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Summtiizary. Primary roots of solution--grown, 5-day-old or 6-day-old seedlings of
corn (Zea mays L.) 10 to 14 cm in length were used to study radial salt trtansport.
Measurements were made of the volume of root pressure exudation, salt concentration
of the exudate, and rate of salt movement into the xylem exudate. The 32p uptake,
09 consumption, and dehydrogenase activity of the root cortex and stele also were

studied.
These roots produced copious root pressure exudate containing 4 to 10 times the

concentration of 32p in the external solution. Freshly separated stele from 5-day-old
roots accumulated 32p as rapidly as the cortex from which it was se!parated and the
stele of intact roots also accumulated 32P. Separated stele hfas a higher oxygen
uptake than cortex. It also shows strong dehydrogenase activity with the tetrazolium
test. The high oxygen consumption, 32p tuptake and strong dehydrogenase activity
indicate that the cells of the stele probably play a direct role in salt transport.

These data raise dotubts concerning theories of radial salt transport into the xylem
based on the assumption that the stele is unable to accumulate salt vigorously.

It is generally agreed that root pressure exuda-
tion is the result of accumulation of salt in the
xylem elements which brings about inward move-
ment o!f water along a gradient of water potential
(5, 14, 15). Such an explanation requires an active
transport mechanism to move the salt into the stele
and an ion barrier to cause it to be acctumutlated
within the xylem vesselis. However, in spite of
extensive study, little is known about the mechanism
by which salt is moved into the xylem vessels.
According to the most often cited theory of radial
salt transport in roots, salt is accumulated by the
cortical cells and moves inward through the sym-
plast by diffusion, perhaps aided by cytoplasmic
streaming, to the stele where it leaks out of the
stelar parenchyma cells into the xylem (4). This
theory was strengthened by observations of Laties
and Budd (10) who reported that cells of the stele
are both leaky and ineffective in salt absorption
when first removed from the stele and only accumu-
late salt effectively after 24 hours of incubation in
solution. Other investigators have proposed that
the endodermis may actively secrete salt into the
stele (1, 2,13) and some have proposed that the
adjacent parenchyma cells may secrete salt into
the xylem vessels (1, 11, 13, 16).

This study was undertaken in an attempt to
learn more about the radial transport of salt in
roots, and to search for an adequate theory to

1 Work supported by AEC contract No. AT (40-1) -
1827.

explain salt accumulation in the xylem vessels of a
copiously exuding root. It also provided a test of
the general applicability of the hypothesis of Laties
and Budd that the stele of intact roots has a very
limited capacity to accumulate salt.

Methods

Materials Used. Seeds of corn (Zea mays L.,
Pioneer hybrid, No. 309-B) were soaked in tap
water for 5 to 6 hours and germinated between
wet paper towels. After 3 days, the roots were
inserted through holes in a cover on a container
filled with half strength Hoagland's solution (7).
Three days later, primary roots were ready for use.
Lateral root primordia were present in the older
regions of these roots as indicated in figure 5.
WVhile part of the experiments were performed by
using the above roots, designated throughout the
paper as 6-day-old roots, part of the data were
obtained from roots grown in solution for 2 days
instead of 3 days. Use of the 5-day-old roots
eliminated the complications that may be caused by
the presence of nuimerous lateral root primordia in
older roots.

Exuidation Rate, ,Salt Contcenitration, and Rate
of Salt Mlovemnent. Apical segments of the 6-day-
old corn roots about 10 to 14 cm in length were
excised. The basal end of each segment was wiped
dry and coated with a layer of high vacuum silicone
grease. This provided a water tight seal when the
basal end of the root was slipped into a piece of
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polyethylene tul)ing havinig a bore nearly the same
as the diameter of the root. The tubiing served to
collect the exudclate. The root sturface was caleu-
lated from the diameter and length of the portion
of each root immersed in the experimenital solui,tion.

The salt concentration of the root exudate was
determined by measturing the electrical conduclctivity
of the extudate with a conductivity bridge, and a
specially constrtucted well-type conductivity cell re-
quiiring only 10 p.l per sample. The cell was cali-
brated with known concentrations of KCl solution
and the conduictivity of the roo;t exudate was ex-
pressed as KCl equivaleints. The rate ef salt move-
ment was calcuilated from the voltumne anid salt
concentration of the exuidate.

Exudclation rates andI salt concentrations were
meastured at 19 houir intervals with 10 roots in
aerated or nonaerated external root media. The
total experimental perio(I w-as 48 houirs. Roots
were bathedI in half strength Hoagland's solution
during the experiments. The rate of extudatioin is
shown in figtire IA, the salt concentration of the
exud(late iii figuire 1B, and the rate of salt movement
in figtire 1C. The volume of root pressuire extuldate
and the amouint of salt transported indicate that
the corn roots uised in this stud(ly are stiitable
material for investigating radial transport of salt
in roots. The lack of response to aerationi indlicated
that it was uinnecessary und(ler the con(litions of
this experimeint.

_[eCOSZ(rejleIcsltS Of -P U17ptake by Separated Cor-
telox ad Stele. The apical 1 or 2 cm were remove(d
from 5-day-old roots 10 to 12 cm in length and the
cortex was stripped from the stele. The separation
occurred at the endodermis, leaving the stele intact.
The strips of cortex were broken into segments 2 to
8 cm long andI split longitudinally once or tw,vice to
ensuire a thickness of tissue similar to tha;t of the
stele. Both kind(s of tissue were suispen(de(d in half
strength Hoagland's soluition buffered at pH 6.1 by
"Mes buffer, 2- ( N-morpholino) -ethanlesuilfonic acid
(6) uilntil used in exper ments. Samples of stele or
cortex were ,lotted Cry wxith filter paper ancl
weighe(l. Th > freFh w eight per sample ranged from-i
50 to 150 mng. The samples of tisslies were then
enclosed( in tiny cheesecloth bags which were suis-
pendled in experimental solution by means of wxax-
coatedl wire, looped within the bags to prevent their
collapse. The experimeintal soluition used was half
strength Hoagland's soluition (pH 6.1), with enotugh
3 a,dded to prodtice an activity of 20 ,uc per liter.
The maximtlm final phosphoruis concentration of
the soluitioi was 0.5032 m\i. Samples of fresh
stele and cortex xvere uisedl 2 to 4 houirs after be-gn-
niing separationi. Samples of aged stele and cortex
were uised after 24 houirs' incubation at 300 in btif-
fered half strength Hoaglaind's soluition. The 32P
uptake periocl was 4 hoturs for all samples. At the
end of each tiptake period the samples were washed
in a large voltime of half strength Hoagland's solu-
tionl at 0 to 50 for a total of 10 minuites to remove

32P from the tissue sturfaces. The wash soltution
was changed 3 times during this period. The 32p
activity was then determine,d from dried samples of
tissue wi,th a gas flow counter at a counting
efficiency of about 45 %. The cotunt rates were
not corrected for sample self-absorption, which
amotunte-d to about 2.5 to 3 % for 32p. Experiments
were performed at a constant room temperature of
approximately 240.

Uptake of 32p bY Cortex (atnd Stelo of Inttatct
Roots. Sixteen to 20 excised intact roots similar
to the ones used in the previous experiment xvere
stuspended for 4 or 8 hoturs in the experimental
solultion prepared as in aboave experiment. The ctit
end of each root was fitted with a small pDlyethylene
ttibe to collect the exuidate. At the enid( of each
experimeint, the roots were washed inl half strength
Hoagland's soltition at 0 to 50 for 10 miiniltes and
the cortex separated from the stele. The roots aind
the separated stele ancd cortex were kept between
sheets of wet filter paper while Inot in soluition.
Half of the samples of separatedl stele aindl cortex
were washed a secoind time in half streigth Hoag-
land's soluitioin at 0 to 50 for 30 miintites, vvhile the
other half were not. The second washing did not
remove any additional 32p. The fresh weights of
the stele and cortex separated from each ind(livi(ial
root wvere determine,d soon after separation or after
the second washing. Samples were then placed on
planchets and were dried for 32p determination.
The total amount of extidate collecte(d from each
root was recorded antd the exuidate Nx-as puit oInto
disks of filter paper in planchets for dletermination
of the total 32p containied in the xylem exuladte.

°2 Uptake and Dehydrogenase -AIctivity. The
respirato,ry activity of 5-day-old root tissue was
measured in terms of 02 tiptake with1 caWarburg
apparattis. Pieces of cortex or stele similar to
those used in the 32P tiptake stuidies were suspended
in 3 ml o,f buffered half strength Hoagland's solui-
tioni in \Warbtirg flasks. Aboout 0.2 mnl olf 20 %
KOH wvas placed in the ceniter well oif each flask
to trap the C)., evolved (ldurinig respiration. The
flasks were suspended in a 30° water bath anld the
0., consuimption was measuired approx:nmately 4, 5,
and 6 houirs after the stele and cortex were sepa-
rated. Measuirements were made again after 24
hours of aging in the experimental solution at 30.

Relative dehv(lrogenase activities of cortex and
stele were determined by suspen(ling freshly pre-
pared central longitudinal sections of root tissue
(from 6-day-old seedlings) in a phosphate buffer
(pH 7.6) to wh:ch wvas added enotilgh neotetra-
zolitim phosphate to make a 0.05 % solutioni. The
tissuie was incubatedl at 370 for 2 hotirs. In a
control exper ment, the neotetrazoliLem phosphate
was replaced biy distilled water. The red precipi-
tate resuilting from redullction of tetrazolitinm salt
was uisedI as an indication of the -site of (lehy-
dlrogenase activity (3).
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Results

The rate of exudation, salt concentration of the
exudate, and rate of salt movement of aerated and
unaerated 6-day-old corn roots are shown in figure
1. Apparently the oxygen supply to .hese roots
was adequate, because aeration with a stream of
air did not restllt in any significant increase in
salt uptake or exudation.
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FIG. 1. A) The rate of root pressure exudation per
cm2 of root surface area; B) The salt concentration of
the exudate expressed as KCI equivalents; C) The
rate of salt movement per cm2 of root surface; all for
12 hour periods for 6-day-old roots.

The results of the measurement of uptake of
32p by separated cortex and stele are presented in
table I, column (1). Accumulationof 32Pwas about
the same for cortex and stele, and was much greater
for fresh than for aged tissue. This is contrary
to the finding of Laties and Budd (10) that stele
tissue separated from the cortex for 24 hours
showed increased uptake of chloride.

The results of measurements of uptake of 32p
by cortex and stele of intact roots which subse-
quently were separated for measu,rement are shown
in table I, columnns (2) and (3), and in table II.
Considerably more 32p was accumulated in the cor-

tex than in the stele of intact roots during a 4 hour
uptake period. However, when the treatment pe-

riod was lengthened to 8 hours, the accumtulation
in the stele and cortex were about the same, sug-

gesting that the capacity for 32p accumulation of
stele and cortex are about the same when the
supply is not limiting. This also is supported by
the data presented in column (1) of table I which
indicates that the initially separated stele, in which
32p is not barred by the cortical tissue from entering
the stelar cells, accumulates as much 32p as the
cortex. The delay in uptake by the stele might
resulIt from the longer pathway and greater resist-
ance to movement of ions to stele than to cortex.
It also appears from this study that the stele is no

leakier than the cortex, because the second washing
of the sepa.rated cortex and stele did not remove
any additional 32p from either the stele or the
cortex.

The data of table II on 32p uptake for 4 hours
and 8 hours indicate that an increase in total 82p
of the exudate accompanies increased 32P accumu-

lation in the stele and cortex. There also is a

positive correlation between the 32p content of the
xylem exudate and the volume of the exudate.

Figure 2 shows the 32p uptake by separated
stele and cortex of 6-day-old roots. The 32P ac-

tivity of the external solution used was 12 uc per

liter and the experimental solutions were not buf-
fered. Azide used at a concentration of 10-3 M

(9) in some experiments greatly reduced the 32P
accumulation. In the absence o,f azide, the stele
appears to accuimulate greater amounts Of 32p than
the cortex, possibly because of the presence of

Table I. 32P Uptake in Cortex and Stele of 5-Day-Old Corn Roots
The data are expressed as counts per minute per milligram of fresh weight. (2) and (3) were obtained from

2 different sets of roots. Data presented in (1) are averages of 8 samples; in (2), 20 samples; and in (3), 16
samples.

(1) (2) (3) Initially separated* (1) (2) (3) Initially intact** (1) (2) (3) Initially intact***
Cortex Stele Cortex Stele Cortex Stele

Fresh Aged Fresh Aged
28.8 10.2 30.3 11.0 23 9 11.6 524.0 497.3
+4.8 ±3.5 +5.9 +5.9 ±6.1 ±6.4 ±+17.2 +22.9

* Separated cortex and stele having 4 hours uptake period.
** Intact roots immersed in 32P for 4 hours and the stele and cortex separated for counting.

* Same as (2), except the uptake period is 8 hours.
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Fi(. 2. 32P ulptake by separated stele anud cortex of
6-dav-old roots anid the inhibitory effect of azide. Treat-
ments started appI)roximately 4 hours after the beginning
of separation of stele anid cortex. x, o mnean of 4,
others mean of 3 replicationis. The same experiment was
repeate(d with sillmilar results.

lateral root primordia in the stele of these 6-day-old
roots. Apparently the cells of root primordia ac-
cummulate large quanitities of 32p. The strong re-
dtiction of 32P tiptake hy azidle indicates that there
is metal)olic accumutlation and not merely isotopic
exchange of the radioactive phosphoruis with the
nonradioactive phosphorus already in the roots.

The oxygen uiptake of cortical and stelar tissue
of corn roots is shown in figtire 3. The points
that are coninected b)y lines in the graph are the
averages of 6 measurements (fig 3). The indi-
vidlial measuirements are plotted aroundl the aver-
ages.

The stuidy indicates that the stele has a higher
rate of 0. uiptake than the cortex in both fresh and
aged tissuies. There is a con,sistent (lecrease in
respirationi of b)oth cortex and stele as the tissue

ages. Figure 4 is a comparison of 32P uiptake and
respiration in separated fresh and aged tissue of
stele and cortex. Both 32p uptake and respiration
are higher in fresh tissues than in the correspond-
ing aged ones. Despite a significantly greater rate
of respiration in both fresh and aged stele than in
cortex there were no differences between the stele
and cortex in regard to 92P uiptake (table I, column
1 and f-ig 4).
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FIG. 3. Change in resp)iration with time of stele anid
cortex of 5-day-old roots.

Resullts of the study on the relative dehydro-
genase activities of cortex and stele are shown in
f glre 5. It is noted that the root tip, lateral root
primordia, pericycle and nearby regions displayed
high activities. Stele tissuie in general showed a
higher activity than the cortex.

Table II. 32P Uptake by Cortcx and Stclc of intact Roots
The data for 4 and 8 hours were obtained from 2 different sets of roots.

Four hr uptake

Cortex

CPM\/mg
11 2
24.7
21.6
26.7
26.9
21.6
22.4

25.8
20.2
379

Stele

fr wt
8.4

23.7
12.7
13.3
8.3
8.9
8.4
8.5
7.5

16.5
* Accumulation factor

** Not nieaisured.

Exudate

CPM/sample
48
358
38
57

**

57
26
105

Cortex

CPM/mg
613.7
278.1
988.0
460 5
397.7
294.6
517.7
641 8
577.0
458.7

Eight hr uptake
Accumulation

Stele Exudate factor*

fr wt
701.5
222.0
853.7
481.7
363.0
108.3
401.0
380.0
586.8
458.0

CPM/sample
33,52.4
916.4

1021.1
3021.0
3303.6
687.5
1051.0
1628.5
1604.7
4507.0

8.2
8.9
8.3
9.9
9.4
3.9
102
5.7
8.9
7.0

32P conic. of the exudate/32P conc. of root mediuim.
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A-Azide

_ a Stele (-A)

/
/

/
/

o Cortex (-A)

/

C* Cortex (+A)
+ - -+-.-- -- -- +.Stele (+A)

Volume of
exuidate

IA1
21.5
5.4
6.5

16.0
18.5
9.2
5.4

15.0
12.0
20.0
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FIG. 4. Comparison of 32P uptake and respiration
in separated fresh and aged tissues of stele and cortex

of 5-day-old corn roots. The actual values mav be seen

in table I, column 1 and figure 3.

CORN

j*i

2-14 10-12 8-10 4-6 2cm Tip C

FIG. 5. Photomicrograph of central lonigitudinal sec-

tions of 6-day-old primary root treated NN-ith neotetra-

zolium salt, show-ing the relatively high delhydrogenase
activity located in the stele, root tip and lateral root

primordia. Numbers refer to distance from root apex,
C refers to untreated control segments.

Discussion

The restults obtained from these experiments
are interesting when considered in relation to the
root pressuire theory of Crafts and Broyer (4) and

the observation of Laties and Budd (1 0) on salt
uptake by the stele. The results of the present
experiments dififer from those of Laties and Budd
in 2 respects. First, they reported that steles re-
moved from apical 2 cm segments of roots of
4-day-old seedlings initially have a verv low salt
accumtulating capacity, but in the present experi-
men'ts with older and longer root segments the
stele accumulated salt as vigorously as the cortex.
Second, they reported that the stele showed a
dramatic increase in accumulation of salt after 24
hours of aging, but a decrease in salt accu,mulation
of the aged stele and a corresponding decrease in
respiration were observed in the present experi-
ments with 5-day-old roots. Some experiments
with 6-day-old roots showed an increase in salt
uptake by the stele over the period 6 to 8 hours
after separation, but uptake decreased in the 8 to
10 hour period (fig 2). In these experiments
uptake of Cl-, and they aged stele and cortex in
by the cortex after 6 hours from beginning separa-
tion, possibly because of the large nuimber of branch
root primordia developing in these roots.

The difference in results obtained by Laties
and Budd and by this laboratory may be due to
differences in age and physiology of the roots and
also different experimental conditions tused in the
2 laboratories. Laties and Budd (10) studied the
uptake of Cl-, and they aged stele and cortex in
10-4-v CaSO4 solution. In contrast to the behavior
of corn roots, a gradual increase in salt uiptake and
respiration was observed in the separated stele of
roots of Vicia faba L. Roots of this species show
little extudation (unpublished results). Thtus it is
important to realize that what seems to be true of
1 kind of root may not be true osf other kinds of
roots. Even among roots of the same species, the
physiology may differ at different developmental
stages.

The high uptake of 321p and 2, and the high
dehydrogenase activity of the cells of the stele of
the corn roots used in these studies indicate that
they are physiologically very active. They cer-
tainly have a high capacity to accumulate salt,
whether in situ or when separated from the cortex,
con'trary to the claim of Laties and his colleagues.
Unfortunately, althotugh our data raise doubts con-
cerning the passive leakage of salt ouit of the cells
of the stele into the xylem elements, they do not
provide an alternative theory to explain the racdial
transfer of salt. The high physiological activity
observed in the tissue of the stele suggests that it
may play an aictive role in radial transport of salt
rather than the passive one proposed by the
Crafts-Broyer theory. It is regrettable to concltude
that little more is known today th!an was known
2 or 3 decades ago about the mechanism of radial
transport of salt into the xylem vessels, becatuse
collecting nutrients from the sutbstrate and stubse-
quently distributing them to the whole plant is one
of the most important functions of roots. The
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results of this study suggest that a critical re-

examination of the theories abouit the mechanism
of radial transport of salt into xylem vessels is
needed.
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