ON THE ANATOMY OF THE SWEET POTATO ROOT,
WITH NOTES ON INTERNAL BREAKDOWN
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INTRODUCTION

The fleshy roots of the different varieties of Ipomoea batatas ham. are
fusiform, napiform, or irregular-spherical. The surface of the skin
appears uniform and smooth in some varieties, and in others irregularly
ribbed, because of the presence of vein-like prominences. The secondary
roots are arranged in more or less straight vertical rows. Each of these
rootlets sits in a shallow depression surrounded by an arch of rough, scarlike tissue, which in shape and texture closely resembles a potato eye.
Occasionally the fleshy roots are deeply lobed so that the rows of lateral
rootlets lie in longitudinal grooves.
The root nature of these fleshy structures was first shown by Turpin
(6) ,2 who published figures comparing the roots of Ipomoea to the tubers
of the Irish potato and the Jerusalem artichoke. Recently Kamerling
(3) and Tuyihusa (7) have taken exception to this view and claimed that
these fleshy structures are modified stems. But the validity of this
assumption, however ably defended otherwise, becomes untenable when
young material is studied. The exarch position of the protoxylern
decides, without further argument, in favor of the root-structure theory
of these organs.
Since the sweet potato belongs to a group of plants which are distinguished by a peculiar anomalous growth, its anatomical structure
has been studied indirectly by a number of investigators, notably by
Schmitz (5). The only direct contribution to the knowledge of the
internal structure of the sweet potato is a short treatise by Miss McCormick (4), who also has reviewed all pertinent literature.
THE STRUCTURE OF THE YOUNG ROOT

The young root shows in transverse section several groups of vascular
tissue, separated from a thick cortex by an endodermis. (Fig. 1.) The
vascular tissue is arranged radially, the xylem and phloem in alternating
strands. The number of protoxylem points varies, but most of the roots
are pentarch or hexarch. In the region near the growing point, the first
protoxylem elements to mature are those farthest away from the center ;
the development therefore is centripetal. The later maturing protoxylem
elements approach each other more and more closely with the increasing
age of the region. The protophloem forms small, oval groups lying
between the strands of protoxylem and within the circle of the youngest
protoxylem element. A parenchymatous sheath, composed of small
cells which lack intercellular spaces, intervenes between phloem and
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xylem. Both xylem and phloem are separated from the endodermis
by a single-layered pericycle.
The cortex forms a broad band of tissue composed of large cells with
conspicuous intercellular spaces. The peripheral cells are covered by a
root epidermis which soon becomes torn and is later replaced by a periderm.
The secondary rootlets take their origin in the pericycle from meristematic cells opposite the protoxylem groups. There are commonly as
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FIG. I.—Cross

section of a young rootlet.

many rows of lateral rootlets as there are protoxylem points. This correlation is well marked in certain overgrown roots, which show five or six
prominent ridges and the same number of rows of lateral rootlets in the
intervening grooves.
EARLY DIFFERENTIATION AND DEVELOPMENT OF THE ROOT
Even before the protoxylem points are differentiated sufficiently to
effect union in the center, growth activity becomes evident in the central
parenchyma. Due to this cell increase, the protoxylem groups are forced
outward. Meanwhile, one of the most centrally located parenchyma
cells has greatly enlarged and matured into a large xylem element.
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(PI. 1 A and fig. 3.) Occasionally an additional small vessel is formed
adjacent to the large one.
Following the differentiation of this large "central cell" and the formation of an area of actively growing tissue between the central cell and

FIG.

2.—Cross section of a young fleshy root. A, cortex; B, endodermis; C, pericycle; D, phloem; E.
cambium; F, proto-xylem group. Drawing is a copy of an enlarged photomicrograph.

the protoxylem groups, the differentiation of a cambium takes place.
This cambium, lying outside of the xylem and inside of the phloem,
gradually forms a complete cylinder. The outline of this cylinder is at
first very irregular (fig. 3), partly because of the radial arrangement
of the vascular tissue and partly because of local cell increase in the
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pericycle opposite the phloem groups. As the root enlarges, cells are
produced by the cambium more rapidly in the inner region, and the
cambium cylinder becomes symmetrical. Occasionally the irregularities
in the activity of the cambium ring continue to be present throughout
the growth of the tuber, causing the formation of deep invaginations
which are especially characteristic of certain varieties, as Nancy Hall
and Belmont.
The endodermis of the young root is very prominent, but gradually
the cells become stretched in the tangential plane and show signs of
disorganization. The cells of the cortex increase in number to accommodate the widening circumference of the growing organ. The intercellular spaces grow larger, whereby the tissue acquires a very loose
texture; the epidermal cells become torn and lignined.
Those parts of the sweet potato roots which do not become thickened
undergo similar changes in their ontogeny. But early during the
differentiation processes, the cells between the protoxylem points and
the large central cell become lignified (fig. 1). Miss McCormick (4)
states that a certain amount of xylem is developed in all young roots;
but when a root enters upon tuber formation, the xylem mass is broken
up by the development of a parenchymatous sheath between its elements.
This observation, however, was not verified. The enlargement of the
young roots into fleshy roots is initiated at a very early stage in the
development of the root, and always precedes the differentiation of
xylem on the inner face of the protoxylem groups.
With the differentiation of the cambium cylinder, the cells around the
protoxylem groups begin to show a more regular arrangement. Soon a
cambium becomes distinct around each of the groups. This development of secondary cambiums is not limited to the protoxylem groups,
but becomes a general phenomenon. (Fig. 6). Simultaneously with
the formation of secondary cambiums around the protoxylem groups, a
new meristematic zone develops around the central cell. At first only
one cell wide, the number of cell rows of this new cambium increases
rapidly and soon forms a tangential band of appreciable width. At a
somewhat later stage a number oí cells in close proximity to the primary
cambium mature into xylem. They, in turn, become surrounded by a
secondary cambium which continues activity for a limited period. In
the later development of the root there appear, independent of the vascular groups, cambiums in the form of bands or circles, producing xylem
toward the center and phloem toward the periphery. In the original
phloem groups new cambiums may also arise, which produce secondary
elements in the regular manner.
The primary cambium cylinder is meanwhile actively dividing, forming xylem and phloem, but mostly thin-walled storage parenchyma.
The xylem elements are few in number, yet show a certain regular arrangement in radial rows. Around each of the newly formed xylem cells a
complete or partial cambium may develop, which produces new elements
in the regular manner. Often, when the amount of tissue produced by
the secondary cambium is considerable, as can best be seen in the region
of the large central cell of the young root (PI. 1, B), a tertiary cambium
develops around a number of the secondary elements and increases in the
same way as did the group from which it arose. Sections through fleshy
roots, which exhibit in mature condition the typical ridged structure
previously mentioned, show the ridges traversed by vascular bundles.
(Fig. 4.) These bundles originate in the primary cambium cylinder,
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3.—Partial cross section of fleshy root about 10 mm. in diameter. A, cortex; B, cambium; C, secondary circular cambium;
D, latex cell in cortex; E, secondary xylem, Pf periderm.
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pass through the cortex, and continue vertically through the veins. The
gap produced in the primary vascular ring is filled by a new partial cambium and its products. Small bundles are occasionally seen in the peripheral cortex even when the projecting ridges are wanting. In the case
of large veins, a narrow band of tissue, a special layer visible even to the
naked eye and not unlike an abscission layer, separates the vein tissue
and its bundles from the cortex of the large fleshy root.
The endodermis and primary cortex continue to show a lag in development. Tangential stretching of the cells of the endodermis is still evident, even while anticlinal walls appear at intervals. A periderm is
gradually laid down in the superficial cell layers, the epidermis and the
peripheral cells of the cortex, and while this layer is increasing in thickness the original cortex and the
endodermis become practically extinct.
Thus continued growth and differentiation give rise to a perplexing anomalous structure which
becomes intelligible only when the
earliest developmental processes in
the young organ are followed out.
THE MATURE FLESHY ROOT

xs£r^-=^

The fully grown fleshy root
shows in transverse section a narrow cortex protected by a periderm,
and a central core of storage
parenchyma in which numerous
strands of vascular tissue are embedded. The continuity * of the
cambium ring which separates these
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traces which traverse the fleshy
root radially and connect with the lateral rootlets ; and for the continuation of cortical traces upward in the projecting veins, where such are
present. In certain varieties a second apparent break is produced by narrow invaginations of the cambium (PI. 3, A, B), which commonly have only
a slight vertical depth, sometimes not exceeding the diameter of a root
trace. The formation of these invaginations can be related to the early
growth of the root, and constitutes a localized delayed development of
the cambium.
The tissue internal to the cambium consists of two types : (1) a peripheral zone in which the xylem elements show a typical radial arrangement
and which is largely the product of the primary cambium; (2) a core
of vascular tissue embedded in storage parenchyma. The individual
strands of the vascular tissue are surrounded by a circular or partial
cambium. The larger vascular strands of the central core occur in one
or another of three general types : (a) the groups are distinct and arranged
at the periphery of a narrow circle (PI. 3, A) ; (b) the groups are scattered
much like the vascular bundles in a com stalk (fig. 4) ; (c) the bundles
open up, join each other laterally and form in their entirety an intricate
network which makes it impossible to trace the individual component
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parts throughout the vertical extent of the organ. (PI. 3, B.) Certain
varieties possess characters of all of these groups and can not be readily
classified.
However anomalous the grosser morphological structure of Ipomoea
batatas may be, the tissues and cell forms are similar to those of other
dicots. A superficial periderm replaces in protective function the root
epidermis. (PL 2, D.) The thin-walled cells composing it form parallelopipeds with the shortest diameter in the radial axis of the organ. The
outer periderm cells become partly lignified and are progressively sloughed
off. The periderm increases in thickness by a phellogen which remains
active throughout the season, forming new cells to replace those which
are sloughed off as the surface of the fleshy root expands.
The cortex of the mature root is made up almost altogether of secondary
tissue. The cells composing it are large starch-filled parenchyma cells,
among which at intervals radial
rows of sieve-tubes with their
companion cells are interspersed.
The sieve-tubes are commonly
large. The length and course of
the cells, however, show great
variations in the regions of
anomalous growth; it is difficult
to find a straight row of any appreciable length. The end walls
of the sieve-tubes are normally
strictly transverse, but in regions
of anomalous growth the end
walls may be sharply inclined
and even two to three large lateral
sieve-plates may be developed.
The companion cells are prominent, of small diameter, but in
length often equal to their sister
cells, the sieve-tubes. Adjacent
to the sieve-tubes and, like them,
a product of the cambium, are FIG. 5.—Cross section of a radial row of secondary sievetubes with their companion cells. Notice the large
latex tubes. (Fig. 5.) These
latex vessel to the left of the row of sieve-tubes.
vessels occur in single vertical
rows. The individual segments retain the division walls; in other words,
résorption of the cross walls which is observed in other plants does not
take place. In young tissue the latex vessels are very prominent and
stand out from the surrounding tissue by their larger size and square
shape in cross section. The cells have a large nucleus and a whits,
viscid fluid in which oil drops are suspended. In older tissues the
latex tubes are less prominent, since the cells of the tissue surrounding
them are of equal size or larger.
The cells of the cambium are typical tracheid-like elements and closely
resemble those of the common dicots. (PI. 2, A, B, C, and fig. 6.) In
regions of extreme anomalous growth, however, the cells assume various
configurations.
All secondary xylem is composed of wide and narrow vessels. These
elements have the typical pitted wall structure and communicate with
-< ;-
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one another by a single large pore. The lumen of the larger cells becomes
filled with tyloses which are most prominent in the mature root.
The storage parenchyma is of two types: (a) Normal bundle parenchyma which, like the xylem and the phloem, is a product of the cambium;
(b) interstitial parenchyma—a filler between the groups of bundles. The
interstitial parenchyma can be considered the direct progeny of the cells
of the parenchymatous sheath of the young rootlet. It forms irregular
areas and even broad zones, which are distinguishable from the surrounding tissue by their lighter color. The cells composing it are commonly
irregular, elongated, and poor in starch. The cells of the bundle parenchyma are polyhedral and fairly uniform; they are very rich in starch
and possess a well developed nucleus.

FIG.

6.—Cross section of cambium of large fleshy root. Notice the formation of a secondary cambium to
the inside of the group of xylem elements.

TISSUE BREAKDOWN IN STORAGE
Harter and his coworkers (2) observed that certain sweet potato roots
which had been in storage for a number of weeks would show symptoms
of internal breakdown. An examination of the affected areas showed
that the cells were partly destroyed and that their starch content was
greatly reduced. In general, however, the tissues exhibited no chemical
changes which would indicate far-reaching pathological disturbances.
From the study of the structure of the normal tuber, it will be recalled
that the groups of vascular tissue are separated by undulating bands or
areas of parenchyma. When tubers in the initial stage of breakdown are
examined, it becomes evident at once that the first pathological disturbance has taken place in the interstitial parenchyma. The cells of this
tissue are large, irregular, and poor in starch ; vascular elements and latex
tubes are entirely wanting. When breakdown occurs, the cells of the
affected region become at first more or less dehydrated ; this is indicated
by their infiltration with air, giving them a pure white appearance
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whereby they stand out strikingly from the surrounding tissue (PL 4, A).
This parenchyma gradually acquires a spongy texture as the obliteration of
cells progresses, leading finally to the formation of small, polyhedral
chambers which are lined by the remnants of the destroyed tissue. (PL
4, A, B, C}D.)
This process of progressive obliteration begins simultaneously at many
points, spreading slowly from the center of the fleshy root along the vertical axis and in extreme cases involving the entire root. During the
formation of these cavities, transverse zones of tissue may remain in
certain places, forming diaphragms which break the continuity of the
longitudinal hollows (PL 4, A). The diaphragms appear as thin, translucent membranes from one to several cell layers thick. The walls of
the cells are for the most part still cellulose, but some of the elements
become lignified. In severely affected fleshy roots the diaphragms also
break down, so that long, continuous air passages traverse the entire
root.
In advance stages of breakdown, obliteration of the tissue spreads to
the parenchyma of the individual bundles, resulting in the denudation
and complete isolation of numerous vascular strands.
Except for the lignification^of individual cells, the tissue lining the
cavities undergoes no change in the composition of its cell walls. Occasionally, however, roots show a pronounced discoloration of the cavities, and a browning and partial lignification of the tissue bordering the
hollows. The discoloration may remain more or less confined to the
lining of the cavities, or it may spread so as to involve several layers.
At such a stage, a section through a root shows a picture not unlike that
produced by certain dry rots. The apparent sterility of these cavities
and the absence of external injuries, however, suggest no complications
resulting from parasitic infections, and the browning of the tissues must
be considered, for the present at least, as an advanced stage of the
original breakdown.
The hollows which result from the breakdown of the fleshy root tissue
resemble in their appearance the lysigenous air spaces found in the stems,
leaves, and roots of grasses; sedges, and a host of other plants. The
formation of these air passages, according to de Bary (1, p. 216),
begins by those cells which do not follow the growth of the tissue surrounding them,
becoming at first separated from one another so as to form schizogenous cavities which
gradually increase in size. The cells of the tissue thus broken up then gradually
lose their protoplasm, dry up and coalesce as flaky masses which are attached to the
wall of the cavity. In other cases, the cells first lose their protoplasm, the membranes
become apparently thinner, and finally rupture by the extension of the surrounding
tissue.

In all these cases the formation of air cavities is a normal phenomenon
in the growth and differentiation of the organs of certain plants. The
cavities themselves are partly the result of unequal growth of the tissues.
Similar agencies are at work when, under abnormal climatic conditions,
organs such as Irish potato tubers show extensive internal hollows.
These cavities, however, do not develop after the tuber is mature and
placed in storage.
While the cavities occurring in the sweet potato have much in common,
as far as appearances go, with those resulting in other plants from normal
growth processes, and though the mechanism of their formation might
be the same, or similar, if we consider typical lysigenous cavities, we have
still to determine what factors are responsible for such changes in the
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normal metabolism of the resting root. Since breakdown is, to all appearances, correlated with metabolic changes in the resting root, it might be
possible to find a satisfactory explanation on a purely mechanical basis
by ascertaining the chemical composition of susceptible and resistant
fleshy roots and noting the changes which take place under various
conditions of storage. From such evidence it may be possible to determine the origin of the trouble, or at least to discover significant correlations which may point to the solution of the problem.
SUMMARY

The edible structure of Ipomoea batatas is a thickened root. Its
peculiar anomalous structure is due partly to the action of a primary
cambium, partly to the development of secondary cambiums and their
products.
The cells of the interstitial parenchyma of certain of the varietie?
break down in storage, causing the formation of polyhedral chambers
lined with the cottony débris of the disintegrated tissue.
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PLATE i.
A.—Cross section of young, fleshy root (4 mm. diameter). Notice prominent
endodermis.
B.—Cross section of large vascular bundle of interior of mature fleshy root. Notice
the development of a tertiary cambium around a group of xylem cells in the center
of the figure. (Lines are partly redrawn.)

PLATE

Anatomy of the Sweet Potato Root

I

%mi9t&wm?.

Journal of Agricultural Research

Washington, D. C.

Anatomy of the Sweet Potato Root

PLATE

2

-Vil
■»■■

Journal of Agricultural Research

Washington, D. C,

PLATE 2
A.—Tangential section of cambium of fleshy root.
B.—Radial section through cortex and primary cambium. Notice the abundance
of starch in the cells of the cortex.
C.—Cross section through the primary cambium of a mature fleshy root. Notice
the formation of a new, partial cambium below the group of xylem cells.
D.—Longitudinal section of the periderm of a young fleshy root.

PLATE 3
A.—Cross section of a mature fleshy root (variety Belmont). Notice that the
large center bundles are distinct.
B.—Cross section of a mature fleshy root (variety Nancy Hall). Notice that the
larger bundles are united, forming a reticulum.
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PLATE 4
A.—Radial cut of fleshy root (variety Key West) showing severe symptoms of
internal breakdown. The longitudinal passages are interrupted by «diaphragms.
The lining of the cavities shows a brown discoloration.
B.—The same as above, except that the breakdown has not yet reached the stage
showing brown discoloration. Cavities shaded in drawing.
C.—Cross section of fleshy root shown in A. Notice the denudation of the larger
bundles.
D.—^Cross section of fleshy root shown in B. This is a typical view exhibited by
sweet potatoes affected with internal breakdown.

