SIEVE-TUBE STRUCTURE AND TRANSLOCATION IN
THE POTATO

ALDEN S. CrRAFTS?

(WITH PLATES II-VII AND ONE FIGURE)

Introduction

The movement of carbohydrates into the potato tuber lends itself to
quantitative study. The products of assimilation in the leaves move
through the stems and stolon and are condensed to starch within storage
cells in the tuber. The stolon may be readily sectioned for measurement;
and, knowing the transverse area of its phloem and the rate of development
of the tuber, one can calculate the rate of translocation during growth.
Photosynthesis is lacking in underground structures, and respiration may
be estimated with a fair degree of accuracy.

BircH-HirscurFeLD (3) used a similar method to measure transportation
from the leaf of Phaseolus multiflorus; and Dixox (10) calculated a rate
of 50 em. per hour for flow of a 10 per cent. suerose solution through the
phloem of a potato stolon during a 100-day growth period. In a previous
paper (4) the writer arrived at a somewhat lower rate, 21 e¢m. per hour,
for flow through the total phloem area of the potato stolon during the
period of most rapid growth. As respiration losses were not accounted for,
this value represents merely the lower limit; actual rates are undoubtedly
greater. Many translocation rates have been reported in the literature
within the last decade; and, although differing individually, they all ap-
proximate this order of magnitude.

Ringing experiments, from the early ones of MarLricHI (18), HaLgs (12),
and KniGHT (17) to those more recently performed by Curtis (6,7,8),
Masox and Maskern (19,20), and ScHUMACHER (28), have indieated that
organic nutrients synthesized in the leaves move downward through the
phloem tissues of the stem. The writer has proposed (4) that the osmotic
system described by MiincH (22) may provide the foree necessary to cause
this downward flow; and he has attempted to describe a mechanism (4, 5)
which will fit the quantitative data on translocation and at the same time
conform to the anatomy of the plant.

Experiments deseribed by ScHUMACHER indicate that the sieve tubes
play an important part in the movement of organic materials out of the
leaf. As perforation of the sieve plates has probably no essential réle in
longitudinal movement (5), we need some other explanation for the rela-
tion of the sieve tube to translocation. A previous paper (5) cited evi-
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dence that the permeability of the sieve tubes in cucurbits increases with
maturity. The present work discusses the detailed anatomy of sieve tubes
in the potato in relation to translocation, and provides data on rates of flow
by which the general theory may be further tested.

Phloem anatomy

Although ArTtscuwacer (1, 2) has studied the gross anatomy of the
potato, the details of sieve-tube structure have not been described. Be-
cause a knowledge of the developmental phases of sieve-tube anatomy must
underlie the interpretation of their physiology in relation to translocation,
several of these features are included in the present study.

The general vascular structure of the potato resembles that of many
herbaceous plants. The bundles are bicollateral. In the stem they tend
to remain diserete, being connected laterally by interfascicular cambium;
but they fuse more or less in the root and stolon, forming a cylinder of ir-
regular thickness. The phloem is confined to the vascular bundles more
strictly than in the eucurbits, but the internal strands follow devious paths
and form an anastomosing network in the central region of the stem (1,
pl. 34-35). Although anastomosis of the phloem strands is also found in
the external phloem, sieve tubes do not occur outside the endodermis or
starch sheath; nor do the structural differences noted in the cucurbits (9)
appear.

Sieve tubes are perceptible in very early stages in sections of young
stolons cut from imbedded material. At the time the sieve-tube mother
cell divides to form sieve tube and companion cell, or soon afterwards, the
slime body appears in the cytoplasm. ARTSCHWAGER has described and
illustrated these bodies (2, pl. 1D, 6, 7), showing one of them in a sieve-
tube element, the nueleus of which was still in the metaphase (2, pl. 6B).
In the potato these structures differ considerably during their early stages
from the slime drops of the cucurbits, only one appearing in each sieve-tube
element. In their later development, however, they pass through similar
stages, disintegrating as the sieve tube matures.

Plate 11, figure 1, shows two of these structures in two successive sieve-
tube elements of the young potato stolon. The nuclei are still present,
protoplasmie strands have not appeared in the sieve plate, and plasmolysis
is apparent in the upper element. Figure 2 shows a slime body in a short
connecting element and figure 3 illustrates a later stage. While the slime
body and nucleus are present the protoplast seems normal, accumulating
neutral red within the vacuole and becoming plasmolyzed in hypertonie
solutions. As the element approaches its mature size, however, the nucleus
enlarges and disintegrates (fig. 4) ; the slime body gradually expands, be-
comes fibrous in structure (plate TII, figs. 5, 6), and slowly spreads out
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into a tangled mass of gelatinous strands (figs. 7, 8, 9). At this stage,
streaming slows down to a plastic flow, and the internal protoplasmie mesh-
work described in cucurbits (5) is formed (figs. 9, 10). The tangled mass
of disintegrating slime may become attached to these moving protoplasmie
strands and presents a peculiar writhing motion.

Small leucoplasts imbedded in the protoplasm, and up to this time prac-
tically indistinguishable, begin to acecumulate condensed carbohydrate,
forming spheres (plate III, fig. 9, plate IV, fic. 16, and plate V, fig. 19)
which stain pink or violet with iodine. During the early stages of sieve-
tube development, while neutral red is readily accumulated, the vacuoles
of these cells are distinet and easily distinguished from the parietal eyto-
plasmie layer. As the nuecleus and slime body disintegrate and the leuco-
plasts enlarge, the phase boundary between vacuole and cytoplasm appar-
ently breaks down; the plastids migrate from the periphery to the central
region of the cell, becoming violently agitated by Brownian movement;
and neutral red fails to accumulate within the cell. Slime plug formation,
which up to this time has not been noted, is readily induced by means of
aleohol and other killing agents. In young tissues (plate III, figs. 6, 8, 10,
and plate IV, figs. 11, 12) slime plugs are made up of conglomerate masses
of partially disintegrated slime bodies and nuclei, but as disintegration be-
comes complete they are formed of the more homogeneous suspension that
results (plate IV, figs. 13, 14, 15).

The protoplasmic layer of the sieve tube reacts differently to different
reagents. The condition depicted in figure 14 results from the use of a
killing agent composed of three parts of absolute alcohol to one part of
glacial acetic acid. That in figure 15 was induced by 95 per cent. alcohol,
which causes a severe shrinking of the protoplasm. The internal strands
are present, however, and may be densely stained by the use of iodine and
anilin blue (plate IV, figs. 13, 16, and plate V, fig. 17). In figure 13 the
slime, which is small in volume, has formed on the surface of the sieve plate
a compact layer through which the protoplasmie strands project.

By rapidly killing thin sections of potato stolon tissue in this aleohol-
acetic acid mixture, one ean avoid contraction and staining of the proto-
plasm; while the suspension of colloidal material within the cell is coagu-
lated to a flocculent reticulum distributed uniformly throughout the cell
(plate V, figs. 18, 19). The protoplasm of these mature sieve tubes shows
peculiar properties in fresh sections. All streaming movements have ceased,
neutral red no longer acecumulates, the cells cannot be plasmolyzed, and
anilin blue penetrates readily, staining the callus of the sieve plates (fig.
20) and fragments of colloidal material within the cell. Plate VI, figures
21 and 22 illustrate this stage. The former shows a longitudinal section
of phloem of potato stolon that has been allowed to accumulate neutral
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red for some time. As soon as this pieture was taken, a hypertonie sucrose
solution was applied under the cover glass; and, as the cells containing
neutral red became plasmolyzed, the photograph shown in figure 22 was
made. While the sieve tube in the center of these figures was unaffected,
the companion cells and several phloem parenchyma cells were severely
plasmolyzed.

Although the protoplasm seems to have passed into an inert condition,
it is not actually dead, for treatment with alcohol will often cause a radical
change or entire cessation of Brownian movement of the plastids; and kill-
ing with dilute eosin solution by the method of ScmumacHER (28) will
cause rapid callusing of the sieve plates and collapse of the elements.
Apparently a condition is reached where distinetions between protoplasm
and vacuole become less pronounced ; the internal strands and parietal layer
are simply portions having greater density or viscosity than the intervening
regions.

As the sieve tubes become senile, the plates are heavily callused (fig. 20),
as are the side wall pits; and in some instances large spherical masses of
callus may partially or almost completely fill the cell lumina. Similar callus
formations may be induced by the use of dilute eosin solutions (28), and
after their development the tubes soon collapse and become obliterated.

The sieve plates of potato develop in the same way as those of cucurbits
(5), the chief differences being that the protoplasmic connections are
smaller, the callus cylinders are less prominent, and definitive callus for-
mation is less pronounced. The optical effect resulting from the focusing
of light by the callus e¢ylinders is very striking in potato sieve plates. Fig-
ures 23 and 24 show pictures of the same sieve plate taken at slightly differ-
ent levels, a water immersion lens and a 12 x ocular being used. Apparently
these plates show an interference phenomenon, the light being blotted out
in figure 23 and reinforeed in figure 24, for these white spots are much
brighter than the original unoccupied field of the microscope.

An oil immersion lens reveals structures similar to those found in
cucurbits. The crater-like ends of developing callus eylinders appear in
plate VII, figure 25. When stained heavily with anilin blue after being
mordanted in iodine, the protoplasmie strands appear as small black dots
surrounded by blue callus eylinders (15), which in turn lie in an almost
unstained cellulose matrix. The differentiation is difficult to photograph
because the differences in color are greater than those in intensity and be-
cause one can seldom find plates which are clear of adhering protoplasm
and flat enough to show more than a few strands in focus at one time.
Figure 26 shows a cup-shaped sieve plate with the edge in focus, giving a
longitudinal view of the protoplasmiec strands; and figure 27 shows them in
transverse view. Although the photographs are not very satisfactory, the
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actual preparations are quite convineing and confirm the interpretation
that these minute dark-staining cores are the actual protoplasmic strands.
As they are only 0.3-0.5 y in diameter, pores within these strands, if such
were present, could probably not be detected by means of the microscope.

The slime bodies in potato sieve tubes have only a short existence.
During the major portion of their functioning period, the sieve tubes are
devoid of these bodies and of nuclei; the limits of the central vacuoles can-
not be detected in fresh sections; a great number of starch-containing
plastids are suspended within the confines of the parietal layer; and the
protoplasm, by its staining and plasmolytic properties, seems to have lost
almost completely its property of semipermeability. The companion ecells
have nueclei and are rather densely filled with protoplasm, while the phloem
parenchyma cells are nucleate and contain starch in increasing quantities
as they mature.

Translocation studies

As detailed anatomical study seems to render untenable the classical
theory of mass flow through open pores in the sieve tubes, we must search
critically for another mechanism to explain translocation. As in previous
work (4,5), dissection studies have been made on the stems and stolons
of the potato.

Phloem exudation is not so pronounced as in the eucurbits, for several
reasons. As soon as an incision is made into the phloem, the intercellular
spaces of the adjacent parenchyma tissues become filled with sap, acquiring
a water-soaked appearance. If another cut is then made near the first, sap
will be seen to flow out and wet the surface of the stem with a very thin
film that spreads rapidly. These two observations show that the exuded
sap has a very low surface tension, differing from that of cucurbits.

If more cuts are made in quick succession near the first one, sap will be
seen to accumulate rapidly and run from the wound. If then a cut is
made through into the xylem, the sap will be drawn in rapidly and the
wounded area will become dry. This shows, as do other experiments, that
the phloem exudate for the potato does not coagulate in the same way as
cueurbit sap. In addition, one should remember that exudation in the
cucurbit stem starts at a rate from three to eleven times that of normal
flow (5), while in the potato the stem is apparently less elastie, so that little
more than the normal rate is observed.

From measurements of the tubers and stolons of potatoes grown in the
field, more reliable rates of translocation may be calculated. The plants
were of the Russet Rural variety and were grown by the Division of Vege-
table Crops of the College of Agriculture, Cornell University, Ithaca,
New York.



PLANT PHYSIOLOGY

86

g'se 4 9L'T _ 19°0 ST'T 0660°0 A 1 44 9'L8 _ 0°69T o8eroAy
t 16°63 T€°0T 09°6T ogror | s8Iz | U 309 | 97982 18305,
9'9¢ LL°0 : 0€°0 | L1¥'0 ¥$8¥%0°0 8T L'€8 L9 GQIL
G'3¢ 61°2 290 3q'T L1600 | €0 8°36 3'€3 A 8'T0T
T'1¢ LeL IT'¢ 3% 006¢€°0 80 §'18 G'30T | GLLY
L'0¢ 63°L 3¢°0 L6°0 8290°0 €T $'38 gee | g00T
S'ye 6G°T 69°0 06°0 L6ET0 G0 G'€3 ¥¢g B80T
9'6¢ 08'L 69°0 Tt 8160°0 8'0 6'33 063 9'9GT
3'¥e 18°0 3¢°0 Ggo 3¥%0°0 3¢ 9'%3 7¢e 098I
oy €9'T 39°0 Tt G880°0 6°0 8'€3 0'6¢ “ €991
8'L¢ $6°0 ! ¢e0 090 €860°0 8°0 ¥'€3 LT [ 27
T'0¢ 12T | 9¢€'0 a8'0 I 82900 €T 0°33 8¢8 g'LIT
¥'3¢ 88°0 | G3'0 €9°0 - L3500 g0 6'15 0°9¢ [ SP9T
988 09°T 160 €0'T _ TT0T'0 ¥ 6'33 {42 9°LES
3'0¢ ¥3'T , %0 €8°0 . 0850°0 LT 6'8T 9T 0°.L8
L'0¢ ge'tT , 39°0 €6°0 | 12600 LT 8'33 8°'T¢ S'6ET
L3¢ P11 9%°0 83'T L 586070 €3 7’13 L'8¢ G'I8T
3'0¢ €6°0 0¢°0 €9°0 _ 3L%00 | 8T 3’13 (524 0°€9T 8
1’63 63'3 T€0 86T L9800 | 03 L'€3 9'¢8 0°¢g¢ “T
qu20 49d _ S Swo 2 W9 w9 U990 494 ‘wb ‘wb
) R 1 o)
01LVY # umwmwm.m : Mﬁmoq«mm qw,w%wmﬂmﬂ NOTOLS ‘LM HSTEL
VIV NHOTHJ TVNIILN] HLONET d0 % SV ‘LM REJ | LM HSAYT ‘ON
TIVA TTE) ‘LM KT
, J0 NOILOFS HSHIASNVIL J0 VAAY
NOTOLS qAAN],

OLYL0d dQ SNOTOLS ANV SEIENL NO SINIWIINSVATY

I HTIVL



CRAFTS: TRANSLOCATION 87

The seed pieces were planted on May 17, and the tubers were dug on
September 22, 1930. Weights and phloem areas are given in table I.

The measurements of sieve-tube elements of both inner and outer phloem
appear in table 1I, together with sieve-tube area: phloem area ratios. The
latter are somewhat higher than the ratio given in a previous calculation
(4). while the cell walls occupy a somewhat smaller proportion of the total
phloem area.

TABLE II
MEASUREMENTS OF SIEVE-TUBE ELEMENTS IN FIVE POTATO STOLONS
EXTERNAL PHLOEM INTERNAL PHLOEM SIEVE-TUBE
AREA
StoLoN NUMBER OF AVERAGE NUMBER OF AVERAGE %100
ELEMENTS | pNeTH ELEMENTS LENGTH | PHLOEM AREA
MEASURED MEASURED
mm. mm.

18 : 0.114 12 0.123 21.3

11 L0117 8 0.109 22.4

16 ! 0.159 44 0.108 20.1

43 . 0.107 40 0.088 25.6

20 | 0.096 17 0.082 25.2

: |
Average of all | ... 0106 | .. | 22.9

Measurements were made on sieve plates from these stolons, the proto-
plasmic strands counted, and the sieve-plate areas surrounding the strands
computed, as shown in table III.

The average sieve-plate area surrounding each strand was 3.04 x 10-3
cm.? The protoplasmic strands were stained and measured in fully hy-
drated sections; they averaged 0.3 p in diameter. The area of the trans-
verse section of each strand was 0.0707 p?, and the percentage of the sieve-
plate area occupied by strands was 0.0707 + 3.04 x 100, or 2.3 per cent.

Data on the rate of growth of Russet Rural potatoes under field condi-
tions at Ithaca were provided by Professor E. V. HARDENBURG of the Veg-
etable Crops Division. The potatoes were planted on June 10, and sepa-
rate lots harvested on August 25, September 15, and October 17. Table
IV shows that between the first two harvests the tubers gained on an-aver-
age 173.0-90.3, or 82.7 gm. This gain in 21 days gives a rate of gain of
3.94 gm. fresh weight per day. According to the dry weight composition
given in table I, the daily increment of dry weight was 0.89 gm.

These tables provide a basis for comparing, in potato, the different
theories of translocation. The total phloem area in the stolons of the sev-
enteen tubers, as shown in table I, averaged 0.0176 cm.? In testing the
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TABLE III
AREAS, NUMBER OF STRANDS, AND AREA PER STRAND VALUE FOR SIEVE PLATES OF POTATO
SIEVE AREA NUMBER OF AREA + NO. OF STRANDS
PLATE oM.2x 10-¢ STRANDS cM.2 X 10-8

3.39 134 2.53
1.50 68 2.24
2.60 101 2.58
2.87 105 2.73
2.75 111 2.48
6.34 201 3.15
4.47 i 158 2.83
2.79 58 4.81
2.04 34 6.00
2.99 56 5.34
3.30 67 4.93
3.04 103 2.34
3.15 69 4.57
3.35 63 5.32
2.38 46 5.17
1.61 61 2.64
1.46 67 2.18
2.27 99 2.29
1.25 53 2.36
4.80 121 3.96
4.05 108 3.75
5.62 151 3.72
3.67 130 2.82 -
3.84 133 2.88
1.92 110 1.75

Total ..o 77.45 2507

Average ... 3.10 100.3 3.04

protoplasmie streaming hypothesis, it seems best to calculate the movement
on a dry weight basis. The daily inerement of 0.89 gm. of dry matter
would oecupy approximately 0.60 cc. and would have to move in the pure
state at a linear rate of 00176 < o4 01072(:< 5 OF 1.42 em. per hour, through the total
phloem area. Only about 10 per cent. of the phloem, however, is occupied
by streaming protoplasm, one-half of which is flowing in the proper direc-
tion; so that if it were carrying with it organic matter equal to its own
volume, and were loading and unloading it with machine-like precision, the
rate of movement would still have to be 56.8 em. per hour in order to de-
liver the required material. But the maximum rate of streaming observed
in phloem parenchyma of the potato was 1.8 em. per hour, while in mature
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TABLE IV
GROWTH OF POTATO TUBERS
PLANTED . ‘ TUBERS YIELD " WeleHT
Row Juxg 10 | HARVESTED ‘ PER ROW PER ROW | PER TUBER
‘ gm. l gm.
2-7-12..... ‘o Aug. 25 143.5 12,970 1 90.3
3-8-13...... ‘ Sept. 15 141.0 24,390 ’ 173.0
1-6-11.... | ¢ Oct. 17 | 1573 28,900 l 184.0
I

sieve tubes no protoplasmic movements oceur in sectioned material. Fur-
thermore, since the length of phloem elements is arourd 0.1 mm., there
would be 100 end walls per centimeter, or, in the average conducting sys-
tem of 30 em., about 3000 to be crossed by diffusion. If the total gradient
in concentration were from 1 molal to 0, then across any one of these mem-
branes the gradient would be%, an insignificant value so far as its quan-
titative aspect is concerned. Streaming through the protoplasmiec strands
of the sieve plate would be equally inadequate, because dry matter alone
would have to move at a rate of 1.42+0.229 +0.023, or 270 ¢m. per hour,
through the pores occupied by these structures. Even if they were dis-
tended by internal pressure, as might be conceivable, they would not suf-
fice, for dry matter alone would have to move 6.2 em. per hour, or over
three times the rate of streaming through the total sieve-tube lumen area.
Protoplasmie streaming would seem entirely too slow to act as an effective
accelerating or transporting mechanism in the movement of organic nutri-
ents through the potato stolon.

As all of the studies on the structure of sieve plates indicate that the
protoplasmic strands traversing them are solid, further testing of the
mechanism of mass flow through perforations seems useless. The strands
themselves in potato are very slender, being less than 1y in diameter; and
any pores which could possibly traverse them would necessarily be so small
that an immense pressure would be needed to cause the required rate of
flow.

‘When one considers movement through the intermolecular spaces in the
hydrated cellulose of which the phloem walls are composed, the pressure
again is obviously of an impossibly high order.

Assuming that these intermolecular spaces occur between concentrie
eylinders (5), so that the formula as modified to apply to flow between
parallel planes might be used, and, inserting a plausible value for the pres-
sure, the value derived for the minimal distance between the planes is 0.9 .
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This is from 10 to 100 times too great for pore spaces in a jell. As there
is no justification for assuming that the resistance to flow through cell walls
is less than that calculated, the original theory (4) must be modified.

Evidence presented in the previous section indicates that sieve tubes
increase in permeability with age; and, in potato, soon reach a condition in
which they fail to aceumulate neutral red and cannot be plasmolyzed with
hypertonic solutions. Repeated trials with sugar beet and cucurbit phloem
have given the same results. These findings are contrary to the generally
accepted (8, 22) ones of RuHLAND which earlier led the writer to the con-
clusion that the sieve tubes played no part in the transport of organic nutri-
ents (4). Continued study on this point, however, convinces one that
RUHLAND was either dealing with very young sieve tubes or observing other
phloem elements.

With the sieve-tube protoplasm completely permeable, the cross walls
would present the greatest resistance to mass flow. The pressure necessary
to cause movement through the lumina would be almost negligible. If the
dry weight inerement of the tuber entered in the form of a 10 per cent.

0.89 x9 '
0.0176 x 24
through a passage equal, in cross-section, to the total phloem. Through the
22.9 per cent. of this area occupied by sieve tubes, it would move at a linear
rate of 83.0 em. per hour, or 0.023 cm. per second, requiring a pressure dif-
ference of 0.0035 atmospheres per sq. cm. through the stolon.?

A study of the volume relationships of the potato plant indicates that
the stolon is a region where the transverse phloem area is constricted. The
pressure gradient necessary to cause flow through sieve-tube lumina in the
entire plant, therefore, is probably not more than ten times this value, the
difference between this and the actual pressure in the phloem being re-
quired to overcome the resistance of cross walls.

If the sieve-tube end walls were so arranged as to act as a complete ob-
struction across the total phloem at frequent intervals, then the area avail-
able for longitudinal flow through wall material would be the sum of the
sieve-tube lumen area plus the sum of the phloem wall area. ~An average
value for this sum would be, from tables I and II, 55.4 per cent. of the total
phloem and the average rate through this area 34.3 cm. per hour. In the
potato, however, many of the sieve plates are not transverse and seldom do
many of them occur in any one plane. By this arrangement a much

solution, it would move at a linear rate of =19.0 em. per hour

8R;nl
2 Calculated according to POISEUILLE’S equation, P = rlg where P =pressure in

dynes per sq. em.; R,, linear rate of displacement=0.023 e¢m. per sec.; n, viscosity of
the solution=0.012; 1, average length of stolon=1.3 em.; and r, average sieve-tube

8x%0.023 x 0.012 x 1.3
radius =0.0009 em. P= 081X 10 =3543 dynes or 0.0035 atmospheres.
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ereater surface is exposed, reducing even more the actual rate of movement
through wall material. This is brought out in text figure 1 4, showing the
strictly transverse arrangement, and B, the situation (greatly foreshort-
ened) as it oceurs in potato.

4
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Fia. 1. Diagr:mmatic representation of flow through Bi)ota\to phloem.

The arrows in these diagrams represent the flow of solution, the distance
between them being inversely proportional to the rate of flow. From B it
can be seen how the actual rate of flow through the wall material may be
greatly decreased, reducing the pressure required to maintain movement.
By using this reduced rate in the modified formula (5) and substituting
the volumes and pressures computed for sap concentrations of 10, 15, and
20 per cent., values have been calculated for the minimal distance between
parallel planes which would accommodate this flow. As the stolon is a con-
stricted region, a greater pressure gradient per unit length is required.
The values are computed on the assumption that 10, 20, or 50 per cent. of
the total available pressure is utilized within this limited region.

These values (table V) show that by assuming ideal conditions, namely,
a high concentration in the flowing sap and a high utilization of energy
within the limited stolon region, one may arrive at dimensions for capil-
lary spaces which approach the probable values. Respiration has not been
considered, and a zero pressure is being assumed at the ‘‘sink’’ or storing
parenchyma cell. If, on the other hand, hexose sugars and organic acids
of low molecular weight were present in the sap, considerably higher pres-
sures might be expected.
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TABLE V

DIMENSIONS OF CAPILLARY SPACES REQUIRED FOR CONDUCTION IN POTATO STOLON;
CALCULATIONS BASED ON SUCROSE

DIMENSIONS OF CAPILLARY SPACES
OsMOTIC DISTANCE BETWEEN PARALLEL PLANES
SoLUTE Conc. PRESSURE
AT 25° C. PRESSURE UTILIZED
10 PER CENT. | 20 PER CENT. | 50 PER CENT.
per cent. molal atm. n n w
10 ... 0.33 8.5 0.066 0.046 0.029
15 0.52 13.5 0.043 0.031 0.019
20 .. " 0.73 19.4 0.033 0.023 0.015

The potato stolon is apparently a very efficient conducting organ; and
if a mechanism can be found which will satisfactorily explain its function-
ing, other cases should present no difficulty. Longitudinal movement
through structures lacking mature sieve tubes seems to take place along the
walls, and dissection experiments indicate that in growing shoots and root
tips this movement is not limited to the phloem but spreads throughout the
strueture. Apparently those tissue layers which, in the mature stem, limit
flow to the phloem, have not yet become functional, the epidermis alone
serving to check loss by leakage.

MinNcE (22) has suggested that lateral movement from mesophyll to
vascular tissue and from vascular tissue to storage tissues or secondary
meristems takes place from living cell to living cell by way of the plasmo-
desma. In that case, these connecting strands should be abundant in the
parenchyma cells of the potato tuber, especially in the vicinity of the
phloem strands. Examination of these tissues showed this hypothesis to be
correct ; and figures 28, 29, and 30 illustrate these structures, stained with
gentian violet and iodine. If the plasmodesma are actually wall structures,
as JUNGERs (16) has recently suggested, it seems strange that when the
wall is swelled by the use of 30 per cent. sulphuric acid to double its origi-
nal thickness (fig. 81), the plasmodesma should undergo no greater change
in length than those treated with only 5 per cent. acid (fig. 32).

Upon entering the tuber, the vascular tissue of the stolon multiplies
rapidly in amount and the rate of flow is materially reduced. Lateral dif-
fusion from the strands diminishes this rate even more, longitudinal move-
ment becoming relatively slow.

Measurements were made on two tubers; and the resultant values, given
in table VI, aid in the determination of these reduced rates.
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As the area occupied by phloem in the stolon is roughly proportional to
the weight, for these tubers it would be about 31% % 0.0176, or 0.0255 em.?
Dividing the area occupied by phloem in the vascular bundles of the tuber
by this value, 1.9 x 2/3 + 0.0255, we find that the phloem expands approxi-
mately 50 times within the tuber at its maximum girth. The mean expan-
sion should be about two-thirds this value; and the mean rate of flow within
the tuber, if one considers the continual loss by diffusion, should be around
0.285 em. per hour. The average length of vascular bundle in these tubers
is 5.3 em., and the average time required by the solution to reach its final
6512'2—5, or 18.6 hours.

In calculating the rate at which solute diffuses from the phloem to its
final destination within the storage cells, the mean distance must be found
by computing the radius of the circle whose area is one-half that of the total
area of parenchyma surrounding each vaseular strand. Correcting for the
area of the bundle itself and for the increase in total area due to growth,
the mean distance is 0.047 em., and the mean rate of movement 0.0025 cm.
per hour.

As protoplasmic streaming is common within the parenchyma cells of
growing potato tubers, it might possibly explain the movement of solutes
from end to end of these cells, leaving only the thickness of walls to be
traversed by diffusion. According to measurements, the walls occupy
about 3.7 per cent. of the distance. Then 0.047 x 0.037 =0.00174 em., the
distance to be traveled by diffusion. If streaming accounts for an effective
movement of 0.018 em. per hour, the materials would move 96.3 per cent.
of the distance in 2.5 hours; 16.1 hours would remain for diffusion; and
0.00174 +16.1 = 0.00011 cm., or 1.1y per hour, the rate of diffusion.

This rate proves to be 3.01 x 10-® em. per second, or, through unit cross-
sectional area, 3.13 x 10~ gm. per second. If the coneentration decreased
0.1 molal within the 0.047 em., the diffusion constant would be 5.5 x 10-*°
for movement across the total area, or 0.11 x 107 for diffusion through the
5 per cent. occupied by plasmodesma. This value is about 100 times
smaller than that for diffusion through water, and eclosely approximates
that obtained by StEwarp (29).

MinNcH has calculated rates of movement in leaf tissues. From the
data on potato (22, p. 87), according to his method, a rate of 6.25 u per
day for movement within the leaf was obtained. As plasmodesma in the
leaf are confined to pits, and as acceleration by streaming would be con-
fined to the parietal layer, the actual rate of movement is probably many
times this. If it were as great as 100 times this value, it would be only

location within the phloem is
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625 p per day, or 26 p per hour. Dividing the mean distance of diffusion,
62.5 yu, by 26, we find that 2.4 hours would be the average time consumed.
Streaming, common again in these tissues, would carry materials 95 per
cent. of the way in 0.3 hours; and the remaining distance, 3.125 p, divided
by the remaining time, 2.1 hours, gives a diffusion rate through the plasmo-
desma of 1.5 y per hour.

As the values obtained by these various calculations all lie within the
realm of possibility, apparently this combination of diffusion across walls
along plasmodesma, acceleration by streaming within living cells, and mass
flow through vaseular tissues may satisfactorily explain the conduction of
organic nutrients in the potato.

Discussion

The studies made on potato and on cucurbits indicate that translocation
by diffusion (26), protoplasmic streaming (6, 7, 8, 9), young sieve tubes
(24), conducting parenchyma ecells (11, 26), or perforations through the
sieve plates (23, 22) can play little part in phloem exudation or in the
rapid transport of carbohydrate into the tuber. While the mechanisms of
the first two theories seem too slow and the second two are incompatible
with present concepts of the living protoplasmic structures of cells, the last,
in spite of its classieal position, fails because eritical study has not demon-
strated the presence of open pores in sieve plates.

The errors of the early workers are not diffieult to understand in view
of the instruments they used. To Hartic (13), NigeLr (23), voN MoHL
(21), and Sacms (26), the sieve plates undoubtedly appeared to be truly
perforated, and the phenomenon of phloem exudation seemed to confirm
this conclusion. One wonders, however, why no one before ScummTt (27)
pointed out the fallacy of this view, and why his work has aroused so little
comment.

SAcHs’ concept of conducting parenchyma (26), although based almost
entirely upon ecircumstantial evidence and although partially refuted by
HEeNeE (14), is still aceepted by HABERLANDT (11) and others.

PriesTLEY’s idea of movement by streaming through differentiating
sieve tubes (24) seems difficult to accept because, in many leaves having
practically no secondary tissue, translocation continues long after differen-
tiation has ceased, and because, in such structures as the potato stolon,
movement would be restricted to an insignificant fraction of the phloem.

Although the evidence for increasing permeability of the sieve tube with
maturity is only fragmentary at present, if subsequent studies, using vari-
ous methods and many plants, confirm this observation, it should prove ex-
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tremely important in relation to rapid translocation. No other mechanism
can so well explain the limiting cases exemplified in this study.

Summary

1. Because the potato is particularly favorable for translocation studies,
the anatomy and physiology of phloem tissues in this plant have been inves-
tigated. _

2. Young sieve tubes of the potato are nucleate and display the charac-
teristies of normal living cells.

3. As the sieve-tube elements mature, the nuclei and slime bodies disin-
tegrate; and the protoplasm apparently changes its organization, becoming
more and more permeable.

4. Slime plugs are shown to be artifacts formed by the action of killing
agents upon the vacuolar contents; pores within the protoplasmic strands
of the sieve plates could not be demonstrated.

5. Phloem exudate from the potato has a low surface tension, does not
coagulate rapidly, and seems to emerge at a rate of flow that would account
for normal translocation.

6. Measurements indicate that a 10 per cent. sucrose solution would
have to flow 19 em. per hour through a conduit equal in transverse area to
the total phloem to provide for tuber formation.

7. The theories of protoplasmiec streaming and pressure flow through
phloem walls seem inadequate to explain this rate of movement.

8. Sieve-tube lumina apparently afford the most available channels for
this movement, the parietal protoplasm offering little resistance. Capillary
spaces of from 0.01 to 0.06 p would allow movement across end walls under
the available pressure. ’

9. The phloem increases greatly in cross-sectional area within the potato
tuber. The rate of flow is correspondingly reduced.

10. Protoplasmic streaming may accelerate lateral movement across
non-vascular tissues.

11. Calculations indicate a rate of 1.1y per hour for diffusion along
plasmodesma. of cross walls in the tuber. The corresponding diffusion rate
in the leaf would be 1.5 y per hour.

12. Diffusion along plasmodesma of cross walls and acceleration by pro-
toplasmic streaming within non-vascular tissues, combined with pressure
flow through permeable sieve tubes and phloem walls within specialized
conducting organs, seem most satisfactorily to explain translocation in the
potato.

The writer feels deeply indebted to Dr. O. F. CurTtis and other mem-
bers of the Department of Botany at Cornell University for their aid and
interest in this work. He also wishes to thank those members of the Col-
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lege of Agriculture at Davis, California, who have helped in the prepara-
tion of the manuseript.

o

10.
11.

12.
13.

14.

BoTaNY Divisiox
UNIVERSITY FARM
Davis, CALIFORNIA

_ LITERATURE CITED

ARTSCHWAGER, ERNST. Anatomy of the potato plant, with special ref-
erence to the ontogeny of the vascular system. dJour. Agr. Res.
14: 221-252. 1918.

Studies on the potato tuber. dJour. Agr. Res. 27: 809—
836. 1924.

Bircu-HirscureLd, Luise. Untersuchungen iiber die Ausbreitungs-
geschwindigkeit geloster Stoffe in der Pflanze. Jahrb. wiss. Bot.
59: 171-262. 1919.

Crarrs, A. S. Movement of organic materials in plants. Plant
Physiol. 6: 1-41. 1931.

Phloem anatomy, exudation, and transport of organic

nutrients in cucurbits. Plant Physiol. 7: 183-225. 1932.

(‘urtis, OT1s F. The upward translocation of foods in woody plants.
I. Tissues concerned in transloecation. Amer. Jour. Bot. 7: 101-
124.  1920.

The upward translocation of foods in woody plants.
II. Is there normally an upward transfer of storage foods from
the roots or trunk to the growing shoots? Amer. Jour. Bot. 7:
286-295. 1920.

Studies on the tissues concerned in the transfer of
solutes in plants. The effect on the upward transfer of solutes of
cutting the xylem as compared with that of cutting the phloem.
Ann. Bot. 39: 573-585. 1925.

De Vries, H. Ueber die Bedeutung der Circulation und der Rotation
des Protoplasma fiir den Stofftransport in der Pflanze. Bot. Zeit.
43: 1-6; 16-26. 1885.

Dixon, H. H. Transport of organic substances in plants. Notes Bot.
School Trinity Coll. Dublin 3: 207-215. 1923.

HABERLANDT, G. Physiologische Pflanzenanatomie. Leipzig. 1918.

Havrgs, STEPHEN. Vegetable staticks. Vol. I. 3rd ed. London. 1738.

HarTiG, TH. Ueber die Querscheidewiinde zwischen den einzelnen
Gliedern der Siebréhren in Cucurbita pepo. Bot. Zeit. 12: 51-54.
1854.

HeiNne, H. TUeber die physiologische Function der Stirkescheide.
Ber. deutsch. bot. Ges. 3: 189-194. 1885.



98

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

26.

27.

28.

29.

PLANT PHYSIOLOGY

Hiun, A. W. The histology of the sieve tubes of angiosperms. Ann.
Bot. 22: 245-290. 1908.

Junaers, V. Recherches sur les plasmodesmes chez les végétaux. La
Cellule 40: 7-82. 1930.

KnigaT, T. A. Account of some experiments on the asecent of sap in
trees. Phil. Trans. Roy. Soc. London. pp. 333—-353. London. 1801.

Mavpiea1, MarceLrus. Die Anatomie der Pflanzen. Engelmann,
Leipzig. 1675 and 1679.

Mason, T. G., and MaskeLL, E. J. Studies on the transport of carbo-
hydrates in the cotton plant. I. A study of diurnal variation in
the carbohydrates of leaf, bark, and wood, and the effects of ring-
ing. Ann. Bot. 42: 189-253. 1928.

, and . Studies on the transport of carbo-
hydrates in the cotton plant. II. The factors determining the
rate and the direction of movement of sugars. Ann. Bot. 42:
571-636. 1928.

voN Monr, H. Einige Andeutungen iiber den Bau des Bastes. Bot.
Zeit. 13: 873-881; 889-897. 1855.

MoncH, Ernst. Die Stoffbewegungen in der Pflanze. Jena. 1930.

NZeeLI, CARL. Ueber die Siebrohren von Cucurbita. Sitzber. konigl.
bayer. Akad. Wiss. Miinchen. 1: 212-238. 1861.

PriesTLEY, J. H. The transport of carbohydrates in the plant. Na-
ture 123: 133-135. 1929.

. Ruaranp, W. Untersuchungen iiber den Kohlenhydratstoffwechsel

von Beta vulgaris (Zuckerriibe). Jahrb. wiss. Bot. 50: 200-257.
1912.

Sacms, J. Ueber die Leitung der plastischen Stoffe durch ver-
schiedene Gewebformen. Flora 46: 33-42; 49-58; 65-74. 1863.

Scamipt, E. W. Bau und Funktion der Siebréhre der Angiospermen.
Jena. 1917.

ScruMacHER, W. Untersuchungen iiber die Lokalisation der Stoff-
wanderung in den Leitbiindeln hoherer Pflanzen. Jahrb. wiss.
Bot. 73: 770-823. 1930.

SteEwarD, F. C. Diffusion of certain solutes through membranes of
living plant cells and its bearing upon certain problems of solute
movement in the plant. Protoplasma 11: 521-557. 1930.



PraNT PHYSIOLOGY

CRAFTS: TRANSLOCATION




CRAFTS: TRANSLOCATION 99

EXPLANATION OF PLATES

PLATE II

Fiec. 1. Longitudinal section of phloem strand in young potato stolon, showing
sieve-tube elements soon after division of sieve-tube mother cell; imbedded material
stained with haematoxylin and light green.

F1e. 2. Slime body in short sieve-tube segment of anastomosing internal phloem
strands of young potato stolon; same stain as for fig. 1.

Fie. 3. Slime body in developing sieve-tube segment. Note nucleus and densely
staining contents of companion cell; same stain as for fig. 1.

Fic. 4. Sieve-tube element in older stolon; nucleus is disintegrating, being en-
larged and only lightly stained; staining like fig. 1. All x 750.
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PLATE III

Fi1e. 5. Disintegrating slime body, showing gelatinous strands starting to separate.
x1200.

F1e. 6. Disintegrating slime body lodged against sieve plate. Figs. 5 and 6
stained with haematoxylin and light green. X 750.

Fia. 7. Disintegrating slime body, showing tangled mass of gelatinous strands
lying within the cell lumen. X 900.

Fie. 8. Slime body further disintegrated. Strands have become threadlike, and
much of the albuminous suspension has accumulated at the sieve plate. x750.

Fie. 9. A few remnants of the slime body may be seen in this well developed sieve
tube. Plastids have accumulated considerable carbohydrate material. X 750.

F16. 10. Remnants of the slime body adhering to the internal protoplasmic struec-
ture of fully developed sieve tube. Figs. 7-10 are fresh hand-sections with IKI and
anilin blue. x 750.
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PLATE IV

Fic. 11. Slime aceumulations in young sieve-tube elements of potato stolon. Frag-
ments of slime bodies may be seen within the accumulated masses. Haematoxylin and
light green.

Fic. 12. Slime plug in a young, fully differentiated sieve tube. Parietal layer
may be seen distinet from the slime.

Fi16. 13. Slime accumulated as a thin, compact mass of homogeneous material
lodged closely against the sieve plate. Internal protoplasmic strands may be seen pro-
Jjecting through the slime.

Fi6. 14. Slime accumulation in a sieve tube killed by applying a mixture of 3 parts
of absolute aleohol and 1 part glacial acetic acid to one end of the section. The mass
is dense near sieve plate but less and less concentrated toward center of cell. Parietal
layer is slightly contracted.

Fic. 15. Dense slime plug in old sieve tube formed by killing with 95 per cent.
aicohol. Parietal protoplasm is contracted and surrounds the slime.

F1c. 16. Internal protoplasmic strands in mature sieve tube. Plastids above the
piate. Figs. 12-16 stained with anilin blue and iodine. All x 750.
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PLATE V

Fie. 17. Internal protoplasmic strands in mature sieve tube. Under the micro-
secope the threads could be followed directly to the strands of sieve plate. Hand section
killed and mordanted in IKI and stained with anilin blue. x900,

Fre. 18. Sieve tube and spiral vessel of potato stolon. Section killed with absolute
aleohol and acetic acid. Parietal and internal protoplasm unstained and not contracted.
Sieve-tube lumen contents coagulated to a flocculent reticulum which completely fills the
cell. Dark mass at the sieve plate is composed of plastids which were out of foeus.
x 750.

Fre. 19. Another sieve tube in same section as fig. 18, showing plastids more
clearly. In living material these plastids are rapidly agitated by Brownian movement.
Figs. 18 and 19 stained with anilin blue and iodine. x 750.

Fie. 20. Definitive callus on sieve plate stained with anilin blue. x 750.
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PLATE VI

Fic. 21. Longitudinal section of potato stolon, showing sieve tube, companion cells,
and phloem parenchyma in living condition after having accumulated neutral red for a
short period of time. x325.

Fie. 22. Same section after application of a hypertonic sucrose solution under the
cover slip. Sieve tube in center of picture remains unchanged, while companion cells
and phloem parenchyma are severely plasmolyzed. x 323.

Fies. 23, 24. Sieve plate of potato stolon stained with iodine and anilin blue as
viewed through a water immersion lens. With the focus high (fig. 23), the protoplasmic
strands and surrounding callus cylinders appear-as black spots. If the focus is slightly
lower, the dark spots give way to small bright spots (fig. 24) which are considerably
brighter than the unoccupied field of the microscope. X 900.
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PLATE VII

Fie. 25. Young sieve plate, showing crater-like ends of callus cylinders which sur-
round the protoplasmic strands. Stained with iodine and dilute anilin blue. x 800.

F1e. 26. Cup-shaped sieve plate, showing the narrow protoplasmic strands. Callus
cylinders cannot be seen in this photograph because of lack of color differentiation; in
the original section they could be seen. X 850.

F16. 27. Transverse section showing sieve plate. Protoplasmic strands surrounded
by callus eylinders. The sections in figs. 26 and 27 were stained with a strong solution
of anilin blue after being mordanted in a very dilute iodine solution. Protoplasmic
strands show black, and callus cylinders blue. A yellow filter was used in taking this
photograph. x 850.

Fies. 28, 29. Plasmodesma in potato tuber tissue. x 325,

Fia. 30. Plasmodesma of pits, more highly magnified. x950.

Fiags. 31, 32. Thick walls of pith parenchyma of potato, showing plasmodesma in
longitudinal view. Figs. 28-32 mordanted in iodine and stained with gentian violet in
5 per cent. sulphuric acid.
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