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Stummiiilary. Excised pieces of vascular bundle and phloem tissue were allowed to ac-
cumulate radioactive phosphate and sulfate. and were then sectioned and autoradio-
graphed so as to dctect the sites of accumulation. Special methods were needed to
prevent any diffusion of the radioisotope. Some autoradiographs obtained are presented.
In excised celery vascular bundles, the most radioactive area and hence the most actively
accumulating tissue was the young secondary phloem at the sides of the bundle. In
intact plants, the same tissue was the most active in translocating. In excised apple
phloem there was sorre variation in behavior, but again the young secondary phloem was
generally the most actively accumulating tissue. Accumulation activities of individual
cells in the phloem and vascular tissue were compared. It appeared that all cell types,
ray, phloem and xylem parenchynma, cambial cells and sieve tubes. accumulated at least 5
times more actively than did the cortical parenchyma cells. The sieve tubes were among
the most actively accumulating cells present, accumulating 20 times more activelv than
the cortical parenchyma cells. It is concluded that accumultilationi processes have a
primary role to play in the mlechlanlismli of phloem transport.

In the preceding paper (2) it has been demiion-
strated that excised phloelll and vascular tissues take
up solutes from external solutions by a true accumu-
lative process, und(ler metabolic control. ani(l against
high concenitratioln ratios. Phosphate, sulfate anld
suicrose were each accumliulate(d up to 40 times faster
than by comparable parenchyma tissues; and( sucrose
takeni into the tissue stayed mainly in the forml of
sucrose, the maj or translocatory carbohydrate.
These results stuggested that accumiiulationi mecha-
nisn's were involved somehow in the phloem translo-
cation process of the intact plant: to elucidate the role
they might play, we require a knowledge of the sites
of accumulation in the excised tissues. Shoul(d ac-
cumulation occur solely into phloem parenchvma
cells for example, the role would probably be sec-
ondary, since most translocation is believed to take
place via the sieve tntbes. However, if any consider-
able amount of the solute was being accumulated into
the sieve tubes themselves, there would be good
grounds for considering that anion and sugar ac-
cumulation processes could have a primary role to
play in the phloem translocationi process.

An attempt has therefore been made to idenitify.
by autoradiography. the cellular sites of accumilulationi
in excised phloem and vascuilar tissues. Most of the
accumulated material was water-soluble. and so spe-
cial sectioning and autoradiographic techniques had to
be developed so as to preserve cellular detail without
causing redistribution of the radioactive material.
Difficulties were such that experiments emiiploying
sucrose-14C would have been too expensive, and so
the accumulation sites of phosphate and sulfate alone
were studied.

Methods

Prcp(aratio i of Excise(d Tissutes a01(1 Acciim ul(atioi
of Radioactive Aniionis. Apple phloem and( celery
vascular l)unldle tissues were isolate(d as (lescril)e(l
previously (2), and( washed in 4 chaniges of 10-4 1

CaSO, (for phosphate-32P experiments) or 10- M
CaCl, (sulfate-35S experiments) for 16 hours at 24°
oni a rotary shaker. The subsequent experimenital
schedule Nvas designed to minimiiize any tendencv of
the anions to adsorb inonspecifically to the tissue.
Tissues were aerated on a rotary shaker at 24° in A)
distilled water, 15 minutes; B) nonradioactive 10-4 M
KH2PO4 (phosphate accumulation experiments) or
10-4 M K,SO (sulfate accumulation experiments),
15 minutes, in order to fill adsorption sites with non-
radioactive anion; C) distilled water, 3 changes, 45
miinlutes; D) 10-5 izt KH 32P04, 10 ,c/ml or 10- M
K.35 04, 40 uc/ml, for 4 hours; E) distilled water,
4 changes. 15 minutes; F) nonradioactive 10-4 al
KH.,PO4 or 10-4 AI K,SO4, 15 minutes to remove
exchangeablv adsorbed radioactive material: G) dlis-
tilled water, 20 minutes. Tissues were then blotted
gently and quick-frozen in toltuene at -78X (drv ice/
ethanol bath).

Tranislocation1 in Itact Cclery Petioles. To conl-
trast the behavior of excised bundles with that of
bundles present in the intact plant, the site of trans-
location in intact celery leaves was studied. Mature
growing celery plants were used. The radioactive
solutions (10-4 M KH932PO4, approx 2 mc in 0.2 ml
per leaf; and 10-4 Al K.3;-SO, approx 3 mc in 0.4 ml
per leaf) were injected into the hollow center of the
subsidiary petiole of 1 leaflet, or (plus 0.5 % Tween
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11ELESKI-S1TES OF ACC1X\fULATION IN EXCISED PHLOEM

20 detergent and 5 % sucrose) painted onto the leaf
surfaces. After 1 or 4 hours, the leaflets and sub-
sidiary petioles were cut off and discarded; then
short lengths of the main petiole were cut, and seg-

ments containing bundles were excised and immedi-
ately quick-frozen.

Drying, Elmbedding and Sectioning Tissute. To
avoid any redistribution of the water soluble mate-
rials, each step was carried out in such a manner

that solute diffusion could not take place. Frozen
tissue was removed from the toluene, placed on a pre-

chilled filter paper pad on a block of dry ice, and
covered with powdered dry ice, so as to allow the
toluene to drain off; then transferred to a vacuum

desiccator prechilled to -30°, containing P,05 as

desiccant. The desiccator was evacuated to 0.1 mm
Hg and held there at -250 for 1 week, then brought
to room temperature. The vacuum was then slowly
released, during 5 minutes, through a PO,, trap.
Tissue was transferred quickly, so as not to pick up

traces of atmospheric moisture, to a tube containing
molten embedding wax, and a metal gauze shield was

thrust down to submerge the tissue. The tube was

held at 600 and evacuated to 0.05 mm Hg for 2 hours.
then the vacuum was released through a verv slow
leak over the next 10 hours. Pieces of tissue were

then embedded in blocks in the conventional way.

Sections were cut at 5, 10 and 20 u, in transverse
section (TS), radial longitudinal section (RLS) and
tangential longitudinal section (TLS), on a Cam-
bridge microtome, on nonhumid days. Ribbons were

either gathered on a large rubber bung that had pre-

viously been dusted with talcum then wiped clean, and
mounted directly (by method I); or they were col-
lected in vials which were kept over P,05 until the
sections were required for mounting (by methods II
and III).

Mounting and Autoradiographing Sections. In
method I, the paraffin ribbon containing the sections

was pressed onto the surface of the autoradiograph
film, autoradiographed, then moistened to cause the
sections to adhere to the film, and the film was then
processed (10). In method II, sections were freed
of paraffin wax, stained, mounted in canada balsam,
and autoradiograph film was laid over the top, ex-

posed and processed. In method III, sections were

dewaxed and stained, then laid directly on the surface
of the autoradiograph film, autoradiographed,
moistened and the film was processed.

The detailed procedure for method I is as follows:
MIicroscope slides were cleaned in alcoholic KOH,
and then dipped in 0.5 % gelatin + 0.05 % chrome
alum, drained and dried. In a darkroom, 4 X 5 cm

pieces of Kodak AR 10 stripping film were prepared
and floated, emulsion side up, on water at 200. The
pieces of film were collected, emulsion side out, on

the coated glass slides, which were then dried in a

warm air stream and stored in a light-tight cassette
until required.

The paraffin ribbon on the rubber bung was

warmed under an infrared lamp and eased with nee-

dles to allow it to stretch. In the darkroom a pre-
pared slide was placed, emulsion side down, upon the
ribbon, and then pressed to flatten and transfer the
ribbon to the slide. Slides were held for 1 to 4
weeks over silica gel. Then in the darkroom, slides
were briefly held over a steam bath to moisten the
sections, dried, dipped in water, redried, passed
through 3 washes of xylol to remove wax, dried
again, developed in Kodak D 19 developer (8 min at
200), fixed, washed and dried. The sections were

finally mounted in 45 % glycerol or in Euparal. The
method gave excellent resolution of the autoradio-
graph. However, cells in the section were often dif-
ficult to identify, and the slides were not verv suit-
able for photomicrography.

Method II of mounting and autoradiographing the
sections was therefore developed. Xylol, 3 ml, was

added to vials containing lengths of paraffin ribbon.

FIG. 1-31: abbreviations. cc, companion cell; f, primary phloem fibers; im, immature and cambial cells; lp,
primary phloem; 2p, older secondary phloem; 3p, young secondary phloem; pa, cortical parenchyma; ppa, phloem
parenchyma; rpa, phloem ray parenchyma; sp, sieve plate; st, sieve tube; v, vessel; xpa, xylem parenchyma; xy, xylem;
TS, transverse section; RLS, radial longitudinal section; TLS, tangenitial lonigitudinial sectioni; I, II anl 111, section
auitoradiographs prepared by methods I, II and III.

<e

FIG. 1. Distribution of accumulated phosphate-32P in excisedceleryvascular bundle tissue. It, TS, X 25. Focuson
section. FIG. 2. Distribution of accumulated sulfate-35S in excised celery vascular bundle tissue. II, TS, X 25. FoCUS
on autoradiograph. FIG. 3. Distribution of accumulated su1lfate-35S in excised celery vascular bundle tissue, showing
accumulation in attached cortical parenchyma. I, TS, X 25. FIG. 4. A, cell and B, silver image, showing details
of distribution of accumulated phosphate-32P in the phloem wing of an excised celery vascular bundle. II, TS, X 50.
FIG. 5. A, cell and B, silver image, showing details of distribution of accumulated sulfate-35S in the phloem wing of
an excised celery vascular bundle. II, TS, X 55. FIG. 6. Distribution of sulfate-35S in a translocating vascular
bundle from the petiole of a leaf fed sulfate-35S 4 hours previously. II, TS, X 30. FIG 7. Details of distribution of
translocated sulfate-35S in the phloem wing of a translocating bundle from the petiole of a leaf fed sulfate-35S 4 hours
previously. II, TS, X 55. FIG. 8. A, cell and B, silver image, showing accumulation of sulfate-35S in sieve tubes of
phloem of excised celery vascular bundles. Two sieve tubes have accumulated more actively than the surrounding
cells. III, TS, X 180. FIG. 9. Accumulation of sulfate-°5S in phloem cells of celery vascular bundles. All cells show
a similar radioactivity. III, TS, X 95.
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BIEI,ESKI-SIT1S OF ACCUTLATIl-TN IN EXCIS-D PITLOEM45

and swilled arounid to dissolve the wax; then the xylol
was removed carefully with a Pasteur pipette, leav-
ing the sections in the vial. A second xylol wash
was given, and the sections were then either mounted
directly, or else the sections were washed in absolute
ethanol then stained for 30 minutes with 0.2 % fast
green in absolute ethanol-clove oil (6: 4, v/v) alnd
washed twice in absolute ethanol and twice in xvlol.
This staining operation did not cause any detectable
redistribution of radioactive material.

Sections were mounted in the following way.
Sections, floating in xylol, were transferred with a
wide bore dropper to a clean microscope slide, and
excess xylol was removed with filter paper; then a
drop of thin canada balsam was added. Sections
were arranged with a needle, and a 2-cm square of
10 /A thick polythene film (Dow Handi-wrap), which
had been presoaked in xylol, was laid over the balsam
to form a cover slip. The thin balsam was spread
by stroking the surface of the polythene with a square
of filter paper. The slide was set aside for a day to
dry (polythene is permeable to xylol) then excess
balsam was scraped off and the polythene trimmed
where necessary with a razor blade. The slide was
wiped with a pad soaked in warm 0.5 % gelatin +-
0.05 % chrome alum, was dipped in fresh solution,
and set aside to drain and dry.

The slide was coated with stripping film in the
conventional manner (film floated emulsion side
down, and lifted out with the microscope slide so as
to cover the sections) : though care was needed to
settle the film tightly on the surface of the polythene.
Slides were dried, held for 5 to 40 days, developed
and fixed. The stripping film stuck sufficienitly
firmly to the polythene surface that in onlv about 1 in
6 slides was there any movement of the film from
the polythene during development. Such1 slides could
be detected by a wrinkling of the stripping film, and
were discarde(l. Cell detail was usually well pre-
served.

Method III was intended to combine the advani-
tages of methods I and 1I. Sections were washed
and stained, as for method 1I. Then, in a darkroom,

they were transferred. in a drop of xylol, on to the
surface of microscope sli(les which had previously
been covered with stripping film as in method I.
The slides were dried, autoradiographed, and then
processed as in method I. Sections were mounted in
canada balsam under a cover slip. Only 20 % of the
sections remained in place during processing when this
mlethod was employed.

Ph otomnicrography. Photomicrographs were taken
with a Leitz photoniicrograph attachment on Agfa 1FF
film. \Vrhen the silver image of the autoradiograph
was to be photographed. light for the microscope was
passed through a Balzers Filtraflex K3 interference
filter (430-530 mu) at a near-maximum condenser
opening. Under these conditions, stainied sections
were almost invisible, and the image was due to the
silver grains of the autoradiograph. When the
stained section was to be photographed, light was
passed through a Ki (575-700 mu) or K6 (620-710
m,u) filter at a near-minimum condenser opening.
OD of the section was then at a maximum; and with
the focus on the section most of the image detail was
due to the section, not the autoradiograph. Unstained
sections were difficult to photograph, though visual
observations were possible under phase contrast.

Results

Resolutioni of Detail. The resolution of the auto-
radiographs was estimated, from the sharpness of the
autoradiograph at the margin where the radioactive
section met the nonradioactive mounting medium (see
fig 4, 5), by measuring the distance fromli the edge of
the section at which the silver grain count of the
autoradiograph had fallen to 20 % of that over the
section1. WVith mounting methods I and III, resolution
was approximately .5 , for 35S in 5 ,u sections; 10 to
15 ,U for 35S in 10 ~L and X-2P in 5 u sections; and 25
y for 32P in 10 u sections. These values agree with
those reported by other workers (4, 11). Though
this resolution was satisfactory, it was often difficult
to identify the various types of cells. Sections
mounted by method II. on the other hand, were

FIG. 10. A, cell and B, silver image, showing the general, rather patchy distribution of accumulated phosphate-
32P in excised apple phloem tissue. In this section accumulation was more active in the young secondary phloem
than in the primary and old secondary phloem. II, TS, X 30. FIG. 11. A, cell and B, silver image, showing the gen-
eral, rather patchy distribution of accumulated sulfate-35S in excised apple phloem. In this section, accumulation was
rather more active in the primary phloem than in the seccnlary phloem. The primary phloem fibers did not ac-
cumulate. II, TS, X 30. FIG. 12. A, cell and B, silver image, showing a marked concentration of accumulated sul-
fate-35S in the primary phloem of excised apple phloem tissue; and inuclh lower amounts in the secondary phloem and
the phloem rays. II, TS, X 30. FIG. 13. A marked concentration of accumulated sulfate-35S in the old secondary
phloem cells of excised aptple phloem tissue; and much smaller amounts in the primary and young secondary phloem,
and in the phloem rays. I, TS, X 45. FIG. 14. A marked concentration of accumulated sulfate-35S in the young sec-
ondary phloem of excised apple phloem tissue. III, RLS (slightly oblique), X 50. FIG. 15. Showing the complete
absence of accumulated sulfate-35S in the primary phloem fibers of excised apple phloem. I, TS, X 105. FIG. 16.
Fibrillar structures in the lumen of a sieve tube. Note the presence of the structures along the length of the tube.
II, TLS, X 190. FIG. 17, Fibrillar structures clustered near the sieve plate of a sieve tube. II, TLS, X 190.
FIG. 18. A marked concentration of accumulated sulfate-35S over the sieve plate regions of 2 sieve tube pairs. I, TLS,
X 90.
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BIELESKI--SITES OF ACCUAIULATION IN EXCISED PI-ILOE4I

easily studied and photographed: but autoradiograph
resolution was poorer, since the polythene covering
layer resulted in a separation between the section
sturface and the emulsion surface. This separation
was measured. With about 1 in 20 sections, the
separation was only 11 to 14 ,u. and with about 1 in
4 sections, 14 to 18 /j. The resolution of the resulting
atutoradiographs was 30 to 40 tu for 3 S and 100 to
125 IL for 32P. A further 1 in 4 sections showed a
separation of 18 to 30 It and an autoradiograph resol-
ution of approximately 70 pt for 35S and 200 tx for
3''P. The remaining sections were not studied.

Genicral Distrib1ltioni of -9P and 35S in Excised
Vascuilar Butndles. The distribution of the accum-
ulated radioactive miaterial in excised celerv vascular
bundle tissues (fig 32) was the same for phosphate
(fig 1) and sulfate (fig 2, 3), and did not varv
down the length of the excised bundle, nor from bun-
dle to bundle, nor from 1 experimiient to another.
The most radioactive parts of the tissue were 2 areas
of the young secondary phloem vwhich formed winlgs
at either side of the bundle (fig 4. 5) in the region
where an extenision of the fascicular cambium into
the interfascicular region might take place. Other
young secondary phloem tissues vere also very radio-
active (fig 1. 3). The remzainiing areas of tissue.
primary and old secondary phloemn, oung secondarv
xvlem, and old secondary xylem, were much less
radioactive (fig 5). The least active tissue was the
cortical parenchvma which sometimes remainied at-
tached to the bundle (fig 3). Counts of silver
grain numbers per unit area were made upon the
atutoradiograph, above the different types of tissue,
so as to obtain a semiiiquantitative measure of the
amiiount of accuminulation occurring in the differenlt
tissues within a given section. Typical relative
values, per ulnit area of tissue, in TS sections. were:
secondary phloemi wing. 100; young secondary
phloein. 40: old seconidary phloemi, 12; younig sec-
onldary xylemii. 10: old secondary xylem, 7; cortical
parenchyma, 4. Lolngitudinial sectiolns con firmledI
these observations.

Dctailed Dist ibutioni of Accuomuted "-P (IIId
ini Exc-iscd Cclern Vascular Bunldles. The young

secondary plhloem which had accumiiulated milost ac-
tively was comiipose(l l)rillcipally of younig sieve tubes.
phloem parenichymila cells and very stmiall companion
cells that were difficult to recognize. All cells were

thin walled, anid tissuie detail wvas usually poorly
preserved. In the older phloem the cell types coukl
be recogniized more ofteni. It was theni found(I that
the most initenise activity was occasionally locatedl in
the sieve tubes (fig 8), but that usually, all the cells
showed a simzilar activity (fig 9). The conllpanion
cells could not have accumulated at mliuclh more thani
the average rate. Had they done so, the!! would
have conistituted very snall sources, separated bv
relatively lonig distances (30-100 u) ; and such a
localizationi of ra(lioactive material should have been
apparent, but w-as nlot observed. It is also conlclude(L
that the sieve tubes and the phloem parenichlivia cells
had both accumiiulatedI actively, anid at similar rates.
The material accumulated in the xylemiwas showl to
be localized in the xylem parenchymiia alnd not present
in the vessels. Since the parenchymiia forme(d onlyv
40 to 50 % of the xylem volume, its rate of ac-
cumulation miust have been twice the axverage for the
xylem, or 5 tim?es that in the cortical parenchyma.

Distributionz of 32-' anld 35S in Tr-anislocatinig Vas-
cutlar B11iundles. \hlien KH23"P04 or K235S0), was
supplied to celery-leaflets, somiie was translocated away
througlh the petiole. The petiolar tissue whiclh then
containied the most radioactive material was the
vouing secon(larv plhloem (fig 6). lparticularlY the
Vings- (fig 7) of the vascular bundles. Lesser
amioulIts of radioactive material were l)resent in the
old secondary phloem. less in the young xylem, andcl
less still in the surrounding cortical parelnchyma
(fig 6). Thuts, the same tissues were involved in
translocatinig in the initact p)lant as wvere enigaged in
acculmulatinig in excised vascular bundles. The pres-
ence of radioactive material in the xyleml showNed that
either the xylemii cells were colntributigll to tranisloca-
tioin. or that there was a rapi(l anid colntinuous re-
distriblution of translocated miiaterial from the conduct-
ing cells of l)hloemi to the adjacenlt vascular tissues
(1/).

General Distribut!ioni of 32P (and 35S in Apple
Phloc,In. The genieral distributioln of the acctumiiulated
radioactive miaterial in excised apple phloemii (fig 32)
Nvas the samiie for phosphate anid suilfate (fig 10, 11).
Almost nlo radioactive miiaterial was conitained in the
occasiolnal cltumiips of primary pliloemii fibers (fig 11.
15)). Cortical parenichymiia cells, w-here present,
showed slight radioactivity. The radlioactivities of the
primary phloem, old secondary phloemii, young sec-

FIG. 19. A, cell and B, silver image showing details of distribultionl of accumiulated sulfate-3'S in all mature cells of
excised apple phloem. II, TS, X 145. FIG. 20. Showing a concentrationl of accumulated sulfate-35S in tne xylemii
parenchyma cells of the xylem of excised celery vascular bund(lles. III, TS, X 85. FIG. 21. Slhowing a general dis-
tribution of accumulated sulfatc-35S in all cells, includinig the sieve tubes, of the seconi(lary plhloenm aind smaller amounts
in the ray parenchyma. III, TS, X 75. FIG. 22. A, cell and B, silver image, showing a localization of accumulated
sulfate-35S in sieve 4ubes of the old secondary phloem of excised apple phloem. 1, TS, X 135. FIG. 23. A, cell
and B, silver image, slhowing the distribution of accumulated sulfate-". S ir apple phloem in a region hlere 4 identifi-
able sieve tubes lay alongside one another. II. TLS, X 190. FIG. 24. A, cell and B, silver image, showing the dis-
tribution of accumulated sulfate-35S in apple phloem in a region where 4 to 6 identifiable sieve tubes lav alongside
one another. II, TLS, X 190. FIG. 25. A, cell and B, silver image, showving the distributionl of accumulatedl sul-
fate-3'S in apple phloem in a region where there were 4 adjacent columns of sieve tubes. II, RIS. X 200.
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BIELESKI-SITES OF ACCUM ULATION LN ENCISEID IPIILOE4A3

ondary)phloem,. immiiature (camiibial) tissue, and ray
parenchynma were much higher but varied slightly
relative to one another. MIost variations were en-
comiipassed withini the length of 1 piece of excisedI
phloem tissue: differenit pieces of tissue fromii differ,
ent plant or different experiments showed a gen-
erally similar behavior. Occasionally, primary
phloem accumulated most rapidly (fig 12) ; but more
often, old secondary phloeni (fig 13) or young sec-
ondary phloem (fig 14) NAas the most actively ac-
cumulating tissue. Somiietimies the cambial tissue ac-
cumulated actively (fig 14), but as a rule accumula-
tion there and in the ray parenchyma was less than in
the surrounding tissue (fig 12, 13, 19, ancd fig 12, 13,
21, 22). This variation in behavior of the apple
phloemi tissues appeared in somiie cases (fig 12) to be
due to physiologically distinct behavior of a continlti-
ation of a leaf trace present as a part of the stemii
I)hloem layer. Counlts of silver grailis per Unlit area
were miiade on autoradliograp)hs over the various tis-
sues of the phloemii. to determiine the relative ac-
cumiiulation rates of those tissuies. Tv lpical relative
values, per unit area of tissue in TS. \ere: old sec-
ondary phloem between rays, 45 to 100: young sec-
ondary phloem between rays, 30 to 100: primary
phloem between rays, 30 to 100; parenclhvimia rays,
20 to 70: cambial region. 20 to 50; cortical par-
enchyma, 8; phloemii fibers. 2.

It could be showwn that this pattern was due to ac-
cumulation of the radioactive solutes by the cells, and
not to any nonspecific adsorption of ionls onlto the
cell surfaces. The original pieces of living tissue
were -vashed exhaustively andl considerable radio-
activity remained in them'. Oni the other hand, wlhen
dead sections were washed for only 30 seconds, about
95 % of the radioactivity was removed, showing that
the retention of the radiotracer was a functioni of the
living tissue (fig 27, 28).

Dctailed Distributtioni of Accumuiilated 32P antd 35S
in Applc Pliloen. The behavior of the individual cell
types was studied. Resolution of the 35S autoradio-
graph, 5i to 15 ,u (mounltinlg imiethods I and III) or
25 to 40 ,u (miiethod II), was of the same order as the
(liamiieter in transverse sectioni (25-35 ,u) of a single
cell of miiost types. WVith the primary phloem fibers
(fig 11, 15), the cortical parenchyma cells anid the
ray parenichyma cells (fig 18. 21,22). cells were
present as homogeneous, many-celled groups Up to 15

cells (300 MA) across, and it can be prestumiie(l that the
behavior of each cell was like that of the group as
a whole. The remaining cell types were present as
a mixed population in large pockets bounded radiallv
by the phloem parenchniiia rays, and talngelntially by
the cambial cells and by the lprimary phloein fibers
or the cortical parenchyma. These cells included the
sieve tubes, companiioni cells, and phloeml parenchyma
cells in their various forms [crystal-conitaininig cells,
tannini-containinig cells, seconidary phloemii fiber ini-
tials, (7)], anid vere generally the most radioactive
cells in the whole section (fig 12, 13, 21). Since the
resolution of the autoradiograph wvas limiliting, and
sinice the cell types were miiixed togetlher and some-
timiies difficult to recognlize one froml the otlher, coni-
sidlerable searchinig and sttuldy- of several hlunldred
slides was nieeded before the following conclusions
cotuld( be drawn as to the part contributed by eaclh of
the iln(lividual cell types towar(ls the active accumiula-
tionl of l)hosphate and sulfate by this grouip of cells
as a wvhole.

1) Conmpanioni cells have dense cvtoplasm and
miany imiitochondria (5), 18), and might be exl)ected
to be highly active in accumiiulation. Howvever, ac-
culmtulationi was niot carried otut principally into the
comiipaniioni cells. These cells occul)ied only 4 % of
the tisstue volume. They Nvere smiiall (8-12 i diamii-
eter) anid separate(l from one anotlher by relatively
large distances (40-120 /,u). Any localization of
radioactivity in suclh small, discrete areas xoutld have
been strikingly visible in TS autoradiographs (e.g.
fig 19, 21). Oni the other handcl, with the resoltution
obtained, the companion cells could have containie(d
froml zero to 2 times the a-erage cell conicelntrationi of
radioactive material anid still have contributed to the
observed pattern.

2) Accumulationi w-as not carried out solely or
completely by the sieve tubes. As w-ith the com-
panion cells, sieve ttubes were scattere(l enough for
somiie localization of radioactive mlaterials to have
been visible in TS autoradiographs had stich1 been the
case.

3) 'Most or all of the phloem l)arenchv nia cells,
in all their types, and(l incltiding immiiiiatture seconidary
l)hloemii fibers, miiust hav-e accumtulate(d at ap-
proximately the average rate for the whole milixe(d
groupl) of cells. In many LS sectionis, it was l)ossible
to finid up to 6 rows of identifiable pareiichylnia cells

KI

FIG. 26. A, cell and B, silver image, showiing that sulfate-35S was accumulated less readily in a region of apple
phloem tissue -,here only parenchyma cells were present than in a regioni where only sieve tubes were present. II,
TLS, X 80. FIG. 27. A, cell anid B, silver image. FIG. 28. A, cell and(l B, silver image. slowivig the contrastilng
amounts and patterns of sulfate-35S activity in duplicate sections from accumulating apple pliloem, before (fig 27) an(l
after (fig 28) washing the sections in water for 30 seconds. II, RLS, X 165. FiG. 29. A, cell and B, silver image,
sho-wing the absence of accumulated sulfate-:5S in the terniinal cells of the excised piece of a)ople phloem tissue. II,
RLS, X 35. Lines mark approximate regions represented in TS by figure 30 and figure 31. FIJG. 30. A, cell aindl B,
silver image, showinig the absence of accumulatedl sulfate-"5S from all cxcept the ray parenchynma cells, in tralnsverse
sections taken 150I I from the cut end of the excised apple phloem. II, TS, X 6(5. Fm;. 31. A. cell and B, silver image,
showing presenice of accumulated sulfate-35S in all except the y'ounlg secondary phloem cells, in transverse sectionis
taken 500 I from the cut end of the excised apple phloem. II, TS, X 60.
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adjacent to onie another, forming a group about 120
,u across anld 150 to 200 ,u lonig (fig 26). The in-
tensitv of the autoradiograph image was as higlh
ovrer the center of the group as in the marginis (fig
26B). In high resolutioni autoradiographs (mniethod
I, fig 22 and mlethod III, fig 21) recognizable phloem
parenchymila cells were associated with an autoradio-
graph imiiage of average intensity. There was again
no indication that anly one of the various parenchyma
cell types ever contaiined considerably mlore or coni-
siderablv less radioactive material than another.

4) WN here areas of sieve tubes la- alongside areas
of parenchyma cells, it was found( that the sieve tube
area had accumulate(d up to 3 timles as actively as had
the adjacent parenchyma areas (fig 26). Occa-
sioniallV, in high resolutioln autoradiographs of trans-
verse sections, silver grainis were seeni to be locate(d
specifically over sieve tubes (fig 22). In a few longi-
ttidiinal sectionis, it was possible to find regions where
4 to 6 clearly identifiable sieve tubes lay adjacent to
oine another, forming a group approximately 140 /,
across by 240 jx loing ( fig 23, 24. 25). The autoradio-
graph image tended to be miore intense at the center
of such a group than at the margins (fig 23). Had
the sieve tubes not accumulated any- radioactive mate-
rial, the autoradiograph imiiage should have been al-
most completely absent at the center of such a group.
It was far harder positively to i(leitifv sieve tubes in
sections mounted b)y method I. When ideintificationl
was possible it was found( that the sieve tubes wvere
occasionally several times as radioactive as the sur-
rouncding parenchyvima cells (fig 18, 22).

Thus the estimated relative accumulatory activities
of the various cells were: sieve tubes. 100: unidiffer-
entiated phloem parenchyma cells, crystal-containing
cells, tanniin-containling cells and secondary phloem
fiber initials, 60: ray parenchymlia cells anid cambial
cells, 35; companiioni cells, less than 100; cortical
parenchyvma cells, 6: primary phloem fibers, 1.

Only a little information could be obtained onl the
distribution of the isotope withini the sieve tube itself.
although strtictural (letails of the sieve tube could be
clearly seeni in sectionis mounted by method II (fig 23.
24. 25)). Ouite often, fibrillar structures were seeni
(cf 3, 8, 14. 15). sometimes through the length of the
cell (fig 16) or sometinmes cltistere(l near the sieve
llate (fig 17). In high resolutionl autoradiographs,
acciillulated sulfate-35s was occasionlallv fouInd conI-
centratect in the region of the sieve plate (fig 18).
These restilts stuggest that even tltirinig careful freeze-
(lrying, the contents of a sieve tulbe caI move towards
the sieve plate, possibly through the contractionl dur-
ing drying of cytoplasmic threads attached to the
sieve plate (8, 14). A concentrating in the region of
the sieve plate of tranislocated carbohydrate (12) may
have arisen in the same way.

EJffect of Cell Daiinage oil 32P anid 35S Accumdla-
tion. When a piece of phloenm tissue was excised
frolml the plant, cells along the miiargilns vere cUt or
broken. The effect of this damage onl accumulation
of 32p and 3i5S w,vas investigated. TS autoradio-

graphs gave informiiation on the accumtilation into
cells of the radial an(d tangeintial mlarginis, by showing
that the regionis where 3P anId( S were inot accumu-
lated were narrowx-, about 15 ju or 1 cell wide (fig 13,
27). RLS autoradiographs gave informationl on ac-
cumulation inlto the cells of the transversely ctut ends
of the tissue pieces, by showiing a wide regioni at the
endl where neither 3P nior 35S was l)resent (fig 29).
Above the ray parenichvmiia cells the region was 60 to
200 t or 3 to 10 cells wide; above the mixed popula-
tion of sieve tutbes, companiioni cells and phloem paren-
chvma cells the region was 300 to 1000 ,u wide, that
is, 1 to 3 sieve tubes, 2 to 8 comiipanion cells and 3 to
12 phloem parenchyma cell.s wide. Corresponding
resuilts were obtained when serial TS sections, taken
froml the extremle end(Is of the phloemipieces, were
studied. Auitoradiographs of sectionis takeln 100 to
200 AL from the end(I showed slmiall localized areas of
radioactivity conifined to the ray parenclhvmia cells
(fig 30). Sectionls takeni 250 to 400 t from the encd
showed additional radioactive areas coxvering regions
of 20 to 60 adljacenit cells ill the primary or okl sec-
ondary phloem ( fig 31) aln(d sectionsl takeni (-00
from the end(l showed radioactivity over all except
occasioiial regions of the xvotilng secondary phloml.

These resuilts are interprete(l as follows. \Vhenl
the phloem was excise(l. ctt and (lamiiage(l cells were
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PARENCHYMA

- ,-.- ) PRIMARY PHLOEM
. ,- OLD SECONDARY
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YOUNG SECONDARY
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-YOUNG XYLEM

A OLD XYLEM

/ ~~CORTICAL
B > \ PARENCHYMA

PHLOEM RAY
PRIMARY PHLOEM
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FIG. 32. Diagram of general structure in transverse
section of excised celery vascular bundle andl of excised
apple phloem.
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produced; and these were uniable to accumulate the
radioactive anions. Along the radial and tangential
margins of the piece of tissue, onlv the cut cells them-
selves were affected in this way; adjacent cells were
not damaged, and accumulated normally. However.
transverse cuts across the phloem )produced a more
extensive region in which accumulationi did niot occur.
The extent of the region was partly due to the lengths
of the cells (sieve tubes, approximately 350 u; phloem
parenchyma cells 60-125 ,u) but even so, the layer of
lamage was more than 1 cell deep. Even the essen-
tially isodiametric ray parenchymvia cells showed this
susceptibility to transverse cuts. The cells appear
therefore to have anisotropic properties, suggesting, a
longitudinal specialization in their function. It was
also significant that most of the cells did not behave
as individuals in their reaction to damage. Groups
of cells accumulated as a unlit (fig 31): no region
was seen where the phloem parenchyma cells, 80 ,u
long, had accumulated while the sieve tubes, 350 tu
long, had not. Also, sections were seen where all the
cells of an older mixed group had accumulated, when
in a nearby younger group, nonoe of the cells had ac-
cumiulated. The ray parenchyma cells clearly be-
haved as a physiologically distinict as well as a mor-
phologicallv distinct ulnit (fig 30). The evi(lence
suggests that the cells of the phloenm ma-y tenid to
functioni in relatively large groups as phvsiological
uniits, rather than as a mixture of indepenidenit cells
of various behaviors.

Conclusions

The acctumulllated radioacti-e materials w-ere water-
soluble, and it xvas therefore difficult to meet the 2
requirements of this study; preservation of eniougl
cell detail for cell types to be readily recognized,
and a sufficienit resolutioni in autoradiographs for
determininig the radioactivities of individual cells.
Though none of the methods teste(d was fullv satisfac-
tory, their joint use yielded most of the desired in-
formation.

It was originally shown (2) that phloenm tissues
accumulated phosphate and( sulfate about 10 times
faster than (lid cortical parenchyma tissue. The
preseInt study puts the distinction on a cellular basis,
by showing that cells, particularly sieve tubes, of the
older secondary phloem accumulated about 20 times
faster than the cortical parenchyma cells. It was
found that all of the living cells of the phloem were
similar in their high accumulatory activity, despite
their morphological variety. The behavior of a cell
was related to its position rather than to its morpho-
logical type. Phloem and phloem ray parenchyma
cells, accumulated phosphate and sulfate 10 times
faster than cortical parenchyma cells, though the 3
types of cells are similar in appearance. Xylem pa-
renchyma cells are thick-walled and apparentlv have
a structural role to play, yet thley accumulated phos-
phate and sulfate 5 times faster than did adjacent

cortical parenchyma cells, and showved a similar ac-
tivity in the intact plant.

All of the cells showed differenices in accumilula-
tory activity related to the locationi of the cells in
the tissue. The age of the cell appeared to be the
most important single factor. For example. the
sieve tubes which were most active wvere usuallv the
young but fullv differentiated sieve tubes of the sec-
ondary phloem. In the intact celery plant, the same
sieve tubes were the most active ones in translocation.
Such physiologically mature sieve tubes did not show
marked callose development or nacreous wvall thicken-
ing characteristic of morphologicallv fully developed
sieve tubes (7).

'rhe sieve tubes wvere among the mlost actively ac-
cumulating cells; and this has significant implications.
Since they vere capable of any accumulationi at all.
the sieve tubes must have contained in their volumiie
a region completely bounded by a functionial semiii-
permeable membrane possessing an accumulatioll
mechanism. There is no direct evidenice as to
whether this region includes the whole cell contents.
or is miierely confined to a peripheral layer. Indirect
evidence, including recent structural studies (3.5. 9).
suggests that the wvhole cell is involved. The in-
tensitv of the accumulation process implies that the
sieve tubes were capable of considerable metabolic
activitv. Such results are not compatible with the
sieve tube being a simple conduit. They are in ac-
cord wvith recent structural evidence (3, 9). and with
at least 1 recent interpretation of sieve tube structure
and function. From stucdies on living cells, Thaine
(16) initerprets sieve tubes as having a large vacuolar
(fluid filled lumen ) regioni surrounided bv parietal
cytoplasmii awlI traversed by transcellular stranids. and
bounded evervwhere bv a semiii-permeable mlemiibrane;
he regards the observed active protoplasmic stream-
ing as implying high metabolic activity. The source
of the metabolic energy could lie outside the sieve
tube. Electron microscopic studies show that mito-
chondria are sparse in the sieve tube anid abunldalnt iii
the companion cell (5) but that there are specialized
plasmodesmatal connectioins between the 2 (3. 18). 1
envisage the possibilitv that the companiion cell andl
the sieve tube form a single functionial Unlit, akin to
a single unspecialized cell, in which the companion
cell represents the cytoplasmic, energy-producing
phase, anid the sieve tube represents the energy-utiliz-
ing, perhaps vacuolar phase, adapted for translocation.
The surrounding parenchyma cells are probably di-
rectly involved in the translocatory mechanism too:
they are highly active, and in excised sections, their
accumulatory behavior appears to be linked to that
of the sieve tubes.

The view presented here is that specific salt and
sugar accumulation mechanisms are directly in-
volved in the phenomenon of phloem translocation;
and that many of the characteristic features of the
translocation process are due to them. They have
been extensively studied, and several of their features
are firmlv established. 1) Thev are selectixe. distin-
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utlishinlg betveen closely simiiilar miiolecules [e.g. glu-
cose an(l fruictose (1)] or ions [e.g. K+, Rb and( Na'
(6)]. 2) They move miiaterials in space (from oine
si(le of a semii-p)erm-ieable membrane to aniother) anid
against conicenitrationi gradients. 3) They reqtuire a
supp)ly of mietabolic enlergy in order to ftunictioni: low
temperatures. aniaerobiosis and respiratory inhibitors
all restrict or prevent accumilulationi. 4) Thev cani
lrocess large amiiounts of a solute (e.g. up to 100 111g
stucrose/g fresh weight phloemii tissue/day) anid quite
large miiolecules (e.g. sucrose) (2).

These features of accumulatioln processes inicluide
somiie of the miiost funidanmental featuires of tranisloca-
tioni processes. The miiain differences are those of
magnitude: larger amiiounits of materials are mooved
(lutring translocation. anid over incomparably lonlger
(listanices. Still, biologically important comlpoullds
are knoNvl to pass from 1 l parenchymla cell to anl-
other, anid it is highly probable that thev do so
through the actioli of the accumuiitllation miechanisnis.
fromii the vacuole of 1 cell, via the cytoplasmii to other
cells, and ultimately to a v-acuole againi. Tlfhere seemiis
to be nio fundamental reasol why p)hloemii transloca-
tion1 canniiot inivolve a simiiilar process. Sieve tubes
activelv accumulate solutes. Accumulationi miiay oc-
cur ilnto a sieve tule v-actuole, though onl the other
hand, a vacuole as (listinct fromii the cytoplasm mnay
n1ot exist in the sieve tube (3, 9). anid the enltire cell
volutmle miiay be colntainied iniside a sinigle membrane.
the plasmaleniima. If Thainie's (15, 16) initerpreta-
tionl is correct, a miiore critical step couild be loadinlg
of the mobile cvtoplasmic fibrils (or miiicrovactuoles
conitainied in themii) anid a subsequent utliloading at a
destiniationi.

The mliaini stumblinig block in all such theories is
to explaini how such large quanitities of material cani
be shifted. Most calculationis have beeni made oni the
assutmllptioni that the sieve tubes alonie are responsible
for all tranislocationl. The results presenited here
slhow that all cells of the phloem are sinilar in their
accumulatory anid presumllably their metabolic activity.
Groups of morplhologically distinict cells appear to
ftunictioni together as a physiological tiunit. There
wN-as evidence that even phloemi parenchyma cells
which were isodiametric possessed a longitudinal
orientation of functionl. Young. livinig phloem fibers
appear to have a cytoplasmic organization (13) very
similar to that described for living sieve tubes (8, 15).
All these poinits taken together support an alternative
view that sieve tubes may not be unique in their ability
to translocate, and that other cell types and perhaps
other tissuies may contribute signiificantly to the move-
nm.ent of metabolites in plaints.
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