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INTRODUCTION

THE SENIOR WRITER’S observations on the method of establishment of
continuity between vessel segments in celery (Esau, 1936b)* contra-
dicted Priestley and his associates’ (1935; 1938, p. 348) interpretation
of this phenomenon in other plants. It seemed desirable, therefore, to
survey the literature for references on vessel ontogeny and to check the
results obtained with celery by using some other plants. Moreover, addi-
tion of microchemical tests to the morphologic observations appeared
pertinent. These enlarged studies on the nature and longevity of vessel
end walls are deseribed in the present paper.

REVIEW OF LITERATURE

The development of continuous xylem tubes by perforation or complete
removal of end walls in series of superposed cells has been recorded by
early workers (Treviranus, 1835; Mirbel, 1837; and others). Among
these, von Mohl (1845a, 1845b, 1849) and Criiger (1855) observed that
the continuity between the vessel elements was established after the
development of the secondary thickenings® on the longitudinal walls and
after the formation of the rim of secondary nature on the end walls.
Many of the subsequent workers also observed that the end walls were
perforated during the final stages of vessel differentiation, that is, after
the vessel elements attained their mature diameter and maximum wall
thickness (de Bary, 1884, p. 165; Strasburger, 1882, p. 81; Lange, 1891;
Flach, 1924 ; Eames and MacDaniels, 1925, p. 151 ; Duerden, 1934 ; Esau,
19360).

Hartig (1853) and Flach (1924) reported that the dissolution of the

! Received for publication December 12, 1939.

2 Assistant Professor of Botany and Assistant Botanist in the Experiment Station.

* Instructor in Plant Pathology and Junior Plant Pathologist in the Experiment
Station.

¢ See “Literature Cited” for complete data on citations, which are referred to in the
text by author and date of publication.

5 The terms secondary thickening or secondary wall are used throughout this
paper to denote the rings, spirals, reticulae, or the more extensive pitted layers of
wall material, that are laid over the continuous (except for the plasmodesmata per-
forations), commonly thin wall of the expanded vessel mother cell. The continuous
wall is referred to as the primary wall.
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end walls was a gradual process beginning in one spot—in the middle of
the wall, according to Flach—and spreading thence to other parts of the
wall. The protoplasts of the individual vessel elements disintegrated
approximately at the same time as the end walls (Hartig, 1853 ; Flach,
1924 ; Eames and MacDaniels, 1925, p. 151, fig. 75 ; Esau, 1936b). Work-
ers noted that walls undergoing disintegration were rarely encountered
in preparations (Flach, 1924; Duerden, 1934 ; Esau, 19360).

Long before the end wall breaks down it becomes much thicker than
the primary longitudinal walls (Strasburger, 1882, p. 81; Flach, 1924 ;
Esau, 19365). If only a portion of the end wall is removed the thicken-
ing is restricted to this portion (Esau, 1936b). Strasburger (1882, p.
81) and Flach (1924) interpreted this thickening as swelling. Accord-
ing to Flach, during this swelling the hemicelluloses of the end wall
are converted into pectic materials. Pure cellulose was said to be absent
in the end walls.

Eames and MacDaniels (1925, p. 151, fig. 75¢) depicted the end-wall
thickening in differentiating vessels as secondary; Flach (1924) and
Esau (1936b) regarded it as primary.

In contrast to the writers considered above, Priestley and his co-
workers (1935, 1938, p. 348) advance the concept that end walls in ves-
sels of woody angiosperms are destroyed during the expansion of the
mother cells. These authors have not seen fragments of such walls, but
suggest that the walls break in the middle and then rapidly retract to-
ward the periphery, and thus form a thick rim around the orifice. Their
figures 2 and 3 (Priestley, Scott, and Malins, 1935) supposedly show
such rims. In figure 3, however, the “rim” resembles the thickened len-
ticular end wall described by Esau (1936b, plates 2, A, and 4, A-C). In
the same figure one might suspect the presence of two fragments of the
end wall hanging down into the lower cell, but these structures are also
labeled as rim. .

Although, according to Priestley, Scott, and Malins (1935, p. 45, 53),
the end wall is perforated early in vessel development, the protoplasts
of the superposed segments do not mingle, for “thin, mucilaginous pec-
tin films” often remain stretched across the opening. The structures
labeled as films in plate 1, figures 2 and 3, of these authors, however,
appear like end walls cut on slant or torn in cutting.

References to breakdown of end walls occur also in the group of papers
describing a multinucleate phase in vessel development of some plants.

According to Kny (1886), in certain Dioscoreaceae and woody Lilia-
ceae the very long tracheids of the secondary bundles of stems are formed
from series of superposed cells in which transverse walls disintegrate.
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The phenomenon is said to occur before secondary walls are laid down
and while the protoplasts are alive. A multinucleate condition results
from fusion of protoplasts.

Although certain later workers (Wieler, 1889 ; and others) accepted
Kny’s interpretation, others did not. Among the latter Roseler (1889),
having reinvestigated the Liliaceae used by Kny, concluded that the
tracheids attain their length through gliding growth and that the mul-
tinucleate condition is only apparent; the nuclei belong to different
radially superposed cells. Scott and Brebner (1893) and recently Chea-
dle (1937) agreed with Réseler that the tracheids arose from single
uninuecleate cells elongating by sliding growth.

Hill and Freeman (1903) described a multinucleate condition in
young vessels of Dioscorea prehensilis and said it was produced by the
obliteration of walls between the superposed cells. Pirotta and Busca-
lioni (1898), however, reported that the vessel elements of Dioscorea-
ceae became multinucleate through repeated nuclear divisions and that
the perforation of the end walls occurred after the nuclei disintegrated.
Némee (1910) agreed with this interpretation.

In the first of two articles on vessels of Ricinus, Scott (1935) reported
that the young vessels became coenocytic through an early breakdown
of transverse walls. The second paper (Scott, 1937, p. 71) implies that
omission of eytokinesis in procambium cells causes the multinucleate
condition.

The multinucleate vessel mother cells of Euphorbiaceae, including
Ricinus, were previously considered by Smoldk (1904). According to
this worker, nuclei multiply without formation of cell walls and the
vessel end walls are resorbed after the secondary layers appear on the
longitudinal walls. Smoldk’s observations were confirmed by Némec
(1910, p. 120-151).

In the writers’ opinion, workers who place the establishment of con-
tinuity in a vessel at the end of its differentiation have furnished more
convineing data to support their contention than those who suggest that
the perforation of the end wall occurs while the vessel mother cell is ex-
panding. The observations here recorded further show the persistence
of terminal walls in differentiating vessels.

MORPHOLOGY OF THE END WALLS IN
DIFFERENTIATING VESSELS

The characteristics and behavior of vessel end walls were studied in
several herbaceous angiosperms—Cucurbita pepo, Zea mays, Nicotiana
tabacum, Daucus carota, and Beta vulgaris.
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Cucurbita belongs to the type of plants in which the differentiating
vessels expand very rapidly, attaining much larger diameters than the
meristematic cells from which they arose. Plate 1, A, illustrates the
striking contrast in size between the cambium cells and the vessels.

The enlarging vessels, of course, affect the arrangement of adjacent
cells; the latter are stretched transversely and are also pulled apart.
The separating cells remain, however, partly attached to each other by
means of cell prolongations that appear like protuberances or arms
(plate 3, C). Zimmermann (1922) has amply illustrated the bizarre
shapes encountered among these cells.

Through the separation of adjacent cells the vessel is brought into con-
tact with new cells (Velten, 1875; Priestley, Scott, and Malins, 1935;
Esau, 1936¢; and others).

Regardless of the rapid and immense expansion of the large vessels of
Cucurbita, the end walls do not break down during this growth. On the
contrary, after the completion of vessel enlargement their transverse
walls are thicker and therefore more prominent than the longitudinal
walls (plate 2, B and C). At this time the end walls appear tightly
stretched ; the longitudinal walls are pulled in at the transverse parti-
tions so that the vessel elements appear constricted at the ends.

Plate 2, C, shows that the end walls are much thinner at their margins
than in the median portion. These margins remain intact in mature
vessels and are covered by rims of secondary wall material. In the rela-
tively narrow celery vessels studied previously (Esau, 19360) the end
walls were thickest in the middle and tapered gradually toward the mar-
gins so that the walls resembled biconvex lenses. This shape of the end
walls is apparently characteristic of vessels of narrow diameter and was
observed in the primary xylem of Beta, Daucus, and Nicotiana used in
this study.

The end walls persist until secondary layers develop on the longi-
tudinal walls. The Cucurbita vessel mother cells shown in plate 2, 4, had
secondary walls with bordered pits; but their transverse walls and pro-
toplasts were still intact. In this photograph seven transverse end walls
appear in section ; the other five are somewhat tilted, appearing like thin
films.

In Zea mays the expansion of the two large pitted metaxylem vessels
is also rather marked. In the vascular bundle from a stem of maize in
plate 1, B, these vessels had no secondary walls but were fully expanded.
One of the two large vessels showed the transverse end wall covered with
cytoplasm.

Plate 4, A and B, illustrates portions of metaxylem vessels of maize in
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longitudinal sections. The element in A had secondary thickenings on
longitudinal walls, but was cut mostly through parts of walls that bore
no pits. The primary end wall in this view is as thick as the secondary
longitudinal walls. The rims seen in section right and left on the trans-
verse wall are secondary and are rather sharply set off from the primary
end wall.

Traces of deeply stained material appear in place of the terminal wall
in plate 4, B. In contrast to the cells in A4, those in B are free of cyto-
plasm.

In the vessel cells in B, bordered pits are perceptible in the longi-
tudinal walls and occur also in the rather wide rim.

Plate 3, B, shows longitudinally a portion of a young pitted vessel
from the secondary xylem of Nicotiana. This vessel had reached its ulti-
mate width and had secondary walls. The part of the oblique end wall
that would have been removed upon maturation of the vessel is black in
plate 3, B. Because it was cut somewhat on slant, its thickness is exag-
gerated.

The section in plate 3, B, was stained with safranin and anilin blue
and then photographed through Wratten filters 25A and 52 naphtol
green. In the photograph the lignified secondary walls, which were
stained pink, came out faintly gray. The pit-closing membranes and the
primary portion of the end wall were stained blue and appear black.

Only elements of the primary xylem were examined in the sugar beet
and carrot. These two plants gave views very similar to those obtained
with the celery (Esau, 1936b).

MICROCHEMICAL AND OPTICAL TESTS OF
THE END WALLS

The primary purpose of the microchemical and optical tests was to de-
termine whether or not cellulose was present in those vessel walls that
disintegrate when the vessels mature. These studies were made by the
methods described by Rawlins (1933). Before the tests, the material was
imbedded in paraffin, sectioned with a microtome, 8 to 10 microns thick,
mounted on slides, and treated with xylene and aleohol. The vessel end
walls of all the three plants used in these studies—Cucurbita, Zea, and
Nicotiana—showed similar reactions.

Cellulose is doubly refractive, or anisotropic when observed between
crossed Nicol prisms. A transverse or oblique partition between two ves-
sel elements consists of two peripheral anisotropic layers and a median
isotropie (not doubly refractive) layer. The anisotropic layers are pres-
ent before and after expansion of the vessel element. A treatment of the
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sections for 15 to 20 minutes in water just below the boiling point en-
hanced the prominence of the doubly refractive layers (plate 4, C). They
became particularly bright after the sections were stained with congo
red (plate 4, D) or with iodine in potassium iodide’ and duPont Rayon
Bordeaux B.

Either zine-chlor-iodide or I,KI followed by 65 per cent H,SO, stains
the cellulose blue; the lignified and the suberized walls yellow. Both
reagents stain the anisotropie layers blue, the zine-chlor-iodide giving a
more intense coloration than the I,KI. Plate 3, A, shows a portion of Zea
vessel treated with zine-chlor-iodide. The blue layers appear as thin dark
lines on either side of the thick transverse partition. :

Cellulose is soluble in either cuprammonia solution or in 72 per cent
H,S0,. These reagents removed the anisotropic layers of the vessel end
walls but left the isotropic substance.

Sections exposed to alternate treatments with chlorine water and hot
2 per cent sodium sulfite—a treatment that dissolves lignin and the in-
tercellular material but leaves the cellulose—left the two anisotropic
layers of the vessel end walls intact. The isotropic layer was apparently
removed ; it could not be detected by staining with ruthenium red, hema-
toxylin, or congo red after the treatment.

Under certain conditions hemicellulose shows anisotropy. It is, how-
ever, soluble in dilute mineral acids and alkalies. After treatment with
either 3 per cent KOH or 6 per cent HCI at room temperature the end
walls of the vessel elements swelled but neither the anisotropic nor the
isotropic layer was dissolved.

The entire end wall of a vessel element stains red with ruthenium red.
This staining reaction probably indicates the presence of the so-called
“pectic substances” in both the isotropic and the anisotropic layers.
After prolonged treatment of sections in hot 12 per cent HCI the aniso-
tropie layers stained faintly with ruthenium red, brightly with eongo
red. Since the isotropic layer did not stain it evidently was removed by
the acid treatment. These results further indicate that the materials
staining red with ruthenium red are pectic in nature.

The optical and chemical properties of the end walls of the vessel ele-
ments were the same before and after the lignification of the secondary
longitudinal walls. The presence of lignin was determined by the Miule
test. At all times the end walls reacted negatively in the Méule test, that
is, they showed no lignification.

The doubly refractive layers of the end walls show optical and micro-
chemical reactions similar to those of the not yet lignified longitudinal

¢ This procedure was suggested by Professor I. W. Bailey, Harvard University.
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walls of the vessel elements and the primary walls of the adjacent cells.
The anisotropy of these two layers evidently results from the presence
of cellulose. They are here interpreted as the two primary walls of the
two superposed vessel segments, and the isotropic layer is regarded as
the intercellular substance, which is probably pectic in nature.

SUMMARY

The differentiating vessel elements of the herbaceous angiosperms here
considered show intact end walls until the future vessel reaches its final
diameter and develops secondary lignified layers on the longitudinal
walls.

Two superposed vessel elements are separated from each other by two
cellulose layers—the two primary walls—cemented together by isotropic
intercellular substance.
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Plate 1.—A, Transverse section of part of a vascular bundle of Cucurbita showing phloem
to the left, xylem to the right, and cambium between the xylem and phloem. (X 90.) B, Trans-
verse section of a vascular bundle of Zea showing phloem to the left and xylem to the right.
(X 400.) Further explanation in the text.
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Plate 2.—Differentiating vessel elements of Cucurbila: A, longitudinal section of part of
a vascular bundle showing phloem below and, above the phloem, a row of wide vessel seg-
ments with intact end walls (X 90); B, portion of a vessel segment with thickened end walls;
C, entire vessel element with protoplast and thickened transverse walls. (B and O, X 540.)
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Plate 3.—4, Longitudinal section of a portion of a Zea vessel. The end wall has been
treated with zinc-chlor-iodide and mounted in the same solution. The transverse wall is
bordered on the upper and lower sides by dark lines, which were stained blue in the original
preparation, whereas the rest of the wall was stained yellow. (X 1200.) B, Longitudinal
section of part of a pitted vessel of Nicotiana; a portion of the intact oblique end wall and
the closing membranes of the bordered pits appear black. (X 540.) C, Longitudinal section
of Cucurbita xylem showing the result of the tearing apart of parenchyma cells that occurred
near an expanding vessel. (X 400.)
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Plate 4. Longitudinal sections of fully expanded vessel segments of Zea: 4, with secondary
longitudinal walls and intact primary end wall; B, with disintegrating material in place of end
wall. ¢ and D show the appearance of the end wall mounted between crossed Nicol prisms: two
perlpheral anisotropic layers are <epamted from each other by isotropic material. The section
in ¢ was treated with hot water for 15 minutes; the one in D was stained with congo red; both
were mounted in water. (All X 540.)
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