first 5 ~m. from the 

root ti~s wer~ cut into 1 em. sections ar.d placed in thP small dialy­

sis cells. Ten to 15 segmPnts were included in each sample . The lo­

cation of th~ excised root sections in rPlation to the entire plant 

is shown in Figure 8 , The excised r oot se~tions were dialyzed for 90 

minutes at 120 volts and at a current ranging from 50 to 100 ·nilliam­

pPres. AftP r dialysis thP root secti ons were re~oved, blotted for 30 

seconds on filter paper s, and pl aced in a ~eaker containing 100 m. of 

1 ~ KGl solution at pH 7. The root-KCl system ~as kept at pH 7 qy 

tit r ating with 0.01 ! KOH for 5- minute int ervals over a period of 15 

minutPs , The me. or KOH used to titrate the root-KCl sys tem for the 

first 5-minute interval was considerPd to be equivalent t o the CEC of 

thP- particular root sections, expressed as me ./100 g. of dri ed root 

material . 

A magnPtic stirrer was used to mix the r oot-KCl systPm durinp. 

the titration. 

~~sul ts and discussion 

The magnetic stirrer used to mix thP root-KCl system during the 

titration had the tendency to c rush or sh r ed the 1 em. root sections. 

This crushing tendency was especially manifest on thP- 1 em. sections 

of you nger roots of dicotyledonous plAnts . For this reason the CEC 

of 1 em. root section of beans at 10 to 12 days, and of soybeans at 

10 to 12 days and ) -week age s was not obtained. 

The CEC of the 1 em. sections of various plant roots studied in 

thi s section is shown i n Table 4 . The average CEC is presented so that 

a comparison can be made with the 1 t o 6 em. root sections used in 
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1 em. 4 to 5 em. section 

1 em. J tn 4 em. section 

+-
1 C"ll. 2 t o J em. section 

-+--~---------
1 em. 1 to 2 em. sPction 

l em. 0 to l em. section 

Root tip 

FirurP 8. Di ar r om showing the location of thP excised r oot segments 
used in Sections II and III. 

J1 



Table 4 . CEC of pl ant roots as related t o age of pl an t and section of r oot sampl ed 

Plant specie R ann age of plant 

Root KY7 corn Great Northern So;ybeans 
Section beans Hawk- PI 

e e 
10-12 3 5 3 5 5 5 

da;ys wks. wks. wks. wks. wks . wks . 

me. /100 g. 

0 to 1 em. 45 6~ 46 47 122 88 110 

1 to 2 em. 233 113 103 123 138 139 164 

2 to 3 em . 139 87 54 89 79 131 109 

3 to 4 em. 74 78 61 63 85 110 89 

4 t o 5 em . 32 37 35 38 64 59 92 

Average 105 76 6o 74 98 105 111 

w 
N 
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Section I. Inall cases the ave r age CEC of the 1 em. r oo t sections 

for a species at a given age i s hi gher than the corresponding 1 to 6 

em . section for the same pl ant and a~e in the previous section. This 

may be due to several factor~. The 0 to 1 em . root section was ex­

cluded from the 5 em. r oot length s used in Section I, and since the 

0 to 1 em. length has a hi gher CEC than the 5 to 6 em . it would tend 

to r aise the average CEC. Difficulty encounte r Pd i n stirring t he root­

KCl system caused some crushing of the roots, Any loss of root material 

included i n the 1 ern. r oot samples wo uld have made a l a rger CEC than 

a similar loss with 5 em . lengths whe r e a l arger total root weight was 

used. Ther e could also be a quicker and better replacement of K+ for 

H+ in the 1 em, root sect ions which could give a higher CEC as well. 

Bell (1957) showed that the cut ends of the root segments had no effect 

on the CEC values obtained for corn. Since the number of root segment s 

used in this study is far gr eate r than that used by Bell , the effect 

of cut ends may be of some importance . An increase in cut ends may 

have given an increased CEC by making the interior of t he root more 

accessible fo r r epla cement or exchange of i ons . 

At the J -week age the CEC of the 0 to 1, J to 4 and 4 to 5 em. 

sections of cor n r oots was highe r tha n at t he 10 to 12 days or 5 weeks , 

Thi s change with age i s di ffe rent f rom that of the 5 em. root sections 

given in Sec tion I . The CF.C o f the 1 to 2 and the 2 to J em. segments 

i s the same as that given in t hP previ ous port ion of the study, in that 

it dPc reases with age f rom a high at 10 to 12 days to a low a t 5 weeks . 

The 1 em. root segme nt s with low CEC values a r e the ones with the great­

est deviation f r om the set CEC patte rn. wrile indivi dual segments ap­

peared t o differ from the CEC pattern for co rn, the overall ave ra~e 



pattern was the same . The largest change was in the 1 to 2 and 2 to 

J em. segments. 
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Except for the 2 to J em. segment all the bean root segments 

followed the patte rn set by larger sections in the first pa rt of this 

study , in that the CEC increased with age. The largest increase was 

found in the 0 to 1 em. section. As with corn. the discrepancy of 

individual 1 em. sections from the CF.C pattern set .in Section I was 

in the segments with lower CEC values. The average values agree with 

the previously establi shed CF.C pattern. 

Although disc repancy exists in the CEC values given for soybeans 

in the literature, the values presented by Drake et al. (1051) and 

McLean et al. (1956) would lead one to believe that soybeans have a 

slightly higher CEC than do beans. The average values presented in 

Table J for both PI and Hawkeye soybeans are in line with this 

expected trend. The individual 1 em. soybean root sections differed 

from th2t of beans and differed between the two soybean varieties 

studied. Hawkeye soybeans had a much lower CEC for the 0 to 1, 1 to 

2 and 4 to 5 em. sections than did PI soybeans. The other two sections 

of Hawkeye soybeans (2 to J and J to 4 em.) had CEC value3 higher than 

those obtained for the PI variety. The 1 to 2 em. section of the PI 

variety showed much larger CEC than the same root section of the Hawk­

eye soybeans. 

Sununary 

Root sections 1 em. long were studied in order to obtain a more 

detailed picture of the change in CEC with age. These root sections 

were electrodialyzed in order to fill all exchange sites with hydrogen 

ions. The hydrogen ions on the exchange sites were removed by immersion 



in a salt solution and subselUPntly titrat~d. The quantity of base 

used in the titration was considered to ~e equivalent to the CEC 

expressed as me ./100 g. dried root material. 

3.5 

The CEC v&lues of 1 em. segments of corn , beans and PI and Hawkeye 

soybeans were obtained. AverAr;e values of thP 1 em . segm .. nts, although 

higher , were in ag reement with those obtained for the 5 em. root sec­

tions of the same plant a t the same age (Section I). CEC changes in 

the 1 to 2 em. sections of all roots sampled followed the pattern set 

by the previously studied 5 em . sections. For all ~lants at any age 

the 1 to ? em. sections had the hifhest CEC of all the sections 

studied , 

ThP cr.c values of the l em. corn r oot sPctions decreased with age , 

The CEC values of the same segme nts of beans rose witr age . Reans and 

soybeans at the .5-week afe had hi~her CEC values than did corn. From 

thP values obtained here anrl in 8ection I, it can be predicter:! trat at 

thP- 10 tn 1 2 day age l em. s~ctions or corn roots would have higher 

CF.C values than •auld bean and possibly soybean root sections . 



SECTION III 

CATION EXC!iA'JGE CAPACITY OF PLA 'T RCOTO. h:H; UPTAKE OF IRO'J 

I nt rodu!' ti.on 

J6 

It ha::; 1ong be:en fe1 t th • t the uptakr of nu trient cationz by the 

pl ant root i s first of all an exchange reaction. Over0trAct and 

Jacobson (195?) have shown th~t an exchange reaction ac tually t akes 

plare in t he transfer of nutrie nt cations from tto gro•th media to 

the root, Thi s is accomplished by excr.ange o f hydrocen , hydroxyl, 

or bicarbonate ions on the r oot surface for nutrient ions o f the 

s ubstrate. As it i s considered an exc!.an,·e reaction , the CE.C of the 

r oo t s hould have an e ioect on the amount of cation adsorbed on the 

root surface and subse~uently abso r bed by t he r oot. 

Smith (1955) and 'tli ebe (l 95J) po in ted out that t.he amount of 

nutrient i ons adsorbed and absorbed by pl ant r oots could he dete rmined 

by using radio i so topes of the nutrient ions of intereot. Root sec­

tions are immersed in radioact ive solutions and withdrawn a fter a 

certain re r iod ~r time, pl aced in a r enlacement solu tion and then r e­

moved following a p rescribed length of time . The amount of r anio­

isotore r p;o,ovrn by tr.P replacinr solution i ~ cons i dered t hat adsorbed 

while tt: e amo•mt remaining on o r in the roots i s considered tha t 

absorbed,a 

Exper iment al methods 

Radioi sotope Fe59 w~s used as an a i d in de termining adso r ption 

and sorption of iron by the root, h solution of FeClJ havi ng an 

Fe concent r ation of 1, 000 ppm . was made anr. t~ it ~as acned an al i ~uot 

a Hencefort~ absorbed r e fer red t o as sorbed. 



of Fe59 solution. The specific activity of this solution was then 

obtained . Fec13 stock solution (1,000 ppm. iron) had a pH of 4,0. 
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A pr eliminary experiment was carried out to decide the length of 

time that excised root sections should remain in the 1 , 000 ppm, Fe• 

solution and the replacing 0,01 ~ KCL solution . This experiment was 

a 3 X 5 f actoria l with 3 replications. Five lengths of time in the 

Fe• solution were combined with 3 lengths of time in the 0 . 01 ~ KCl 

repl ac i ng solution. Th e most suitable immersion time i s that beyond 

which little or no change occurs in the amount of Fe• adsorbed or 

so rbed by root sections. 

Runches of 10 to 15 sections of corn root 1 Cl!l. long were placed 

in the solutions at the va rious time combinations. The Fe• removed 

by t he salt solution and that which r emained on the r oot were de ter­

mined in a well counter u sin~ a ~uclenr 183 scaler . 

The amount o: Fe• arlsorbed and sorbed by the corn root sections 

under varying times in Fe• and KCl solutinns is sho•~ in Table 5. The 

amount of sorbed Fe• increased as the lcnrth o f time in the Fe• solu­

t i on was increased . H0 wever , beyond a 2- minute immersion there was 

very little change in the amount of sorbed F~ . Therefore , t he 2-

minute immersion time wa s chosen. As th e leneth of time in the re ­

placinr, KCl solution wa s increased , the amount of adsorbed Fe• increased. 

Immers ion times longer than l/2 minute in the KCl solution gave very 

little change in the amount of Fe• adsor bed. The r efore , the 1/2 minute 

time was chosen . An immersion time of 2 minutes in the Fe• so lution 

followed by a 1/2 minute nip in the 0 . 05 ~ KCl solution gave results 

that parallel very closely those of longer du r ation . 

• Indicates radioisotope Fe59 added t o label the Fe solution. 



Table 5. The amount of Fe* adsorbed a nd 
under varying times in Fe• and 

Time in Type of Fe• 
0.05 N KCl associated 
solution with the root 1/2 

(minutes) 

1/4 Adsorbed 233 

Sorbed 453 

1/2 Adsorbed 442 

Sorbed 454 

2 Adsorbed 455 

Sorbed 488 

sorbed on excised corn root sections 
KCl solutions 

Time i!l Fe• solution 
(nlinuta8) 

1 2 5 10 

cpm/g. dried root materia l 

310 315 321 321 

696 770 771 1076 

454 465 475 489 

648 928 948 977 

459 476 478 478 

792 916 940 976 

w 
(X) 
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A ranrlnmized block design wit~ 4 replicates was utilized in this 

study. The treatments consisted of 2 dates of samplin~: 10 to 12 days 

and 4 WPPks. Two species were used: Ytngscrost !KY?) corn and Great 

"'orthern beans . 

The corn and beans were grown in full stren~th Hoagland' s P2 

nutrient solution (lloaglanrl and Arnon, 19'iO). At the ap;e required by 

the experiment the olants were r emoved f r om the nutrient solution, the 

r oots washed in distilled -..:ater and cut into 1 em . secti.ons. The 

simil a r 1 em. root sections were bunched, loosely tied with fine wire , 

rinsed in distilled watrr and then blotted on filter paper. Ten to 

15 root segments were included in each bunch. The root bundles were 

then placed in 5 ml . of radioactive iron solution , removed after 2 

minutes, rinsed J times in disti lled water, and placed in 5 ml. 0.05 

~ KCl solution. After 1/2 minute in the 0.05 ~ KCl solutio n the roots 

were r emoved, rinsed i n distilled water, and placed on a rack to dry. 

The distilled watPr rinse that followed thP KCl solution dip was 

added t o the KCl solution. The bundles of roots were continually 

agitated manually duri ng the time immersed in each so lution. The 

amount of Fe• r emoved by the KCl solution w~s considered as that 

adsorbed by the root while t.hl" amount rf'maininl! wi th t he root was 

considered tha t sorbed . 

The dried roots ann KCl s~lutions were countPd in a well counte r 

using a Nuclear lBJ scaler . 

Results !n£ di s ussion 

The amount of Fe• adsorbed and sorbed by corn root s<'ct.ions is 

presented in Table 6 . It can be seen that the l em . sections of young 

corn r oot s (10 to 1? days) bo th adsorbed and sorbed more Fe• than the 



Table 6. Iron adsorbed and sorbed Qy root SP-ctions of corn at various agesa 

Jo'e• adsorbed Fe• sorbed 
Root 
Section 10 to 12 days 4 weeks 10 to 12 days 4 weeks 

cpm/g. dried root material 

Oto 1 em. 416 so 76o 643 

lto 2 em. 536 53 2590 1381 

2 to 3 em. 433 70 3452 1492 

3 to 4 em. 479 53 3542 1637 

4 to 5 em. 421 56 2597 1386 

a See text , page 39 , for description of adsorbed and sorbed. 
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comparab]e root sections at th~ 4-week ~e. The adsorption of Fe• 

se Pmed to follow a pattern in young and old plants. The greatest 

amount was adsorbed by the l to ? em. or 2 to 3 em. root sections. 

This pattern is very similar to tha t exhibited by the CEC of thP 1 em. 

root sections. The sorption did not follow a pattern simil&r to that 

of adsorption. The Fe* sorbed by the root sections of both young and 

old plants seemed to be hi r,hest in the 3 to 4 em. sections. No cor­

rela tion can be seen between the amount of Fe* sorbed and the CEC of 

thP mot sections. 

ThP amount of Fe* ad sorbed a nd sorbed by bean root sections is 

prPsentPd in Table?. 

As in corn rent sect i ons , no correlation can be seen between the 

amount of Fe* sorbed and the CEC of bean root sections. There wa~, 

howpver, one trend in the Fe* sorption pattern that a ppeared to bP 

similar in both corn and beans. The 0 to 1 em. root section had the 

smalles t amount of sorption of all the root sections studied. In 

corn the highest amount of sorption was in the 3 to 4 em. section 

at both the 10 to 12 day age and the 4 week age. In beans , however, 

there appeared to be a slight change. In the 12 to 14 day old bean 

roots the 2 to 3 em. section had the greatest sorption while in the 

5-week old beans the 4 to 5 em. section had the highest sorption of 

Fe*. 

Beans differed from corn in the effect of age on the changes in 

amounts of Fe* sorbed by thP roots. Although the pattern of sorption 

was the same in corn and bean roots, the amount of Fe* sorbed did not 

d rop off as much with age in beans as it did in corn . 

The adsorption of Fe* by bean root sections varied from that 



Table 7, Iron adsorbed and sorbed~ root sections of beans at various agesa 

Root 
Section 

0 to 1 

1 to 2 

2 to 3 

3 to 4 

4 to 5 

em. 

em. 

em. 

em. 

em. 

Fe• adsorbed Fe• sorbed 

1? to 14 days 5 weeks 12 to 14 days 

cpm/g. dried root material 

6o5 532 64<>0 

268 325 7525 

237 263 7996 

:?73 283 7315 

241 271 7776 

a See tex~page J9. for description of adsorbed and sorbed. 

5 weeks 

5728 

5991 

62J8 

6553 

6973 



4J 

shown b,y corn. The 0 to l em. section of bean roots had the highest 

adsorption of Fe•, whereas t his was true of the l to 2 em. section in 

corn. Except for the Oto l em. section. the adsorption of Fe• b,y 

bean root sect ions appeared to follow the pattern of the CEC b,y sec­

tions and age. The 0 to l em. sections had a lower CEC than the l to 

2 em. sections , yet the amount of Fe* adsorbed was higher. The reason 

for this was not appa rent. \olith the exception of the 0 to l em. root 

section , t he increase in CEC of bean r oots with age was shown in an 

increase in the Fe* adsorbed. 

Swnmary 

The radioisotope of Fe* was used to study the pattern of adsorp­

tion and sorption by excised r oot sections of beans and corn. 

With the exception of the 0 to l em. section of bean roots, the 

amount of adsorption of Fe• followed the CEC pattern. The root sec­

tion with the highest CEC had the highest amount of Fe• adsorbed. 

Sorpti on of Fe• was not correlated with root CEC . 

Less Fe• was sorbed and adsorbed b,y corn roots at the 4 week 

than at the 10 to 12 day age. 

More Fe• was adsorbed by bean roots at 5 weeks than at the 10 to 

12 day age, The amount of Fe• sorbed at 5 weeks was less than that 

sorbed at the earlier age, 
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GF:~RAL DI5CUSSION 

Various assu~ptions exist about the chemi cal constituents of r oots 

'"hich can exchange ions. PPct l.n of th<' plant roots had been s uspected 

as bein~ of importence in the uptake of nutrients. Rel ationsh i p of 

other r oot material s such as ami no acids and proteins in t he outer 

pl asma membrane or phenolic hydroxyl gr oups of lignin tc ion exchange 

had also been suspected, 

Keller and Deuel (1957) undertook a stu~f to determine whether 

there i s a relationshi p between CEC and the pectin content of plant 

roots. The r esults of their study showed tha t graminaceous roots (corn 

and wheat) had less pectin and fewer free carboxyl groups of pec tin 

than did dicotyledonous pl ant s (beans, tobacco and tcmatoes ). Accord­

ing to their experiments , 70 to 90 percent of the CEC of wheat, corn, 

bean, t obacco and tcmato r oots i s att r ibut able to the free carboxyl 

groups of pect i c substances in plants . The CEC is di rec t ly propor­

tional to the pectin content of roots and inversely proport ional to 

the der,ree of esterification of root pectin. 

Huffaker a nd Wall ar.e (1959 ) indicated that the root CEC wa s de­

c r eased approx imatel y one- half when pectates were dissolved from the 

r oot. They did not say what po rtion of the pectate was r emoved, Their 

s t udy i s anothe r indication tha t the pectates are the most important 

single contributor tc the CEC of plant roots, 

Since Keller and Deuel (1957) worked with older roots their find­

ings serve t o s ubs t antiate the findings of the present study, as beans 



and soybeans were f ound t o have rir,her CEC valuPs than did co rn or 

ba rley. 

Since root hairs a re coverPd by a pec t i n coating (Howe, 1921 ) , 

the root hai r zone would be expected to have a hi gher CEC on the basis 

of thr finrlin~s of Keller and DPuel (1957). The l ength s of 1/2 to 2 

em . f r om th<' root apex of the root i s considered the r egion with the 

hi ghes t amount of root hairs ('tli ebe , l95J). HighPr CEC values for 

r 0ot segments in the root ha ir zone we r e found in t hi s s tudy, although 

r oo t hair densit y was not s t udied, In thP 1 to 6 em. section 2/J of 

this r oot hair r egion was included along with po rtions of th e root 

without root h airs. The 1 to 2 em . section was wholly a rPgion of root 

hair s , whoroas t he 0 to 1 em . section had only half as much, anrl the 

other 1 em. s er,ments perhap~ a few r oot hai r s or none at all . In all 

cosps thP. CE(' of root segments tha t incl uded mot hairs ~• •, higher 

than that of segme nts without them, The 1 t o 2 em. s~ otion which was 

entirely a region of r~ot airs had a vRrv high CEC and wa~ consistently 

higher t han all othe r segments s tudied. 

A number of studies ('.vande r and Sit <>s , 1956 , McLean et ;U,. 1956 , a nd 

Huffaker and vallace, 1959) po i nt out th" <J ffP-ct of variation in nutri­

tional status , particula r ly nitrogPn and phospho rus on the CEC of pl a nt 

roots , Huffaker and Wallace (1959 ) note that the factors causing 

changes in r oo t CEC al so influenced the t ot a l organ i c acid content in 

plants. Keller and Deuel (1957) f eel tha t organic acids do contribute 

t o the CEC o f plant roots , but to a lesser exte nt than does pPctin, 

UndoubtPdl y thP. mineral c omposi ti on of the nutrient solutions 

va ried from time of mixl ng to time of changing . Changes in the 

nitrogen s t a tu s of the nut ri~nt solution were pro bably gr eater than 
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for any othPr component of the nutriPnt solution. From thA data pre­

sent"'d by HcLean et al. (1956) and Huf fak P.r and 'tlallace (1q59) , it is 

possible that thn CEC of the plants had somP. eyclic changes introduced 

due to cycles in the nutritional status . This may havP been respons­

ible for variation in CEC values obt a\.n"d 11t particular ages and high 

or lo1v CEC valuPs obtained ••hen the rest ,r th" values >~erP following 

an established curve . 

Data obtained through?ut this study sho••ed that the diffe r ent 

pl ant species studied had entirely diffprent root CEC v<.lues . However, 

as pointed out previously , t his may be due to an eff~ct of pectin con­

tent vari ation between plant speciAS . ThP CEC values chan('ed with age , 

but the different species had individual CEC. 

' . .Jhen the CEC pattern obt ained for corn and barley (monor.otyledonous 

plants) is superimposed on tha t ohtain~d for hPans a dicotyledonous 

plant as s'lmm in Firure 6, it ••as s<>on that at an "arly &~e the CEC 

of the mo~ocotvledonous plants wes 'li~h"'r than that of the dicotyledo­

nous pl ant. Thic di~fere~ce !idened os the curve for t he monocotyledons 

rose sharply. However, th" I{Bp beb:ePn t rP monocotyledon CFC values and 

thosP. of the> dicotylAdon <JUickly closerl as tr"' mo~ocot:rledon curve 

dro~ped sharply and reachPd a fairly constant low value. At thP same 

timP- thP CEC of thP dicotyl edonous pl ant rose slowly a~rl hPrane l a rger 

than that of the monocotylnnonous pl ants at an ar.P of approximately 15 

days. Thi c chanre in CEC values of nonocotylPdons ann dicotyledons 

makes i t necessary to stipulate the aees of the plants when making 

the generally accepted prAmise that monoc,t•ledonous pl ants have a 

lower r oot CEC than do dicot y l edonous plants. 

AGe of plant roots had an effect on the CFC valuP.s obtained . 



CEC valuPS of segments obtained in close proximity to the r oot tip 

were constantl y hir her than for Sef,mP nt s further from the tip. Th i s 

may he due t0 several r ensons. The re is an absence of r oot hairs in 

the rer,inns further from t he r ont tip . Since thP root hai r s have a 

hiv,h pectin content, l ack of thPm would cause a lower CEC . Older 

sections of roots bPcome woodi e r and suberized and would have less 

pectin , anrl conse1uently a lower CEC , 
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..;iebe (l95J ) found that abso r ption of isotopes occurred along 

the entire length of barley roots . Althou~h abso r ptio n occurred over 

the e ntire l ens th, the gr ates t amount was in the terminal J t o 4 em. 

port ion of the root. Absorption was r r adually r educed in the ol der 

portions of the root. The region of hiGhes t absorption pr esented qy 

'-"iebe (195J) and Kramer a ncl Wi ebe (1952) coincirles with the regi on of 

highest CEC obtained for barley r oots in the present study. The de­

creasing absorption in the older porti ons of the r oot correlates well 

with the decrease in CEC found i n older portion s of barley roots in 

thi s study. 

Short term adsorption experiments as carried out in thE' present 

study sh~uld have little compli cation due to metabolic processes and , 

as s uch, should give good correlation of adsorption with r oot CEC. 

Roo t segment s with high CEC had high adsor pti on and sorption of Fe•. 

Althnugh the adsorption and so r ption times in the pre sent s tudy were 

of much sho rte r duration t han t hose usPd by •<i ebe (195J), the r esults 

in both studies parallel each other , 

An exception in the pre sent stu~y of correlation of adso r ption 

of Fe• •..rith root CEC was found in the adsorption by the ti p em. seg­

ment of bean roots, Tris se(;ment , altl.ougr it did not possess the 

highest CEC, had the highest adso rptio~ of Fe•. A similar peak in 
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abso r ption was found f or isotopP.s by '.oiiPbP. (1953 ) . ThP reason for this 

was not appa r e nt. 

In the pr esent s tu rly results of acsorrtion a nd so r ption of Fe• by 

plant r oots correl8 t erl •.•ell with r oo t CEC . 

Since the pH w.ss not known d urin~ nialysis or du rin"" the time the 

r oot scp;m<'nts ·•ere immerscrl in th0 1, 000 ppm. FP.* solutinn , th~ effect 

of tr." pH coulrl not hP t~krn into account. 
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SUMt·t~RY AND CONCLUSI ONS 

The CEC of excised ~ots of corn, barley, bean and soybean plants 

at various ages were studied, 

From the data obtained in this study it was concluded that the CEC 

of plant roots chan~ed with age. This conclusion is based on a number 

of separate findings. First, the CEC pattern found for various excised 

sections of corn roots changed with age. This pattern was obtained 

with all corn root sections studied. The CEC of all the 5 em. sections 

of corn roots a t an early age (5 to 7 days) started off low, rose to a 

peak at an age of 10 to 12 days, after which it fell to a value lower 

than that at which it had start~d and remained there, The 1 to 6 em, 

section had the highest CEC at all times durin~ the study, with the 

CEC of each subsequ~nt 5 em. section cut further f rom the apex of the 

root lower than that of the previous one . At selected ages along the 

CEC pattern established f or 5 em. sections, the CEC values for smaller 

sections (l em.) of corn roots •·ere similar in magnitude to that obtained 

for the 5 em. sections. In t he smaller segments the 1 to 2 em . section 

had the highest CEC values. 

Second , when the experiment was repeated using excised sections 

of barley roots, the CEC pattern developed by corn was repeated in that 

the CEC of all barley root sections started off low, rose to a peak at 

10 to 12 days and dropped to a constant low value smaller than that of 

the starting values. As in corn the 1 to 6 em. section of barley roots 

had the highest CEC value. The subsequent sections obtained further 
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and further from the apex of the root had decreasing values. The 

absolute CEC values for barley and corn were not the same; similar 

sections of barley roots werP- always low~r in CEC than corn. The 

relative chan es in the CEC pattern >:e r e similar for barley and corn . 

The third point in favor of thP ~onclusion is that excised bean 

root sections also developed a CEC pattern with age, but one that 

differed "ompletely 'ro., that of corn or barlPy root sections. Bean 

r oot sections start~d as did corn and barley with a low CEC , but 

instead ~f 1uicklv risin~ to a peak anrl the~ droopin~ to a low value, 

the CF.C rose slowl)' and attai'1ed a va lu" at :; weeks hi!!'her than that 

of corn and barlev. Once the CEC values of beans surpassed that of 

corn and barley they remained higher. The l to 6 em. section had the 

hir,hest values followed by decreasinr,l~ lower CEC values for the 5 em, 

sections obtained further from the apex of the root. At sele"ted 

ages the l em. bean r oot sect ions had CEC values, alth0ugh higher , in 

l ine with those obtained for the larger 5 em. sections . 

CEC values obtained for the 1 em. PI and HawkPye soybean root sec­

tions were higher than those of corn and slightly higher than those of 

beans. The 1 to 2 em. sertlon had the highest CEC values as in the 

beans and corn, 

A study of adsorption and sorption of iron by excised corn root 

sections wa s performed with the aid of the radioisotope Fe59 , 

It was found that iron was adsorbed and sorbed along the entire 

length of the r oots st udied, In the case of corn root sections the 

rreatest amount of iron was adsorbed in the 1 em. sections with the 

righest CEC. '.,'ith the "xception of the tip 0 to 1 em. section, the 

other bean root segments with the highest CEC adsorbed the ~reatest 



amount of iron. P'or no RrpHr,..nt r-1.1sof"1 lh(' 0 to l rn . sec:t~.on had 

th" hi;:;h<"St arlsorption of iron , but C:id not h;vE' th" hi .. h"<t c:::c . 

Th<> cr.:c values of all cor~ ro~t e ncti0n:; dr~;:;ped off 1<1 th ac;e , 

~is .,._qs ACC('!1lpc..nied by a tiec14eas~d adsori tion of iron. The rise in 

CF.:C values of bean root SP~tions tvi th 1::;e '...ta~ accrw1panied by an in­

crA~se in adsorbed iron . 

·~o G~'"l~ra""!. patter., --r iron so r ptio:1 wi. th ::::-:w tion 0f root or C"SC 

was f0un...1 . There J,.."ls , ho:·1cver, in '>oth c0rn a'l.d be a 'Is le!:=s ~...,rrt:i on 

bv rnol 5'J'Ction~ from o] --iqr :llants as wAll .1s h~ fiPCt io'lS oht-3inod 

f r om older arPat; 0" r oots rrg~ rcl less of pl ,nt age . 

51 



LI~RATURE CITED 

Bell , C. 'I!. A sturly of the nature of cation exchnnge at the surface 
of corn roots . 11 . S . Thesis (Rotany Dept .) University of 
'.-lashington, Seat tlP., 1957, 

P1·own, J. C. The effect of the dominance of a metabolic system re­
quirinc iron or copper on the development of lime- induced 
chlorosis . Plant Physiol . 28:495- 502 . 1953. 

Rrown , J. C. , and Hendricks , S . R. Enzymatic activities as indica­
tion of iron defici ency. Plant Physiol. 27:651- 660 , 1952 . 

52 

Prown , T. C. , and Holmes , R. s. I ron supply ann interactinr, factors 
rel ated to limP-induced chlorosis , Soil Sci. 82:507- 519. 1956. 

DrakP , '1, , V~ngris , ,J ,, and Colby , ·.v . G. 
plant roots. Soil Sci . 7?:139-147. 

Cation exchange capacity of 
1951. 

Elgabl ay , l-1. M. , and Wiklanner, r.. Effect of exchange capacity of 
clay mineral and acidoirl content of plant on uptak~ of sonium 
and calcium by excised barley and pea roots. Soil Sci . 67:419-
1+24 , 1949 . 

Graham , E. R., and Baker , 'd. L. Ionic saturation of pl ant roots with 
spPcial reference to hynrocen. Soil Sci. 72:435- 441 . 1951. 

Gray , B., Drake , ~~ ., and Co l by , .-!, G. Potassium co~.petition in ~rass­
legume associations as a f unction of roe>t ca tion exchange capacity. 
Soil Sci. Soc . Amer. Proc. 17: 235- 239 . 1953. 

Hoagland , D. R., and Arnon , D. I. The water culture method for grow­
inp, pl ants without soil . Califo r nia ~xpe riment Station Bulletin , 
No. 347. 1950 . 

Howe , C. G. Pectic mat e rials in root hairs. Bot. Gaz. 72 :313- 320. 
1921. 

Huffaker, R. C., and Wall ace, A. Vari~tion in root cation exchange 
capacity within pl a nt species . Agron . Jour, 51:120. 1959 . 

Keller , Von P,, and Deuel, H. Zeitschrift fur Pf1anzenernahrung 
Dungung Bodenkunde 79 (124) Rand, Heft z , ~eitc 97-1 9?, 1957. 

Kramer , P. J. , and '.Viebe, H. !1 . Longitudinal t, radients of p32 
absorption in r oots, Plant Physiol, 27:661- 674. 1952, 

Marcour, M, Physical chemistry laboratory annual report (in French) , 
1954. 



Vntts'1n • .. r ... ,·~.·s ()r ionic- PXchanp:P . III Ann. A"'r . Cal l. sw~rlPn . 

1;:)08- J l G. 1948. 

53 

l'.cLPan, f. " · flant ~rowtr ond urtaJ.-n of nutrirnts as influenced by 
l PVPls of nitroc;en . 5nil Sci. ~or . AmP r, !'roc . ? l:?l0-222. 1957. 

Mc!R-D. n , 1
". "· • A~ans , D., ?.nrl ?' ran~ lin, P. t;" ., Jr. Cati"n exchan:"e 

capacities of pl nnt roots as rPla ted tn their nitrog~n contents, 
Soil ,;ci. ' oc. ArnPr. Proc. ?0 :]45 - JI:7 . 1956, 

McLPan, r.;, " and PakPr, F. F. Cationic activities in systems of 
pl nnt root s . Soil Sci. Soc. AmPr. Proc. 17:100-102, l95J. 

Mehlich, A. F~ctors affPcting adsorption o f cations by r l -nt roots. 
Soil ;..ci. Soc . Amer. :'r oc. 17 :?31-234 . 1953 . 

Olsen, C. The stg~ificancP of concentration fnr thP ratP. of ion 
abso r ption by highf'r pl11nts in water culturf'. Physj.ol. Plant. 
3:15?-164. 1950. 

Overstrf'et , R., and DPan, 1. A, f'h" avai1abilitv of soil anions, 
E. Tr uog , ed. MinP ral nutrition of plants . University of 
•·:isconsin i' rPss, t1B di son . pp . 79-105. 1951. 

Overstreet , R., and Jacobson, L. Mechanisms of ion absorption by 
roots. Annual RPvinw of Plant Phys ioloey 3:189-206. 1952 . 

PartPr, T. ~ ., and T"or'1e, D. '·'' · Interrelation of carbon dioxide a!"d 
bicarbo:~3tP ions in cau5inf" pl ? nt chlorosis. Soil Sci. 79:J73-
J8?. 195?. 

Smith, P.. I. Factors influencing absorption &nrl t.ranslocati0n of 
calcium anrl potassium by citrus and somP othe r pl ant spPcies , 
Ph. D. fhosis , fio!"ticu]tural SriPnre, P . C. l .A. 1955. 

ThornP, D. ' . .J . , anr PPt~r ::on, P. n. Irrir"a tPrl ~.,i J s , thPir fPrtili t y 
and ManagemPnt. Th<' 0 la',i s ton Compa~y . Inc., 'lew York. 1954. 

'''elch, H, V. , Jr. , Wallace, A. , and MuPller, R. T. I nfluence o f 
factor; ally cornbin<'d lev<'l ~ of cations nnci nitrate ions adsorbed 
on ion exchange resins on the nutrif'nt absorp tion by plants. 
Soj l Sci. So~ . Ampr, Proc. ln:lJ7-l40, 1954 . 

Wiebe , E. H. A study of abso r ption and translocation of r adioactive 
isotopes in va rious region s of barley roots , Ph. D. Thesis, 
Plant Physiology , Duke Univers ity. 19:3. 

lo/illiams , D. F, , and ColPman, II. T. C<>t ion PXchan~e prope rti es of 
plant root surfac es. Plant and Soil ? :?43- 256. 1950 , 



54 

APPENDIX 



Table 8. Summary of CEC values obtained for 5 em. root sections of KY7 corn in the agP study (Section I ) 

Age (daxs2 
Root 

Section Replicate 5 7 Q 10 11 12 13 14 16 17 20 22 25 28 
(cm.2 ----------------

1 to 6 1 52 53 47 66 102 66 61 57 39 27 36 29 30 
? 57 51 1>9 60 96 64 67 54 40 ?9 39 JO JJ 
J 48 46 5~ 56 88 65 61 51 4~ JJ 40 26 37 
4 47 50 46 62 78 1>9 61 62 37 15 33 35 28 

6 t o 11 1 21 24 ?? 4() 44 36 36 47 41 33 28 26 27 25 
2 '27 ?7 25 4? 41 33 J4 1•8 39 37 J6 33 26 24 
J 19 22 21 !17 46 19 17 41 36 Jl 22 28 31 Jl 
4 21 27 23 39 41 56 37 48 56 35 JO ?1 28 '2 

11 to 16 1 16 17 ?9 37 ?? 50 33 22 26 21 ?.0 
2 1~ 19 26 35 29 39 34 19 31 21 17 
3 17 17 21 34 31 37 33 24 J 4 17 24 
4 13 15 24 :;e 9 34 36 7 29 17 31 

First 5 em. 1 16 ?l 16 17 21 ?? 24 11 17 12 15 
f onned 2 17 15 17 17 22 ?4 26 1? 14 14 14 

3 19 16 21 20 29 26 22 10 16 11 12 
4 12 20 10 10 12 19 24 7 13 15 15 

'-' '-' 



Table 9 . Summary of CEC values obtained for 5 em. root sPctt ons of A tl a ~ ~r1P.y 
(Section I) 

!;}!,P (days) 
Root 

SPct ion Replicate 7 9 lJ 14 1h ?1 28 
(em.) 

1 to 6 1 56 49 60 66 49 43 34 29 
2 jl 57 62 63 41 39 30 29 
3 5? 51 57 69 42 36 37 30 
4 49 31 57 58 52 4? 35 28 

-------
6 to 11 1 4-_: 47 47 45 27 27 21 

2 41 49 41 1>6 25 23 20 
3 46 43 4U 38 29 26 17 
4 30 37 4h 31 31 40 18 

11 to 16 1 31 37 42 25 27 19 
2 30 32 41 23 21 17 
3 24 30 37 27 20 16 
4 27 25 44 29 20 12 

Fir st 5 em . 1 15 16 15 14 14 1? 
formed '2 19 17 14 14 16 15 

3 17 16 16 13 13 14 
4 9 19 15 15 13 15 

'"" "' 



Table 10 . CEC valuP.s obt ained for 5 em. r oot sectlons of Great ~orthern 
beans i n thP ar,e study (Sect ion I) 

Root 
Section Replicate 10 11 14 20 4? 

(em, 2 

l to 6 l 52 30 46 53 97 
2 46 37 42 52 87 
J 37 ?7 56 60 88 
4 JJ J4 32 55 80 

6 to 11 1 ?7 29 46 66 
2 ?l 2? 47 65 
J ?6 30 31 47 
4 JO 43 36 7A 

11 t o 16 1 26 29 42 
2 22 26 44 ., ?.4 19 39 -' 
4 28 42 47 
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Table 11. Summary of CEC values obtained f or 1 em. root sections of 
KY7 corn. Great ~orthe rn beans. Hawkeye and PI soybeans 
(Section II) 

Corn Beans Soybeans 
Hawk- PI 

Root eye 
Section Replicate Ae;e {da::.::s2 Age (da::.::s2 Age (da::.::s) 

(em.) 10 to 12 21 35 ?l 35 35 35 

0 to 1 1 46 64 47 46 127 89 119 
2 44 67 45 44 121 90 108 
3 51 68 41 41 126 77 111 
4 39 61 51 57 114 96 102 

1 to 2 1 237 119 109 124 139 141 166 
2 221 121 111 121 140 147 167 
3 227 117 107 124 1)2 131 151 
4 24? 95 85 12J 141 1) 7 172 

? to ., 1 139 89 56 91 79 140 109 
-' 

2 141 81 53 90 72 1Jl 117 
3 129 92 51 76 71 126 101 
4 147 86 56 99 94 127 109 

) to 4 1 77 eo 52 67 86 120 82 
2 71 71 54 62 87 109 86 
3 76 71 59 59 81 106 92 
4 72 90 79 64 86 105 96 

l; to 5 1 )0 J6 41 40 65 57 97 
2 29 37 J6 41 66 58 88 
J )1 41 34 39 71 66 86 
4 J8 J4 29 )2 54 55 97 
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Table 12. Summary of Fe• adsorbed and sorbed by various root sections 
of KY7 corn at various ages (Section III) 

AgP (Clays) Age (days) 
Root 10 to 12 J~ l Cl to 12 J~ 

Section Replicate 
(em.) Fe• adsorbed Fe• sorbed 

cpm 

0 to l l 428 47 752 622 
2 409 42 761 641 
3 401 7l 773 658 
4 426 lj.() 754 661 

l to 2 l 509 51 2683 1376 
2 547 52 2441 1384 
3 541 47 2611 1298 
4 547 62 2625 1466 

2 to 3 l 442 90 3581 1407 
2 4J9 61 J45J 1486 
J 411 5J 3401 1592 
4 440 76 JJ73 1483 

3 to 4 l 480 58 J492 l 6Jl 
2 487 51 J497 1647 
3 481 4o 356o 1634 
4 468 6J J619 l 6J6 

4 to 5 l 401 7l 256o 1)81 
2 424 54 259J l J97 
J 459 48 2618 lJ80 
4 400 51 2617 1386 
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Table 13 . Summary of Fe* arlsorbed ann sorbed by various root sections 
of Gr.,at lllorthern ~eans at variou s a~es (Section III) 

A~e (days) Age (days) 
Root 1? to ll; 1~ 1? to 14 J~ 

Section Replicate 
(em.) Fe* arlsorbed Fe• sorbed 

cpm 

0 to 1 1 644 531 6396 5721 
2 601 547 6382 5727 
3 597 541 6471 5764 
4 578 509 6351 5700 

1 to 2 1 290 J14 7527 5990 
2 231 301 7523 5989 
J 257 316 7581 5978 
4 294 J69 7469 6007 

2 to 3 1 ?31 260 7982 6242 
2 ?36 279 7890 6109 
3 257 ?66 7997 6251 
4 ?24 247 8115 6350 

3 to 4 1 277 281 7301 6562 
2 271 ?94 7J42 6551 
3 24? ?77 7311 6558 
4 30? 280 7J06 6541 

4 to 5 1 246 ?1\6 77?fl 6974 
2 247 285 7772 6901 
3 ?01 270 7789 6967 
4 270 24J 7765 7050 
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Table 14. Summary of Fe• arlsorbed and sor bed on excised KY7 corn root 
sections under varying times in Fe• and KCl solutions 

Time in Type of Fe• TimP in Fe• solution 
0 .05 :i KCl associated (minutes) 

Sol ution with the root 1/2 1 2 5 10 

(minutes) cpm 

1/4 Adso rbed 237 )07 317 3:?7 ) 40 
:?41 ) 09 )42 )0) )01 
221 ) 14 286 333 )22 

1 /4 Sorbed 44:? 691 761 764 1071 
46) 702 752 771 106o 
454 695 797 77!'3 1097 

1 /2 Adsor bed 446 457 47? 472 497 
442 426 406 477 481 
4)8 479 517 476 489 

1/2 Sorbed 4)9 66) 967 1001 966 
451 640 901 916 979 
472 641 916 927 986 

2 Adsorbed 466 468 445 451 440 
44) 457 492 490 501 
456 452 491 493 493 

2 Sorbed 498 797 931 947 1014 
490 797 901 937 96o 
476 782 916 936 954 
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