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Developmental changes in the storage organ of Brassica

campestris L. were followed from the organization of the embryonic

radicle and hypocotyl to the mature storage organ. Three independ-

ent primary meristems gave rise to the cortex, the stele, and the

root cap-epidermis. The primary development is typical of the

Cruciferae. Cambial activity was followed through serial tangential

sections of the phloem from four areas of the storage organ; the

crown, the hypocotyl, the upper root and the middle root. The

anticlinal divisions of the crown's cambium were primarily longi-

tudinal and transverse. The divisions in the hypocotyl, although

greatly oblique had fewer 'longitudinal divisions. The cambium of

the upper root had fewer longitudinal and greatly oblique anticlinal

divisions. The anticlinal divisions of the middle root showed few

greatly oblique divisions with most divisions being oblique to slightly

oblique. New ray initials originated by transverse divisions of



fusiform initials. Both ray and fusiform initials that were lost

differentiated into parenchyma cells. Decline of fusiform initials

was rare and in no case did ray initials originate in this fashion. As

the storage organ expanded, interxylary phloem strands and vascular

bundles appeared. Phloem strands differentiated following longi-

tudinal divisions of the axial xylem parenchyma. As the organ en-

larged, parenchyma cells surrounding the phloem strand divided, a

cambium was formed, and tertiary phloem and xylem were produced.

These interxylary vascular bundles formed a network which in the

upper hypocotyl united to form a continuous band between the xylem

and the pith. In the crown the vascular bundles of the basal leaves

are bicolateral and the internal phloem is continuous with that of the

interxylary phloem.
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DEVELOPMENT OF THE STORAGE ORGAN OF
BRASSICA CAMPESTRIS L.

INTRODUCTION

In recent years there has been an increasing interest in the

developmental aspects of plant anatomy. Numerous studies of seed-

ling development have been made (Arnott, 1964; Balfour, 1957;

Bisalputra, 1961; Miller and Wetmore, 1945) and even more atten-

tion has been paid to the activity of the vascular cambium as reflected

in xylem and phloem tiers (Baily, 1923; Bannon, 1951, 1955, 1956,

1967, 1968a, 1968b; Carr, 1967; Cheadle and Esau, 1964; Cumbie,

1963, 1967, 1969; Evert, 1960). Most of the studies have been done

on woody stems. Most of the emphasis on root development has been

on primary development and the initiation of secondary tissues. The

works on sugar beet development by Artschwager (1926) and carrot

development by Esau (1940) represent two of the more complete root

development studies. Little attention has been given to root cambial

activity.

It seemed pertinent to undertake a study of the development of

a root and attempt to analyze its growth using the same methods that

have been applied to shoots. The plant selected, Brassica campestri

L., has extensive secondary development and the added complication

of interxylary phloem and tissues derived from supernumerary or
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secondary vascular cambia.

As anomalous growth patterns have always fascinated anato-

mists, there have been several descriptions of the interxylary phloem

strands found in the roots of many cruciferous plants. Hayward

(1938), in discussing the anatomy of Raphanus sativus, ascribes the

origin of phloem bundles to secondary cambia, while Soeding (1924)

found a cambium only in old rape and rutabaga roots. Lund and

Kiaerskou (1886), in comparing the mature structure of B. oleracea,

B. Eirri...pestril, and B. napus, describe the appearance of inter-

xylary phloem strands and the existence of vascular bundles with

cambia producing phloem internally and xylem externally. Weiss

(1880), in his discussion of the anatomy and physiology of thickened

roots, also describes these interxylary vascular strands.

This study describes the primary development of the seedling,

the secondary development of the storage organ in which the empha-

sis is on tier analysis in the phloem as an indication of cambial ac-

tivity, and finally the origin and differerentiation of the interxylary

phloem strands and the origin, structure, and functioning of the

supernumerary or secondary vascular cambia.
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LITERATURE REVIEW

The most difficult problem in analyzing the results of previous

studies of Brassica campestris and related species resides in the

confusion in nomenclature within the group. The Brassica-Sinapis

complex is wide spread, contains both European and Asian branches

and has been cultivated for thousands of years (Vavilov, 1951). Tur-

nips, for example, were mentioned by Pliny as the third most impor-

tant crop of ancient Rome following the vine and grain (Burkill, 1953).

For a time it seemed as if all cultivated forms were to be traced to

a few existing "wild" species. Turnips, rutabagas, and diverse

domestic cultivars of mustard and rape have at one time or another

been identified as proximate forms of B. campestris. Today many

authors view B. campestris and B. rapa as the same organism and

consider B. campestris as the wild form (Fernald, 1950; Gill and

Veer, 1958). Lund and Kiaerskau (1886), in their anatomical de-

scription of B. campestris, seem to be discussing the turnip.

Soeding (1924) in his anatomical comparison between rutabaga and

rape, used B. napa L. var. napobrassica and B. napa var olerifera

as his species designation. Weiss (1880), describing the anatomy

of fleshy roots, discussed B. rapa and B. napus L. var esculenta D. C .

As no common names were used, it is difficult to tell which organism

he was discussing.
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Bailey (1930), in his review of the cultivated Brassica, believed

that Linneaus understood B. campestris as a weed of the field and did

not associate it with any cultivated form. He noted that the problem

of origin will not be clarified by miscellaneously attaching them all

to B. campestris. On the question of the turnip (B. rapa) as a deriva-

tive of B. campestris, he did not feel that the knowledge was far

enough advanced to justify a nomenclature change. Western Amer-

ican taxonomists tend to keep the two species separate (Abrams,

1944; Hitchcock et al., 1964). For the purposes of this paper Abram-)

(1944) taxonomic description will be used.

Brassica campestris L. Common Mustard
Biennial with large fleshy taproot; stem 3-10 dm high,
branching, glabrous and glaucous, or slightly pubescent
below. Basal leaves lyrate-pinnatified, sparsely pubescent;
upper leaves oblong to lancolate, clasping the stem by auri-
culate base, entire or dentate, glabrous petals yellow,
spatulate, 6-7 mm long; pedicals spreading, 15-25 mm
long; pod 5-7 cm long, and 3 mm thick, beak about 1 cm
long.

The anatomy of the mature fleshy roots of the Cruciferae has

been described in several studies. Weiss (1880) surveyed a number

of fleshy roots and described Brassica napus var esculenta, B. rapa,

and Raphinus sativus. He described anomalous interxylary phloem

strands and advanced a hypothesis for their formation. He contended

that new phloem strands developed when the quantity of food material

being transported exceeded the amount that the existing pathways

could handle. DeBary (1884) mentioned the fleshy roots of the
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Cruciferae but limited his discussion to their secondary growth.

None of the Brassica roots were mentioned in his section on an-

omalous growth. Lund and Kiaerskau (1886) compared the anatomy

of B. campestris, B. oleracea, and B. napus. The original work is

in Danish, thus my understanding of this study comes from the ac-

companying French resume. The authors described the interxylary

phloem bundles as well as secondary tissues. Soeding (1924) was

interested in finding some anatomical or morphological trait which

could be used to distinguish between rape and rutabaga before they

reached maturity. This is the most comprehensive study of develop-

ment in the Brassica complex.

In 1926, Pfeiffer published his extensive work on anomalous

growth in plants which he classified into nine categories. He placed

the pattern of the interxylary vascular strands in the Brassicaceae

in the corpus lignosum foraminatum or foraminate xylem category.

In this category, which includes anomalous patterns in both stem

and root, the secondary xylem is normal except that it contains in-

cluded phloem strands. Stems showing this pattern were described

by DeBary (1884), and the phloem was classified as interxylary

phloem. Esau (1965) called this included phloem.

Hayward (1938) reviewed the literature on the anatomy and

morphology of the radish. His information on the growth and devel-

opment of Raphanus was based on work by Golinski (1928) and an
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unpublished master's thesis by Grass ley. On the subject of an-

omalous growth, he described the occurrence of parenchyma divi-

c2iLus and believed that further activity of the xylem parenchyma

developed circular secondary cambia which produced tertiary xylem

and phloem.

The organization and development of primary tissues has re-

ceived a great deal of attention and has been the subject of several

reviews. A recent study is Vascular Differentiation in Plants by

Katherine Esau (1965). There have been numerous studies of mem-

bers of the Cruciferae. Hayward (1938) reviewed the studies of

Raphanus and reported Grassley's findings on primary development.

Sinapis alba has been extensively used in these studies (Clowes,

1961; Guttenberg, 1940) with Bunning's study (1951) being the most

extensive.

As Philipson and Ward (1965) reviewed the ontogeny of the

vascular cambium in stems, in which they discussed initiation,

radial growth, increases in circumference, and the origin and de-

velopment of rays, only those papers which have a direct bearing

on this study will be discussed. Bailey (1923) described the corre-

lation between arrangement of fusiform initials and pattern of anti-

clinal division in the cambium. In less specialized monstoried cam-

bia, there are pseudo-transverse divisions followed by elongation

of the daughter cells. In storied cambia, increase in circumference
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is the result of radial longitudinal divisions. This specialization is

usually accompanied by short fusiform initials. Usually one pattern

or the other predominates. Cumbie (1963, 1967) found that Hibiscus

lasiocarpa and Leitneria floridans were in an intermediate state with

an almost equal frequency of longitudinal and transverse divisions.

Lateral divisions have been found commonly but make up a small

percentage of the total divisions (Bannan, 1967; Cheadle and Esau,

1964; Cumbie, 1963, 1967, 1969; Evert, 1961).

Usually the frequency of anticlinal division results in an over-

production of initials. The net gain is less because fusiform initials

may decline, mature into xylem or phloem elements or subdivide

and transform into ray initials (Bannan, 1951, 1956, 1967, 1968a;

Cheadle and Esau 1964; Evert, 1961; Hejnowicz, 1961). Cumbie's

(1963) work on Hibiscus seems to be the exception in that no outright

loss was observed and few changes of fusiform to ray initials oc-,

curred.

As the stem increases in size, the primary vascular rays

become further apart, new rays are formed, and a more or less

constant ratio between the axial and ray system is maintained.

Barghoorn (1940, 1941a, b) listed three distinct common methods

by which a fusiform initial may change into a ray initial: 1) a ray

initial may be formed by an anticlinal division at the end of a fusiform

initial; 2) formation of a ray initial from the side of a fusiform initial
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may occur; arid 3) the fusiform initial may segment into a series of

ray initials. Work by Bannan (1967) and Cheadle and Esau (1964)

demonstrates a fourth method. A fusiform initial may decline and

transform to a ray initial. Usually rays originate as either single

cells or a uniseriate strand.
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MATERIALS AND METHODS

The seeds of Brassica campestris used in this study were col-

lected from wild populations in the Willamette Valley near Corvallis,

Oregon in the spring and fall of 1966. Due to the extensive root sys-

tern, most study specimens were grown under field conditions. Root

tip material was obtained from seeds germinated on filter paper in

petri dishes, and some of the very young seedling material was

grown in the greenhouse in soil from the study plot. All seeds for

later plantings were harvested from the study plot. A voucher spe-

cimen from the study plot is in the Oregon State University Herbar-

ium.

Attempts were made early in the study to determine the precise

age of each sample and to correlate this with the stage of develop-

ment. It soon became apparent that the population had such great

variation in germination period and growth that neither average nor

actual age of the specimen was significant. More valid correlations

were found between the size and morphology of the plant and its an-

atomical development. Morphological characteristics considered

were the number of leaves, size of the largest leaf, length of the

hypocotyl, and diameter of the hypocotyl at the neck region. There-

fore, all ages mentioned represent the least time required for any

specimen to reach that developmental stage from time of planting.
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Roots were collected and washed, and samples trimmed out that

would provide cross, radial, and tangential sections of various parts

of the storage organ. The samples were then killed in Randolph's

modification of Navashins' solution (Johansen, 1940), evacuated,

and fixed for 24 hours. After washing, the tissues were dehydrated

using Johansen's tertiary butyl alcohol method.

The tissue was then embedded in either 56° or 61°C Tissuemat,

sectioned at 12 or 15 II, and stained with lacmoid, tannic acid, and

ferric chloride as recommended by Cheadle, Esau (1953) and Gifford

for phloem. Some seedlings were cleared with chloral hydrate and

sodium hydroxide to better interpret details of the hypocotyl (Bisal-

putra and Esau, 1964).

Serial transverse and longitudinal sections were cut from young

seedling material, while transverse, radial, and tangential sections

were prepared from larger roots.

Activity of the cambium was studied by photographing corres-

ponding areas of serial tangential sections of the phloem on 35 mm

film. Enlarged prints were used to identify all cells in the study

area. Fifty adjoining tiers of the phloem's axial system were select-

ed from the nonconducting phloem, as determined by dilation and pro-

liferation of the parenchyma cells. Subsequent history of the 50 tiers

were traced to the cambium on successive sheets, and histograms

were made..
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Drawings were done from photomicrographs by tracing or

by photo sketching, a process in which the structure was drawn on

the print with India ink after which the print was bleached with

copper sulfate-sodium chloride solution (Garmon, 1967).
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MORPHOLOGY

B. campestris, a member of the Cruciferae, in cold temperate

regions grows as a biennial. During the first year it develops a large,

succulent storage unit, the internodes of the stem do not elongate,

and the leaves form a rosette. During the second year the internodes

elongate, the plant flowers and fruits, and the storage organ becomes

shrunken and woody.

Due to the mild climate in Oregon, wild mustard often acts as

an annual. In these plants, the storage root does not become as

large, and the plant is generally smaller. B. campestris is a long-

day plant and under constant illumination does not form a rosette

but flowers and fruits within eight to nine weeks. Seedlings from

seed which germinate when the day length is greater than 12 hour s

will often bloom without forming an enlarged storage organ. All the

plants which germinated from seeds planted August 21, bloomed in

November or December. Many of those planted on September 29,

formed large succulent storage organs and did not bloom until the

following spring.

Normally, wild mustard produces one undivided taproot, but

occasionally several lateral roots on the lower portion will thicken,

The storage organ is composed of three regions, the crown, the

neck, and the root proper. The crown, which is derived from the
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lower epicotyl and the upper hypocotyl, comprises the transition area

between the storage organ and the stem. The neck is the most en-

Iliged portion of the structure and is derived from the hypocotyl.

The root proper, which is derived from the radicle and is also ex-

panded, makes up the major portion of the structure.

In young seedlings, there is a sharp demarcation between the

hypocotyl and the radicle, with the hypocotyl being twice the diameter

of the root (Figure la). Lateral roots first appear on the upper por-

tion of the root. Later they arise on the hypocotyl developing acro-

petally until they extend to just below the crown (Figure le and f). On

the mature organ, the lateral roots extend in two longitudinal rows

with those on the hypocotyl and the upper, expanded root remaining

thin while those on the lower root occasionally undergo extensive sec-

ondary growth and may reach a diameter of six to seven centimeters.

During the early secondary growth, the cortical region does not

expand as rapidly as the central cylinder, and a longitudinal split de-

velops, appearing first on the lower region of the neck (Figure lc).

As growth continues, the separation advances down toward the root

tip and acropetally up the hypocotyl toward the cotyledonary node. As

the cortex is sloughed off, a thin layer of periderm may be noted.

The cork tends to accumulate in the grooves of the lateral roots and

sloughs off the rest of the storage organ as it undergoes secondary

growth.



pure 1. Morphology of the storage organ. Successive stages of
development of field mustard plants, collected 3, 6, 14,

18, 35, and 63 days after the seed had been sown. The

scale line represents one centimeter.

a. This three day old seedling shows the difference in
diameter between the hypocotyl and the root. 1.6 X

b. At six days, the secondary development had begun
and the difference in diameter between the hypocotyl
and root had disappeared. 1. 6 X

c. As the diameter of the hypocotyl increases, the

cortex splits. This is first observed on the mid
hypocotyl. 1.3 X

d. As secondary development continues the cortical
split widens. 1. 1 X

e. By the time the plant is 35 days old, it has reached
a diameter of six millimeters and there is evidence
of interxylary phloem strands and small vascular
bundles. .9 X

f. When fully mature, the diameter of this storage
organ was 62 mm. This plant had started to set
seed and the storage organ was quite woody. . 4 X



0
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THE MATURE STORAGE ORGAN

The fleshy storage organ may exceed 75 mm in diameter at

the neck and extend for several decimeters in length when grown under

normal conditions. Under adverse conditions, the storage organ does

not expand as much and becomes quite woody. Details of the anatomy

of the storage organ are greatly influenced by the origin of the region

studied, the degree of expansion and the growing conditions of the

plant. This section emphasizes those characteristics which all the

expanded portions of the storage organ have in common.

In freshly cut material, a narrow darker band can be seen

about five mm below the surface, encircling the xylem. Within this

cylinder, small islands of darker areas may be noted. The band is

the cambial region, while the islands are either secondary xylem

vessels or interxylary bundles.

Both the secondary xylem and phloem contain a high proportion

of parenchyma cells many of which contain numerous starch grains.

Near the cambial zone the differences betwipen the axial and ray

parenchyma are distinct (Figures 20 and 26). Later the cells ex-

pand and become distorted so that the distinction between ray and

axial parenchyma, particularly in cross section, is no longer obviou,,.

The secondary phloem is composed of sieve tube members,

companion cells, phloem parenchyma strands, ray parenchyma
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(Figure 2), and occasional scattered sclereids (Figure 4). Four

hundred sieve elements from four samples of the upper root and

hypocotyl average 94 p, in length a range from 40 to 185 In width,

they average 13.3 11 with a range of 10 to 25 'I. All secondary sieve

tube members have at least one companion cell, with five being the

most observed. The most common number of companion cells per

sieve tube element is two. The average length of the companion cell

is 55 p, with a range from 20 to 100 Fi.

Sieve tube members occur in radial rows in scattered patches,

surrounded by phloem parenchyma. All the sieve elements have

sieve plates on the end walls only. The orientation of the sieve plate

is transverse. The companion cells are in contact with the entire

length of the sieve elements. The phloem axial parenchyma cells

are elongated with end walls that are usually rounded or transverse.

Their walls are perforated with numerous primary pit fields. The

outermost ray and axial parenchyma cells are dilated tangentially

and are divided repeatedly by radial walls (Figure 3).

Sclereids occur in the outer periphery of the phloem and have

the same general shape as the phloem parenchyma surrounding them

(Figure 4). They are the result of sclerosis of the phloem axial

parenchyma cells and are usually found near an obliterated sieve

tube member, which can be identified by a callose plug.

The secondary xylem contains vessel elements, xylem axial
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parenchyma, ray parenchyma, and some fibers (Figure 5). Under

adverse growing conditions, the xylem axial parenchyma may become

thickened and lignified. In woody samples there is little anomalous

growth, and the diameter remains small when compared with the

more fleshy roots. In fleshy roots, the xylem parenchyma is par-

ticularly rich in starch grains. It is these cells that may undergo

the divisions resulting in the formation of interxylary phloem strands

and vascular bundles. No phloem strands or vascular bundles are

found in the ray parenchyma.

Fibers, when they occur, are elongated cells with overlapping

pointed tips (Figure 5). The cell walls are not very thick and have

simple pits. The protoplast remains for some time.

The vessel elements are produced in radially arranged pore

clusters that become distorted from their linear pattern by the ex-

pansion and proliferation of the axial parenchyma. The number of

vessel elements per cluster varies from one to more than 12, with

five being the mean. From measurements of 100 mature vessel

elements, the average length is 92.1 p, with the shortest being 40 p.

and the longest being 162 p.. In width the average is 54.5 u with a

range between 30 and 70 p.. The length/width ratio of both the small

and large elements rarely exceeded two. All elements possess a

simple perforation plate. The secondary wall thickenings are either

reticulate or pitted, with the reticulate pattern being more common
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where the vessel elements adjoin parenchyma cells and the pitted,

occurring primarily between vessels.

Several thin layers of periderm and parenchyma cells derived

from the pericycle surround the organ (Figure 3). The outermost

cells of the periderm differentiate into cork cells, and the innermost

function as a cork cambium producing cells toward the periphery.



Figure 2. Tangential section of secondary phloem. AP, axial
parenchyma; RP, ray parenchyma. X 110.

Figure 3. Transection of the outer portion of secondary phloem
showing the enlargement of the parenchyma cells. P,
periderm; Pe, pericycle; Arrow points to primary pit
fields. X 110.

Figure 4. Radial section of secondary phloem showing patch of
sclereids. S, sclereids; Arrow points to sieve element.
X 135.

Figure 5. Tangential section of secondary xylem. AP, axial
parenchyma; RP, ray parenchy-rna; F, fibers; Arrow
points to xylem element. X 110.

Figure 6. Longitudinal section of root tip of mature embryo. Lower
left hand corner shows remains of endosperm. RC, root-
cap, S, stele, C, cortex. Starch grains may be seen in
root cap cells. X 475.
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PRIMARY DEVELOPMENT

The mature embryo contains a well differentiated radicle pos-

sessing a root cap, rneristematic stele, cortex, and epidermis (Fig-

ure 6). The apex is clearly differentiated into three primary inde-

pendent meristems which give rise to the cortex, the stele, and the

root cap-epidermis. The pattern would be classified as Type III ac--

cording to Janczewski's (1874) system. The pattern is very similar

to that of the other crucifers.

There is a single cell called by Guttenberg (1960) the central

or connecting cell, which joins the youngest parts of the periblem.

The initials are discrete immediately adjacent to the central cell

giving the closed type of apex organization (Guttenberg, 1960). The

cells bordering the central cell act as the initials for the cortex.

The meristematic cortex becomes two cells thick either immediately

adjacent to the central cell (Figure 7a) or there is an intermediate

cell before the first periclinal division (Figure 7b). In no case did

more than one cell separate the central cell from the first periclinal

division. The cortex increased in thickness, usually from two to six

or seven cells, by periclinal divisions of the innermost cells (Figure

7a and b). The innermost layer becomes the endodermis after the

cortex has reached its final thickness.

Above the central cell is a row of several larger cells from
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which the plerome or stelar region arises. Again two alternate pat-

terns are noted. The row of central cells either divides longitudinally,

forming a double row of metaxylem primordia (Figure 7a), or they (1,

not divide but persist as a single row of larger metaxylem primordia

(Figure 7b). The second arrangment (Figure 7b) is the more common.

The meristematic stele increases in thickness by periclinal divisions

of the inner cells. No periclinal divisions were observed to occur

in the outer layer of cells. This cell layer becomes the pericycle.

The root cap and epidermis owe their origin to a common ini-

tial layer, the dermatogen or as Guttenberg (1960) calls it, the der-

matocalyptrogen. Starch grains are evident early in the development

of the root cap and can be easily identified in the young embryo.

A polarity along the radial axis appears very early in the devel-

opment of the primary tissues, and the direction of this polarity is

indicated by the elliptical form of the central stelar cells (Figure 8).

About 150 p, above the central cell, this pattern is quite clear. At

this point the cortex is three cells wide and the outer two rows are

tangentially expanded with intercellular spaces beginning to appear

between the first and second layers. The innermost layer shows

less expansion. The root cap-epidermis region has not yet differen-

tiated an epidermis and is three cell layers wide. The pericycle can

be distinguished delimiting the stele.

The first sign of vascular differentiation is the vacuolation of
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the two sieve cells at the protophloem poles, next to the pericycle and

at right angles to the primary xylem plate (Figure 9). This is fol-

lowed by vacuolation of the central rnetaxylem cell of the primary

xylem (Figure 10). The other primary xylem cells vacuolate centri-

fugally. At this stage the endodermis opposite the primary phloem

cells become biseriate.

The first stelar cells to mature are the two sieve cells at the

protophloem poles. This is followed by maturation of the outermost

cells of the protoxylem ridges. The maturation of the rest of the

primary xylem vessels proceeds centripetally. The protoxylem ele-

ments have annular or spiral secondary wall thickenings. The meta-

xylem elements with their reticulate thickenings, mature just prior

to the initiation of the cambium (Figure 11). The mature primary

xylem elements are longer but smaller in diameter than the secondary

elements.

Lateral roots arise from cells of the pericycle, opposite the

protoxylem points (Figure 12). The first divisions of the pericycle

occur just prior to growth of the first leaves. By the time the first

leaf has reached a length of seven mm, the first lateral roots are

well developed.

The lower portion of the hypocotyl resembles the root. In the

upper hypocotyl, the central cells do not differentiate into xylem

cells but become part of the pith (Figure 14). In the hypocotyl of
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the mature embryo, the cortex, endodermis, pericycle and stelar

regions are well defined (Figure 13). Before germination the first

protophloem cells have vacuolated.

The transition between the protostele of the root and collateral

bundles in the cotyledons is gradual along the length of the hypocotyl.

The actual change from exarch to endarch occurs just below the coty-

ledons and is completed in the petioles of the cotyledons. The sieve

elements become dispersed among parenchyma cells and form two

phloem arcs. The phloem arcs divide and each forms two tangentially

orientated groups on either side of the xylem unit. The two phloem

groups plus the one xylem unit make up a cotyledonary trace. The

cotyledonary trace is continuous with the primary vascular tissues

of the root. As the trace enters the cotyledonary petiole, it does

not have the typical collateral pattern, but consists of two phloem

strands situated on opposite sides of the xylem (Figure 15).



are 7. Organization of root tip in median longitudinal section,
Figures a and b give two different possible patterns
of divisions of the primary cortex and stele initials.

Figs re 8. Transection of root tip approximately 150 F1 above
the central cell. The dotted line emphasizes the polar-
ity of the stele. The cortex is three cells wide and
intercellular spaces are present between the first and
second layers. P, pericycle; C, cortex; R, root cap -
epidermis. X 470.

Figure 9. Transection of root tip approximately 200 p, above the
central cell. The arrows point to the two protophloem
poles. X 470.

Figure 10. Transection of root tip approximately 250 p, above the
central cell. The large arrow indicates the central
metaxylem vessel. The small arrow points to the
biseriate endodermis. X 470.

Figure 11. Transection of diarch root showing the primary tis-
sues. E, endodermis; F, phloem; X, xylem; Pe,
pericycle. X 470.
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Figure 12. Transection of young root with developing lateral root.
Arrow points to first division that initiates the vascular
cambium between the primary vascular tissues. X 470.

Figure 13. Transection of hypocotyl in mature embryo. Arrow
points to biseriate endodermis. C, cortex; X, xylem;
S, sieve tube of protophloem. X 470.

Figure 14. Transection of upper hypocotyl from a two-day-old
seedling. Solid arrow points to sieve tube while lined
arrows show the two protoxylem ridges. X 470.

Figure 15. Transection of upper hypocotyl of a 16-day-old seed-
ling. Arrow points to the trace of the first foliage leaf
which was 25 mm long. The trace for the second leaf
is just beginning. P, phloem; X, xylem; C, cambium.
X 110.

Figure 16. Transection of root which has started to produce second-
ary tissue. Arrow points to divisions of the pericycle.
X 470.

Figure 17. Transection of a young root with secondary growth. Pe,
pericycle; arrow points to rays opposite protoxylem
ridges. X 110.



25

r.

A

rj



26

SECONDARY DEVELOPMENT

When primary development is complete, the diameter of the

hypocotyl is t o to three millimeters, and the seedling is about four

days old. In a fully developed storage organ, the diameter may be

greater than seven centimeters. The difference is primarily the

result of activity of the vascular cambium.

The vascular cambium is first initiated between the diarch

xylem plate and the phloem. poles. It is usually apparent by the time

the seedling is four to five days old and the first leaf has reached a

length of 15 mm. The first signs of cambial initiation are periclinal

divisions of the procambium cells (Figure 12). Gradually the cambi-

um extends laterally toward the two protoxylem ridges. At the pro-

toxylem poles, the pericycle divides. These resulting cells form

part of the cambium when the cylinder is complete. Before the cyl-

inder is completed, the activity of the cambium has produced second-

ary xylem and phloem, resulting in an elliptically shaped vascular

strand (Figure 16). Cells produced by the cambial area derived

from the pericycle are ray parenchyma. These rays are apparent

for some time (Figure 17).

Shortly after the cambium is complete and before the vascular

cylinder assumes a circular appearance, divisions occur in the

pericycle above the protophloem poles. These divisions herald the
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initiation of the phellogen which will encircle the stele. In addition

to giving rise to the cork cambium, the pericycle persists by actively

dividing so that a mature storage organ contains several layers of

parenchyma as a result of this activity (Figure 17 and 18). The vas-

cular cylinder continues to increase in size and the cortical cells en-

large to keep up with its growth. When the periderm is complete,

the cortical cells seem to lose turgor and a split develops. Often

a few cortical cells remain attached to the enlarging root opposite

the protoxylem poles for some time (Figure 17). The cork cambium

contributes little to the diameter of the storage organ (Figure 18),

so most of the increase is the result of periclinal and anticlinal divi-

sions of the vascular cambium.

In addition to cambial activity, there is an extensive enlarge-

ment and some divisions of the xylem parenchyma. The first second-

ary xylem tissues are primarily parenchyma and as growth continues

these cells enlarge and divide. In the upper hypocotyl, divisions and

enlargement also occurs in the primary xylem parenchyma. The

result is a distortion of the radial pattern of the secondary xylem and

a distortion and crushing of the primary xylem. In the root region

of the storage organ, the distortion results in tears in the parenchy-

ma adjacent to the diarch ridge (Figure 19).

To better understand the development of the storage root an

analysis of cambial activity was studied within one root. The
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specimen chosen was 36 cm in length with a maximum diameter of

27 mm. The root was divided into 24 15 mm pieces and each piece

was subdivided into samples for transverse, radial and tangential

sections. The upper nine pieces were halved so that in these sam-

ples the tiers analyzed tangentially are at the same level as the trans

verse sections. The diameters of the lower 14 samples were small

so the pieces were divided transversely into two seven millimeter sec

tions to get maximum study area. Thus the transverse and radial

sections are below the tangential sections.

From these samples, six areas were selected for examination:

1) from the crown of the storage organ just above the cotyledonary

node, 2) from the upper hypocotyl, 3) from the lower hypocotyl,

4) from the upper root, 5) from the middle of the root, and 6) from

the lower root. The growth patterns proved to be very similar in

the upper hypocotyl and the crown. The lower root pattern was simi-

lar to the middle portion of the root, differing only in the smaller

number of divisions in the lower root. For detailed analysis, four

samples were studied which were separated vertically from one an-

other by approximately 60 mm. These samples were from the

crown, the lower hypocotyl, the enlarged portion of the upper root,

and the middle portion of the root. in each sample 50 tiers were

selected from the axial system of the phloem and traced inward to

the cambial zone. A small number of tiers of the ray system were
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followed, primarily to compare their division patterns with those

rays that developed from anticlinal divisions of the fusiform initials

selected for study.

Sample from the Crown

This sample is from the upper portion of the crown, where the

expanded storage organ is derived from the stem. It is approximate)

20 mm above the cotyledonary node and has a diameter of 23 mm.

The vascular bundles are separated by rays which are three to five

cells in width (Figure 20). Next to the pith in several of the bundles

may be found small patches of internal phloem, inside the primary

xylem (Figure 21). Other bundles are delimited by thick walled

parenchyma and show no internal phloem (Figure 22). The signifi-

cance of the internal phloem will be discussed in the section on an-

omalous growth. The secondary xylem vessels average 44 p. in diame-

ter radially and 60 µ tangentially.

Cambial activity was followed through 20 serial tangential sec -

tions over a radial distance of 240 11. Each of the 50 axial tiers and

the new tiers resulting from anticlinal divisions were traced, and

their fates determined. The results were recorded on histograms.

These changes in the tiers reflect the activity of the cambium. A

fusiform initial may have several fates. It may persist without anti-

clinal divisions. It may divide anticlinally giving rise to daughter



Figure 18. Radial section of root. C, cork cambium; Pe, pen-
cycle; P, phloem; VC, vascular cambium. X 110.

Fiure 19. Transverse section of central portion of older root.
Arrow indicates the primary xylem. IP, included
phloem. X 110.

Figure 20. Transection from upper crown of storage organ.
Details: F, primary phloem fibers; R, ray; X,
xylem; P, phloem, X 110.

Figure 21. Transection of interface between pith and vascular
bundle. Arrows indicate internal phloem. PX, pri-
mary xylem. X 110.

Figure 22. Transection of interface between pith and vascular
bundle without internal phloem. PX, primary xylem.
X 110.
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tiers. In this specimen this is the most common occurrence. It may

be transformed into a ray initial or it may terminate by maturation.

Early in the study, it became obvious that most of the original

tiers divided anticlinally and produced daughter tiers, most of which

also produced daughter tiers by anticlinal divisions. In an effort to

determine the total picture of the cambium's activity, the first 50

tiers selected were called the mother or first generation. Their

daughter tiers were the second generation, the granddaughters, the

third generation, and their derivatives the fourth generation. The

activity of the cambium was recorded not only as the total pattern

but also broken down so that the contribution of each generation to

this pattern could be considered.

The 50 axial tiers of the first generation in this sample had

two tiers terminate, 11 persisted without anticlinal division, and 37

divided anticlinally giving rise to daughter initials which constitute

the second generation (Table 1). The second generation contained

74 tiers; 59 remained in the axial system, while 15 became part of

the horizontal system following transverse divisions of fusiform

initials. All tiers that were designated as part of the horizontal

system were of the same size as those in established rays in the

field and were also part of either a new or developing ray. Short

tiers that resulted from the unequal division of fusiform initials

were not included as part of the horizontal system unless they were
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adjacent to an adjoining developing ray or later events in the region

showed a new ray developing.

The fate of the 74 tiers of the second generation was deter-

mined with those of the axial system being considered separately

from the new ray tiers. Seven of the 59 fusiform initials terminated,

30 persisted without anticlinal division, and 22 divided anticlinally to

give the third tier generation. Four of the 15 new ray initials ter-

minated, five persisted with no anticlinal divisions while six divided

anticlinally to produce 12 ray initials.

The third generation was composed of 56 tiers; 21 in the ray

system and 35 in the axial system. Nine of the 21 ray tiers are the

result of transverse divisions of the axial fusiform initials of the

second generation, with the other 12 the result of anticlinal divisions

of the second generation ray initials. Five ray tiers of the third

generation terminated, 15 persisted with no anticlinal division, and

one ray initial divided anticlinally. The axial system of the third

generation had one tier that terminated, 25 initials that persisted,

and nine which divided anticlinally.

The fourth generation had only 20 initials with 18 belonging to

the axial system. Of these, four underwent multiplicative anticlinal

divisions to give rise to an eight-cell fifth generation.

As a result of multiplicative anticlinal divisions in the sample,

88 fusiform initials and 21 ray initials were present in the cambium,



Table 1. Fate of cambial initials from crown.

Generation
Persists

Divided
anticlinally

Axial System

No

division

Terminates
Ray System

Persists
Divided

anticlinally division
No

Terminates
Total

1 37 11 2 5(3

2 22 30 7 6 5 4 74

3 9 25 1 1 15 56

4 4 14 1 1 20

5 8

Total 72 88 10 21 10

Table 2. Position of anticlinal divisions in tiers of successive generations.

Anticlinal divisions at various distances from cambium in microns
Generation 24 48 72 96 120 144 168 192 216 240 Total Percent

1 1 2 3 7 9 10 2 37 51

2 4 3 8 7 22 31

3 1 4 1 1 2 9 13

4 3 1 4 5

Total 1 7 5 6 12 10 7 9 10 2 72 100
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Of the 20 tiers that terminated, ten were from the axial system and

ten were from the developing ray system. All seem to be the result

of differentiation and became either axial or ray parenchyma cells.

No noticeable decline in length occurred before termination.

There was a total of 72 anticlinal divisions in the axial system

and seven anticlinal divisions in the horizontal system. As both the

number and the importance of the anticlinal divisions of the axial sys -

tern were greater, they will be considered in greater detail. The

distribution of the 72 anticlinal divisions of the axial system is repre-

sented in Table 2. Thirty seven or 51% of the anticlinal divisions

observed in the axial system occurred in the first generation initials.

Thirty one percent of the divisions occurred within the second gener-

ation. Nine fusiform initials of the third generation and four of the

fourth generation divided anticlinally. The totals indicate a very

consistent number of anticlinal divisions per unit distance.

In an effort to determine the true pattern of cambial activity,

the orientation of the new wall was measured using two different

conventions. The first method expresses the relationship between

the length of the dividing wall and the length of the mother cell. The

closer the relationship is to unity; the greater is the degree of obliqui-

ty. Those division ratios falling between 0.90 and 1.0 will be con-

sidered as longitudinal.

The second method uses the criteria established by Cheadle
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and Whitford (1941) in which the length of the new wall is divided by

the diameter of the mother cell. In this method, the smaller the num-

ber, the more transverse the wall. Transverse divisions were de-

fined as those in which the new wall is at right angles to the lateral

wall and equals the width of the mother cell. A division in which the

new wall is more than five times the cell diameter is characterized

as greatly oblique.

The first method gives the better indication of how close the

anticlinal division is to the longitudinal orientation. The closer the

ratio of the length of the anticlinal wall is to the cell length, the great-

er the degree of obliquity. Several measurements were from 0.99 to

1.0. The second method gives the better indication of how close the

anticlinal division is to the transverse orientation. If the anticlinal

wall is equal to the diameter of the cell, then the division would be

truly transverse. There were no truly transverse divisions, but a

number were below a 1.5:1 ratio.

Lateral anticlinal divisions in which the dividing wall does not

intercept both radial walls of the mother cell rarely occurs. They

were not separated from the oblique divisions.

Table 3 records the orientation of the anticlinal divisions as

inferred from the ratio for the new wall length to phloem cell length

while Table 4's data is based on the ratio of new wall length to cell

diameter. When the orientation of the new wall is considered as a

fraction of the original cell length (Table 3), 29% of the anticlinal

divisions were between 0.90 and 1. 0, and 65% were greater than 0. 7 5 .

In the 0.89-0.75 category, 18 of the 24 divisions had a new wall to



Table 3. Orientation of the anticlinal divisions in the cambium as inferred from ratio of new wall length to phloem cell

length in the crown.

1.0-0.90 0.89-0.75 0.74-0.40 0.39-0.0 Tot al

Number 19 24 5 18 66

Percent 29 36 8 27 100

Table 4. Orientation of the anticlinal divisions in the cambium as inferred from ratio of new wall length to phloem

cell diameter in the crown.

1:1 1:2 1:3 1:4 1:5 1:6 1:7 1:8 Total

Number

Percent

17

26

2

3

4

6

12

18

17

26

6

8

4

6

4

6

66

100
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cell length ratio greater than O. 85. Of the four cells that fell into

the 0.40-0.74 class, two were the result of lateral divisions. The

other two occurred in the same tier series and appear to have been

cut-off the end of the mother cell. None of these cells persisted.

The 0.0-0.39 class includes no measurements with a ratio greater

than 0.15. The orientations of anticlinal divisions of this sample

fall primarily into two groups; those greater than 0.85 and those

shorter than 0.15, and can be characterized as greatly oblique and

transverse. Table 4, based on the relationship between the new wall

length and the mother cell diameter shows a similar pattern. Thirty

one of the divisions had a new wall length to cell diameter ratio

greater than five and 17 had a 1:1 ratio.

A logical question is whether the pattern is characteristic of

the whole population or whether certain class lengths have strong

orientation patterns that influence the percentages. Table 5 shows

the distribution of the orientation of the anticlinal wall in relation

to class lengths when considered as the ratio of the new wall length

to cell length. In all length classes the oblique divisions exceed the

transverse. Seventy-three percent of the dividing cells fall between

100 and 150 µ in length. Of the 19 divisions in the 0.90-1.0 column,

15 or 78% of the initials are between 100 and 150 p, in length. Sevent),

nine percent of those initials with an orientation between 0.89 and

0.75 are between 100 and 150 fl in length, while 67% of those in the



Distance from Cambium (microns)

Tier 240 216 196 168 144 120 6 72 48 24
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Figure 23. Histograms showing cambial activity of crown.
Solid line represents fusiform initials. Dashed
line represents change to ray initial.



Figure 24. Tangential section through cambial zone from the
crown. Letters designate 22 of the original tiers
that were traced in this sample. The heavy ink
outlines limit the derivatives of the original tiers.
X 320.

Figure 25.

Figure 26.

Figure 27.

Successive members of a tier lineage traced from
serial tangential sections. Cells in the cambial zone
are at the right. The companion cell is stippled, the
sieve plate hatched, the fusiform initials are diagon-
ally hatched, the ray initial is horizontally lined.
X 320.

Transection of cambium and phloem from hypocotyl.
C, cambium; P, phloem; X, xylem. X 110.

Transection of secondary xylem from hypocotyl.
Arrows show region of thickened secondary walls
of axial parenchyma. R, ray parenchyma; V, ves-
sels; A, axial parenchyma. X 110.



......:?!...;,...f.f.::::::.;0,
;:::" 4';

,.;:. ;-
list

-

%
...--- :-.,,-.

.
.

4.4:-
.

0.

4
-..---g4.100,4s

.,A
*,

..
..

.
......". 6"a. ltl11 al

:tr.e1C
ri;t1

4*.
rf;e:114 41.

.:01141:te....7et"... t
;* ":7;.t,..- ear.ottvviii!b r.,..,,A

p
-,-..."11,:,

-4;,A
tta-scint$41,014. .-

.k.._

4:4tiz,.:.z...
...1;

.........1
. A

llket
st117.0102

..Z
1

.

S
W

Ilt if
..1-!: --`-:"'11;stk eV

 .%
ei., w

t- 4'.--b. - c
.

I p
bkv:,ow

'
. ".:bat

altelillatfA
Z

A
llivii:

..e-satediaa**" * '
1,23163 -

41..4e.t.V
.a.1:.453

"`O
ble;941404.54"i

r4
ii ::::74".?... a . ,

.-1. ...V
.:4

6-spots1.
-.- m

itig P,',&
-.

' I

:.,:e:tft;41";s:.".7:7-:;.::ak_ijiti.othie#V
elitirM

ik:w
it.?4

,,_ 64_44",, ;,..,,,,,o ..
.7 _ '1,1eC

IP.-01....
...4 Ir.

.P.A
11:41.' ...e

1:14":"...-
..: .

'
.

4; -...2...9toptitteevairielit
.e.ox4ii.::t.,-:,..";tlevsip=

griurtegy.
11r11

A
siasiiso4:5.,,,c*41;. 1.40211:19130.4.40 '0',

,._..,..,, ,,....--_,;..........,,,.
_.

,,
IP. %

 tik

'.,1-4. . :
. -,,e. re

'..
41.

..
1:"., Il'zi

..,3
.

....%



Table 5. Class lengths as related to anticlinal wall orientation considered as the ratio of new, wall length to cell length in the crown.

Class
length

1.0-0.90 0.89-0.75 0.74-0.40 0.39-0.0 Total

in 0/0 # 9'.. # # %

75-99 2 11 1 4 3 4

100-124 6 31 7 29 2 40 7 39 22 34

125-149 9 47 12 50 5 26 26 39

150-174 2 11 3 4 1 40 5 28 12 19

175-180 20 1 5 3 4

Total 19 100 24 100 100 15 100 66 100

Table 6. Class lengths as related to anticlinal wall orientation considered as ratio of new wall length to cell diameter in the crown.

Class 1:1 1:2 1:3 1:4 1:5 1:6 1:7 1:8 Total

length
in p.

# % # % 4 % # °/ # 91 # 91 4 91 #

90-99 1 25 1 8 1 6 3 4

100-124 7 41 1 25 4 33 8 47 2 33 22 34

125-149 5 29 2 50 5 43 6 35 3 50 1 25 4 100 26 39

150-174 4 24 2 100 1 8 2 12 1 17 2 50 12 19

175-180 1 6 1 8 1 25 3 4

Total 17 100 2 100 4 100 12 100 17 100 6 100 4 100 4 100 66 100
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0.39-0.0 range of orientation are in this length range. Table 6,

which compares cell length class to the ratio between the anticlinal

wall length and cell diameter, shows a similar pattern. The orienta-

tion of the new wall has no obvious relation to the cell length.

The arrangement of the initials at the cambial zone shows the

storied pattern (Figure 24). Histograms of the tiers shown in Figure

24, give the history of the cambial activity in this area (Figure 23).

Tiers E, F, H, Q, and R represent part of one developing ray.

Histograms show that tier F divided transversely first. Shortly

after, initials E, H, and R divided transversely at the same time.

Later initial Q divided. These initials and their derivatives mark

the origin of a new ray. All new ray initials are the result of trans-

verse divisions.

Only in three cases did an initial divide transversely and have

both daughter cells remain part of the axial system. One of these

tiers (Figure 25) is interesting in that the first anticlinal division is

transverse. Following this anticlinal division, the daughter initials

divided periclinally and produced an assemblage with two sieve ele-

ments (Figure 23B). The lower initial divided anticlinally first (Fig-

ure 23C), followed by the upper initial (Figure 25D). Both daughter

tiers of the upper initial persisted with no additional anticlinal divi-

sions. One of the daughter initials of the lower initial divided anti -

clinally giving a total of five initials in the present cambium (Figure
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25 H). This tier had the longest initial in the sample, and this may

explain the unusual pattern. This is one of the few instances when

part of an assemblage was judged to have become part of the ray

system. Although the immediate descendents remained part of the

axial system, one of their derivatives did become part of the ray

system. This represents one of the few cases in which a ray initial

developed following an oblique anticlinal division.

Sample from the Lower Hypocotyl

This region of the storage organ was derived from the lower

hypocotyl and measured 24 mm in diameter. The xylem parenchyma

had undergone extensive thickening of the secondary wall with one

area being unusually thickened (Figure 27). Only the oldest parench-

yma in the central part of the hypocotyl did not lignify, and show the

more typical cell expansion and division pattern. It was only this

nonlignified portion that took part in the anomalous growth, forming

phloem strands and small internal vascular bundles. Other than the

secondary thickening, due probably to an extensive dry period during

the growth period, the anatomy is typical of a storage organ of this

size. The vessels have reticulate or pitted secondary wall thicken-

ings and average 48 fa in diameter radially and 61 µ tangentially.

The rays are three to six cells wide (Figure 27). The external ray

and phloem parenchyma has become distorted tangentially due to the



43

pressure of the rapid expansions and some of the cells have divided.

A few solereids are scattered throughout this region but the walls

are not very thick and the protoplast persists. The periderm pro-

duces a narrow band of cork.

Cambial activity was followed through 38 sections representing

456 p, . Because of the great expansion of the mature phloem cells,

this represents the longest series traced. The fate of 50 axial tiers

was determined. Due to the longer series, more cell generations

were produced than in the region from the crown. The fate of the 50

axial tiers and their derivatives is summarized in Table 7. Six of

these tiers terminated, three persisted without anticlinal divisions,

and 41 divided anticlinally to produce the 82 tiers of the second gener-

ation. Only three ray tiers were produced in this generation and

although all were adjacent to an existing ray only one persisted. Of

the remaining 79 axial initials of the second generation, 14 terminat-

ed, nine persisted with no anticlinal division and 56 divided anti-

clinally to produce the tiers of the third generation.

The third generation contains 112 initials, 18 of which belong

to the horizontal system. Some of the ray initials are extensions of

existing rays while others are part of a new developing ray. All 18

ray tiers persisted, with eight of the initials dividing anticlinally.

The axial system had ten members terminate, 46 persist without

anticlinal division and 38 initials that divided anticlinally.
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The 92 tiers of the fourth generation had 17 members in the

ray system and 75 members in the axial system. Sixteen of the ray

initials are the result of the anticlinal divisions of the eight ray ini-

tials in the third generation. The additional initial is the result of

an unequal transverse division of a fusiform initial at the base of

an existing ray. Only one member of the axial generation terminated,

while 11 divided anticlinally and 63 persisted without multiplicative

divisions.

The fifth generation has 26 members, The four ray initials

are the result of anticlinal divisions of the fourth generation ray

initials. No new initials were added as a result of divisions of the

fu.siform initials. Twenty of the axial initials persisted without divi-

sion, while two divided anticlinally and two terminated. The sixth

generation has just four members while the seventh contained just

two.

The 50 axial tiers and their derivatives underwent a total of

159 anticlinal divisions, 149 were by fusiform initials and two by

ray initials that were the result of previous divisions of the axial sys-

tem. At the cambial zone, there are 143 fusiform initials and 26 ray

initials. The fusiform initials averaged 79.4 [J, in length while the

ray initials averaged 24.9 Only 21 axial tiers and six ray tiers

terminated. In the axial system, seven of the terminating tiers

showed evidence of decline. All terminating tiers were the result
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of differentiation and all terminating cells were parenchymatous.

The history of the 149 anticlinal divisions of the fusiform ini-

tials will be considered in greater detail. The positions of the anti-

clinal divisions are recorded in Table 8 in 24 µ units from the exist-

ing cambium. Forty one or 27% of the anticlinal divisions occurred

in the first generation while 56 or 38% occurred in the second genera-

tion. The third generation has 25% of the divisions while the fourth,

fifth and sixth generations account for l0% of the anticlinal divisions

in the axial population. All the divisions of the first generation oc-

curred early in the tiers' history. The divisions of the second gener-

ation almost spanned the entire series. The position of the divisions

in generations three, four, five and six are as would be expected.

The totals reveal a more uneven distribution of the activity of this

cambium when compared with that of the crown.

When the lengths of the new walls are considered in relation to

the lengths of the mother' cell (Table 9), 15% of the divisions are be-

tween 0.90 and 1.0 and can be considered longitudinal while 42% have

an orientation between 0.89 and 0.75 and can be considered as greatly

oblique. The degree of obliquity of the new wall is less than that of

the crown. There are fewer longitudinal divisions and 25% of the

divisions fall between 0.40 and 0.74, The lower number of trans-

verse divisions, 18% versus 27% in the crown is not significant.

Only one new ray developed within the study area and it is smaller



Table 7 Fate ci cambial initials from hypocotyl.

Generation
Divides

anticlinally

Axial System
Persists

No
division

Terminates Persists

Divides
anticlinally

Ray System

No
division

Terminates
Total

41 3 6 50

2 56 9 14 82

3 38 46 10 8 112

4 11 1 2 12 92

5 2 20
26

6 1 2
4

2

Total 149 145 32 10 26 6

Table 8. Position of anticlinal divisions.

Anticlinal divisions at various distances from cambium in microns

Generation 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384 406 432 456 Total Percent

1
1 3 1 5 10 2 7 3 5 3 41 27

2 1 2 1 6 3 2 5 8 2 4 9 5 5 1 1 1 56 38

3 2 5 6 6 6 1 4 3 3 1 1
38 25

4 1 4 1 2 2 1
12 9

5 2
2 1

6 1

1

Total 5 13 8 14 11 4 9 11 5 6 13 6 10 10 3 8 4 5 3 149 100



Table 9. Orientation of the anticlinal divisions in the cambium as inferred from ratio of new wall length o phloem cell e

in the hypocotyl.

1.0-0.90 0.89-0.75 0.74-0.40 0.39-0,0 Total

Number 22 63 37 27 149

Percent 15 42 25 18 100

Table 10. Orientation of the anticlinal divisions in the cambium as inferred from ratio of new wall length to phloem cell

diameter in the hypocotyl.

1:1 1:2 1:3 1:4 1:5 1:6 1:7 1:8 Total

Number 34 42 28 24 20 1 149

Percent 23 28 19 16 13 1 100



Table 11. Class lengths as related to anticlinal wall orientation considered as the ratio of new wall length to cell length in the hypocotyl.

Class
length
in la

1.0-0.90 0.89-0.75 0.74 -0.40 0.39-0.0 Total

25-49
2 7 2 1

50-74 8 36 16 26 9 25 13 48 46 31

75-99 13 59 39 62 21 56 9 33 82 55

100-124 1 5 8 12 7 19 3 12 19 13

125-150
Total 22 1-00 63 100 37 100 27 100 149 100

Table 12, Class lengths as related to anticlinal wall orientation considered as ratio of new wall length to cell diameter in the hypocotyl.

Class
length
in 1.1

1:1 1:2 1:3 1:4 1:5 1:6 Total

% # % # % # % # # % #

25-49 2 5
2 1

50-74 18 55 13 31 8 29 6 21 1 5 46 31

75-99 11 33 24 57 16 57 16 67 15 75 82 55

100-124 4 12 3 7 4 14 3 12 4 20 1 100 19 13

125-150
Total 33 100 42 100 28 100 25 100 20 100 1 100 149 100
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than the developing ray traced in the crown. Table 10, which tabu-

lates the orientation of the new wall as a ratio between the length

the new wall and the cell diameter, shows a similar pattern.

The relationship between the orientation of the anticlinal wall

and the length of the cell (Table 11) indicates a pattern similar to

that of the crown. The orientation of the new cell wall is not strongly

influenced by the length of the cell. Eighty six percent of the total

tier population is between 50 and 99 11. in length. This group accounts

for 94% of the 1.0-0.90 class of new wall orientations, 88% of the

0.89-0.75 category, 81% of the 0.74-0.40 class and 81% of the 0.39-

0.0 category. Those cells between 50 and 74 11, in length have more

of the transverse divisions (0. 39 -0.0) but the total number of these

divisions is not large enough to show that the trend is significant.

Table 12 shows a similar pattern with the percentage of transverse

divisions (1:1) in the shorter class being even more evident. One

way in which these tiers do differ significantly from those of the crown

is that the length of the fusiform initials are generally shorter. In

the initials measured in the crown, the shortest was 103 µ and the

longest 175 with most falling between 135 and 170 1.1. in length. In

these initials from the hypocotyl, the shortest initial was 41 1.1 and the

longest was 123 [i with most falling between 50 and 100 µ in length.

The arrangement of fusiform initials at the cambial zone again

shows a storied pattern (Figure 28). Histograms of the tiers shown
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in Figure 28 give the history of cambial activity in this region (Figure

31). Tiers C and H represent part of a developing ray. A derivative

of a fusiform initial, H divided transversely first, followed by trans-

verse division in fusiform initial C and the derivatives of the tier

just below tier H. Sometime later, the tier above C also divided

transversely. At the present cambial zone, this developing ray is

5 cells high and one to two cells in width. In another area of the

sample, an established ray expanded from seven to eight cells in

width to 12 to 14. This was the result of both anticlinal divisions

of the ray initials and transverse divisions of fusiform initials border-

ing the ray. All new ray initials were the result of transverse divi-

sions of fusiform initials, no ray initial resulted from a decline of

a fusiform initial.

There were several other differences between the initials of

the crown and the hypocotyl. Several cases were noted in which a

tier declined before it terminated. In one tier lineage, several of

the derivatives underwent decline and terminated. Figure 29 shows

the early history of this lineage in which one of the derivatives de-

clined (Figure 29 D-H). The lower cell which resulted from a trans-

verse division of a fusiform initial (Figure 29D) also declined and

terminated.

Both fusiform initials and ray initials showed a greater tendency

to elongate when an adjoining initial terminated. In the crown,



Figure 28. Tangential section from the cambial zone of the
hypocotyl. Letters designate ten of the tiers that
were traced in the sample. The neavy ink outlines
limit the derivatives of the original tiers. X 395.

Figure 29.

Figure 30.

Part of a tier lineage showing a declining tier.
X 260.

Part of a tier lineage showing the elongation of an
initial following the termination of a small initial.
X Z60.
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Tier

A

B

D

F

G

H

1

52

Distance from. Cambium (microns)

464 432 384 336 288 240 192 144 96 48 0

LT4 TT

1.

40.111.41.01111.1.110mmilearautri

Figure 31. Histograms showing cambial activity of hypocotyi.
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following a termination of an initial, all adjoining cells increased in

size slightly to fill the space. In the hypocotyl, one cell tended to

compensate for the loss by enlarging and elongating. Figure 30

shows a tier assemblage that loses an initial and has an adjoining

initial elongate to fill the space. The two initials (Figure 30A) were

derived from an oblique anticlinal division of a fusiform initial. One

member of the assemblage elongated. The elongated initial divided

transversely, giving one very short initial which later terminated

(Figure 30C and D). Upon termination, the lower initial underwent

extensive elongation.

Sample from Upper Expanded Root

The expanded portion of the upper root studied had a diameter

of 10 mm and was derived from the radicle. The sample was taken

approximately 91 mm below the cotyledonary node. Its structure is

very similar to that of the hypocotyl. It differs in that both sclereids

and interxylary bundles are absent. The vessels are larger in dian-ie

ter, averaging 57 la radially and 72 p. tangentially.

Cambial activity was followed through 26 serial tangential sec-

tions over a distance of 312 p.. The fate of 50 axial tiers is summar

ized in Table 13. Four of the tiers of the first generation terminate4

three persisted with no anticlinal division and 43 divided anticlinally.

The second generation contained five members of the ray system and



Figure 32. Transection of the upper root cambial zone, phloem,
and xylem. RP, ray parenchyma; P, phloem; C,
canibiurn; X, xylem. X 110.

Figure 33. Tangential section through cambial zone of the upper
root. Letters designate 15 of the original tiers that
were traced in this sample. The heavy ink outlines
limit the derivatives of the original tiers. X 320.

b`kgu re 34. Transection of the middle root cambial zone, xylem,
and phloem. P, phloem; EP, expanded nonfunctional
phloem, C, cambium; X, xylem. X. 110.

-Figure 35. Tangential sections through cambial zone of the middle
root. Letters designate 17 of the original tiers that
were traced in this sample. The heavy ink outlines
limit the derivatives of the original tiers. X 320.
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81 members of the axial system. One of the ray initials divided

anticlinally, and four persisted without division. Thirty four of the

axial members of the second generation divided anticlinal.ly, 32 per-

sisted with no anticlinal division and 15 terminated. The third gen-

eration contained 50 members, nine of the ray and 41 of the axial.

system. Two of the ray initials divided anticlinally, six persisted

with no anticlinal division and six terminated. The fourth generation

had only 20 members, four of which belong to the horizontal system.

The fifth generation had only four members.

The 50 original axial tiers and their derivatives underwent 90

anticlinal divisions, 87 in the axial system and only three in the hor-

izontal system. Twenty seven tiers terminated, 26 of which were

part of the axial system. At the cambial zone, there are 99 fusiform

initials and 14 ray initials that are the descendents of the 50 original

axial tiers. The fusjform initials averaged 106 µ in length while the

ray initials averaged :31 µ in length. Only 26 axial tiers and one ray

tier terminated. In the axial system four of the terminating tiers

showed evidence of decline, All terminating tiers were the result

of differentiation and all terminating cells were parenchymatous.

The positions of anticlinal divisions are recorded in 24 II units

from the existing cambium (Table 14). Forty nine percent of the

anticlinal divisions in the sample occurred in the first generation

and 39% occurred in the second generation. The third generation



Table 13. Fate of cambial initials from upper root.

veneration
Axial System

Persists
Divides No

anticlinal' division

Terminates
Ray System

Persists
Divides No

anticlinall division

Terminates

1 43 3 4 50

2 34 32 15 1 4 86

3 8 47 6 2 6 70

4 2 13 4 20

5 4 4

Total 37 99 26 3 14

Table 14. Position of anticlinal divisions.

Anticlinal divisions at various distances from present cambium in microns

Generation 24 48 72 96 120 144 168 192 216 240 264 288 312 Total Percent

t 2 3 1 2 3 4 4 6 5 8 5 43 49

2 4 3 2 4 4 3 3 4 5 2 34 49

3 1 1 2 1 1 1 1 8 10

4 1 1 2 2

Total 6 6 7 6 5 6 7 9 9 6 5 8 5 87 100



Table 15. Orientation of the anticlinal divisions in the cambium as inferred from ratio of new wall length to phloem cell

length in the upper root.

1.0-0.90 0,89-0.75 0.74-0.40 0.39-0,0 Total

Number 16 41 22

Percent 18 47 25

8

10 100

Table 16. Orientation of the anticlinal divisions in the cambium as inferred from ratio of new wall length to phloem cell
diameter in the upper root.

1:1 1:2 1:3 1:4 1:5 1:6 1:7 Total

Number

Percent

13

14

15

15

24

26

14

19

13

13

5

8

3

5

87

100
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had only nine percent of the anticlinal divisions while the fourth gener-

ation contributed two percent.

In the first generation, most of the divisions occurred early in

the history of the tiers, with only six of the 43 anticlinal divisions

occurring in the later half of the series. The divisions of the second

generation occurred throughout most of the series, beginning as

would be expected after the divisions of the first generation. The

divisions of the third and fourth generation occurred later. The

number of anticlinal divisions per 24 µ unit was consistent.

Of the anticlinal divisions of the upper root's cambium, only

18% had a new wall length to cell length ratio between 1.0-0.90, while

41% fell within the 0.89-0.75 class (Table 15). Within the 0.89 to

0.75 class, the ratios were evenly distributed. This differs from

the hypocotyl in which most of the ratios were greater than 0.85.

Twenty five percent of the anticlinal divisions fell between 0.74 and

0.40, with ten percent being between 0.39 and 0.0. When orientation

is considered as the ratio of new wall length to cell diameter, 12 of

the 87 anticlinal divisions had a 1:1 ratio and 22 cells had a ratio

greater than 1:5 (Table 16). Over half of all divisions had an orien-

tation between 1:2 and 1:5. Oblique and slightly oblique orientations

are now common.

When the orientation pattern is considered in relation to cell

length, no causal relationship is evident. Seventy four percent of



Table 17. Class lengths as related to anticlinal wall orientation considered as the ratio of new wall length to cell length in the upper root.

Class
length
in p.

1.0-0.90 0.89 -0,75 0.74 -0.40 0.39-0.0 Total

75-99 1 2 3 14 1 11 5 6

100-124 4 25 11 28 4 19 2 22. 21 24

125-149 9 57 21 51 9 43 5 56 44 50

150-174 3 18 6 14 5 19 14 16

175-200 2 5 1 5 3 4

Total 16 100 41 100 22 100 100 87 100

Table 18. Class lengths as related to anticlinal wall orientation considered as ratio of new wall length to cell diameter in the upper root.

Class 1:1 1:2 1:3 1:4 1:5 1:6 1:7 Total

length
in p.

c,A 9,6

75-99 2 15 2 13 1 4 5 6

100-124 4 30 4 26 7 30 3 21 2 15 1 20 21 24

125-149 6 47 7 47 10 40 7 51 10 77 3 60 1 33 44 50

150-174 1 8 1 7 5 22 3 21 1 8 1 20 2 67 14 16

175-200 1 7 1 4 1 7 3 4

Total 13 100 15 100 24 100 14 100 13 100 5 100 3 100 87 100
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Tier
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Figure 36, Histograms showing cambial activity of upper root.,
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the dividing cells were between 100 and 149 ti in length. These ini-

tials were responsible for 82% of the divisions with an orientation of

1.0-1.90, 79% of the 0.89-0.75 category, 62% of the 0.74-0.40 cate-

gory and 78% of the 0.39-0.0 class. The five cells within the 75 to

99 µ length class had no longitudinal divisions, while those 150 to

174 µ had no transverse divisions. Considering the small number

of divisions in each length class, no trend is readily identified.

Table 18, which compares cell length and cell diameter, shows a

similar pattern.

The cambium in the upper root is less storied than that of the

hypocotyl. Histograms of the tiers shown in Figure 33 give the

history of cambial activity in this region (Figure 36). Tiers A, H,

and I are part of an enlarging ray. The fusiform initial of tier H

divided transversely. Later the lower ray initial divided transverse-

ly again, giving a three cell assemblage. Tier A's initial divided

transversely giving two ray initials. In I, the fusiform initial divided

transversely, followed by the transverse divisions of the two deriva-

tives giving four ray initials. The lowest initial divided anticlinally.

Thus there are five ray initials that make up the assemblage, all

derived from the axial fusiform initial I. Tier P has one initial in

the assemblage that divided transversely. None of the surrounding

initials are part of the ray system. It is not possible to determine

if this represents a new developing ray or whether the derivatives
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will remain part of the axial system. Although new ray tiers result

from transverse divisions of fusiform initials not all transverse divi-

sions of fusiform initials result in new ray initials. Those deriva-

tives that do remain part of the axial system usually have one mem-

ber of the assemblage that declines and terminates.

Sample from Middle Portion of Root

This sample had a diameter of seven millimeters, was derived

from the radicle, and was taken approximately 150 mm below the

cotyledonary node. The anatomy is very like that of the upper root,

differing in the small size and number of the interxylary phloem

patches and a larger vessel diameter (Figure 34). The vessels av-

erage 92 µ in diameter radially and 62 tangentially.

Cambial activity was followed through 24 serial tangential sec-

tions over a distance of 288 The fates of the 50 selected axial

tiers is summarized in Table 19. Of the first tier generation, three

initials terminated, 15 persisted with no anticlinal division and 32

divided anticlinally to produce the 64 initials of the second genera-

tion. Sixty members of the second generation belonged to the axial

system and four to the horizontal system. Nine of the fusiform ini-

tials terminated, 33 persisted with no anticlinal divisions and 18

divided anticlinally. Three of the ray initials of the second genera-

tion divided anticlinally and one terminated. The third generation
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contained 42 members, six ray initials and 36 fusiform initials. One

of the ray initials terminated and six persisted without division. In

the axial system seven initials terminated, 13 persisted with no

anticlinal divisions and seven divided anticlinally. The 14 members

of the fourth generation are all part of the axial system. One tier

terminated and 13 persisted without anticlinal divisions.

The 50 original axial tiers and their derivatives were involved

in 60 anticlinal divisions, 57 in the axial system and three in the

horizontal system. Nineteen tiers terminated, only one of which

was part of the ray system. At the cambial zone, there were 85

fusiform initials and six ray initials. The fusiform initials aver-

aged 151 µ in length while the ray initials averaged 38 µ. Eighteen

axial initials and one horizontal initial terminated. Five of the ter-

minating axial tiers declined before terminating. All terminating

cells differentiated into parenchyma cells.

The positions of the anticlinal divisions of the fusiform initials

are not as evenly distributed as in the other regions of the storage

organ (Table 20). There are more divisions early in the tier's his-

tory. Fifty six percent of the anticlinal divisions occurred in the

first generation, 31% in the second, and 13% in the third.

Only eight percent of the anticlinal divisions had an orientation

of new wall length to cell length greater than 0.90 (Table 21). Forty

two percent of the divisions fell into the 0.89-0.75 category, while



Table 19, Fate of cambial initials from middle root.

Axial System
Persists Terminates

Ray System
Persists Terminates

Generation Divides
anticlinally

No

division

Divides
anticlinally

No

division

32 15 3 50

2 18 33 9 3 64

3 7 24 5 5 42

4 13 1

Totals 57 85 18

Table 20. Position of anticlinal divisions,

Anticlinal divisions at various distances from present cambium in microns

Generation 24 48 72 96 120 144 168 192 216 240 264 288 Total Percent

1 1 1 1 2 3 6 10 7 32 56

2 2 1 1 2 3 2 2 4 1 18 31

3 1 1 1 1 1 2 7 13

Total 2 2 2 2 4 5 3 5 10 11 7 57 100
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14% of the divisions were between 0.74 and 0.40 and 14% had an ori-

entation of 0,39-0.0. The lower number of transverse divisions

(0.0-0.39) in both the upper and middle root reflects the smaller

number of new rays that developed. The orientation of the new wall

as compared to the cell diameter reveals one of the problems of

this method when comparing samples from different regions that vary

in initial length (Table 21). It indicates that 57% of the anticlinal

divisions are greatly oblique, with a ratio greater than 1;5. This

is the highest percentage of greatly oblique divisions in the samples

studied, even though the tracings showed few longitudinal divisions.

This is the result of a much greater increase in the length of the

fusiform initials than in the width when compared with the initials

of the other regions. These problems account for the use of the

new wall length to cell wall length ratio particularly in those studies

involving shorter initials (Carr, 1967; Cumbie, 1961, 1963, 1969).

The mean length of the initials in the middle root is the longest

of the four samples (Table 23). The longest initial in this sample

is 263 [i in length and the shortest is 101 ti long. The average length

of a fusiform initial is 179 El and the average length of a ray initial

is 38 p.. This compares with a fusiform initial average length of

106 µ in the upper root, 78 µ in the hypocotyl and 136 II in the crown.

Measurements of initials below this region showed no additional

increase in length. In addition to an increased average length; there



Table 21, Orientation of the anticlinal divisions in the cambium as inferred from ratio of new wall length to phloem cell
length in the middle root.

1.0 -0.90 0.89-0.75 0,74-0.40 0.39-0.0 Total

Number 5 24 14 14 57

Percent 8 42 25 25 100

Table 22. Orientation of the anticlinal divisions in the cambium as inferred from ratio of new wall length to phloem cell
diameter in the middle root.

1:1 1:2 1:3 1:4 1:5 1:6 1:7 1:8 1:9 Total

Number

Percent

11

19

2

4

2

4

9

16

9

16

9

16

6

10

7

11

2

4

57

100



Table 23, Class lengths as related to anticlinal wall orientation considered as the ratio of new wall length to cell length in the middle root.

Class
length

1.0-0.90 0,89-0,75
ox,

Q. 74-0.40
98

0.39-0.0 Total

100-124 1 20 2 8 1 7 4 7

125-149 1. 20 4 16 3 21 4 28 12 21

150-174 1 20 1 4 3 21 7 6 11

175-199 1 20 5 22 4 29 1 7 11 19

200-224 1 20 8 33 3 21 3 22 15 26

225-249 3 13 3 22 6 11

250-274 1 4 8 1 7 3 5

Total 5 100 24 100 14 100 14 100 57 100

Table 24. Class lengths as related to anticlinal wall orientation considered as ratio of new wall length to cell diameter in the middle root.

Class 1 . I 1:2 1:3 1:4 1:5 1:6 1:7 1:8 1:9 Total

length
in 4

# o # % # % # % # # # .t,

100-124 1 9 1 11 1 11 1 11 4 7

125-249 1 9 2 100 1 50 4 45 2 22 2 21 12 21

150-174 1 9 2 22 2 22 1 16 6 11

175-199 1 9 1 50 2 22 3 34 2 24 1 14 1 50 11 19

200-224 3 27 1 11 1 11 3 34 2 24 4 58 1 50 15 26

225-249 3 27 1 12 1 10 1 14 6 11

250-274 1 9 1 11 1 14 3 5

Tot a) 11 100 2 100 2 100 9 100 9 100 9 100 6 100 7 100 2 100 57 100
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is a greater range of initial length in the middle root than in the

upper portions of the storage organ.

When the orientation, of the wall is considered in relation to the

cell length, no causal relationship can be identified (Table 23). The

initials in the 200 to 244 µ class length are involved in 26% of the

anticlinal divisions in the population. They are responsible for 22%

of the divisions in the 0.39-0.0 category, 21% of the 0.40-0.74 class,

33% of the 0.75-0.89 and 20% of those divisions having an orientation

greater than 0.90. Table 24 shows a similar pattern when the class

length is considered in relation to the ratio of the new cell wall length

to the cell diameter.

With the decrease in the number of longitudinal divisions and

an increase in the number of pseudotransverse divisions, the cambi-

um no longer appears storied (Figure 35). Histograms of the tiers

shown in Figure 35 show the history of cambial activity in the middle

root (Figure 37), Tier A borders a slowly expanding ray. At the

start of the series the ray was two cells wide and seven cells high.

At the present cambium the ray is between three and five cells wide

and 11 cells high. New ray initials resulted from anticlinal divisions

of ray initials and transverse anticlinal divisions of fusiform

Usually the transverse divisions divide the initial into two approxi-

mately equal halves. In this sample, several of the transverse

divisions resulted in one of the daughter cells being one half the
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Figure 37. Histograms showing cambial activity of middle
root.
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length of the other. Later, the larger derivative often divided trans-

versely again. These unequal divisions occurred at the upper and

lower margins of a ray increasing the height and involved fusiform

initials from 200 to 255 µ in length.

Cambial Activity of the Storage Organ

Each sample has certain distinctive characteristics. Yet the

similarities are greater than the differences, particularly when other

studies of cambial activity are considered. Although the average

length varied between the regions sampled, all fall into the shortest

initial group of specialized dicotyledons (Bailey, 1920).

When a composite picture of the cambial activity is summarized),

some generalizations become evident. The fate of 200 fusiform ini-

tials, the derivatives of which were examined for varying distances

in serial tangential sections, is summarized in Table 25. In the first

generation, 153 members divided anticlinally, 32 persisted with no

anticlinal divisions, and 15 terminated. The second generation has

306 members of which 279 are fusiform and 27 are ray initials. C)n

hundred and thirty fusiform initials of the second generation divided

anticlinally, 104 persisted without anticlinal divisions, and 45 termi-

nated. Ten of the ray initials divided anticlinally, 11 persisted wit h

no anticlinal divisions, and six terminated. In the fourth generation,

17 axial members divided anticlinally, 103 persisted without antici
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divisions, and three terminated. Two ray initials divided anticlinally,

17 persisted without anticlinal divisions, and four terminated. The

fifth generation has no representatives from the middle root. Thirty

two axial members persisted without divisions, and two divided anti-

clinally. In the horizontal system, three initials persisted without

dividing anticlinally and one terminated. The sixth and seventh gen-

erations occurred in the hypocotyl only.

Of the 365 anticlinal divisions, 283 occurred in either the first

or second generation. Only 32 first generation tiers persisted with-

out anticlinal divisions and 15 of these came from the middle root

sample. This region also had the fewest anticlinal divisions and the

smallest cell diameter. Relatively few tiers terminated; 86 in the

axial system and 18 in the 4ay. Eighty five ray initials were pro-

duced, 18 of which terminated. All terminating tiers differentiated

into either ray or axial parenchyma cells. Almost all ray initials

that were derived from fusiform initials were the result of trans-

verse anticlinal divisions. In only one series was an initial identi-

fied as belonging to the ray system that was the result of a radial

longitudinal division (Figure 25). In the lower part of the storage

organ, anticlinal transverse divisions in which the derivatives re-

mained part of the axial system were more common.

When the orientation of the 365 anticlinal divisions of the axial

system are considered as the ratio of the new wall length to the initial

cell length it shows that 62 or 17% of the divisions fall between 1. 0 al-



Table 2.5. Fate of entire cambial initial population studied in storage organ.

Generation
Persists

Divides
anticlinally

Axial ,Axial System
Terminates Persists

Divides
anticlinally

Ray System Total

No

division

No

division

Terminates

1 153 32 15 200

2 130 104 45 10 11 6 306

3 62 142 22 11 36 7 280

4 17 103 3 2 17 4 146

5 2 32 3 1 38

6, 7*-t 1 4 1 6

Total 365 417 86 23 67 18

*Generation 5 was not represented in the middle root,

**Generations 6 and 7 were found in the hypocotyl only.
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0.90. Forty two percent of the anticlinal divisions fall between 0.89

and 0.75 with approximately one third of them having an orientation

greater than 0.85. Twenty two percent of the divisions fall between

0.74 and 0.40 while 68 or 19% of the divisions fall between 0.39 and

0.0 (Table 26). When the orientation is considered as the ratio be-

tween the new wall length and the cell diameter, a similar pattern is

found. The 1:1 ratio represents the transverse divisions, the 1:2

to 1:4 categories represent the oblique divisions and those divisions

greater than 1:5 are considered as greatly oblique. Twenty one per-

cent of the divisions are transverse, 50% are oblique and 29% are

greatly oblique (Table 27).

Although no individual sample showed a strong influence on

the orientation of the new wall by the length or diameter of the initial,

the composite shows an increasing number of more oblique divisions

in the shorter initials. Sixty six percent of the divisions occurred

in fusiform initials between 75 and 150 }J, in length. This range of

initial length accounts for 73% of the 1.0-0.90 orientation category

when the orientation of the new wall is considered as the ratio be-

tween the new wall length and the cell length (Table 28). Seventy two

percent of the 0.89-0.75 category falls within the 75 to 150 p.

length. Within. this orientation class, more than one third of the

divisions had an orientation greater than 0.85. This means that

more than 45% of the divisions in initials between 75 and 1511 long,



Table 26. Orientation of anticlinal divisions in the cambium as inferred from ratio of new wall length to phloem cell length.

Orientation. 1,0-0.90 0.89-0.75 0.74-0.40 0.39-0.0 Total

Crown 19 31 24 16 5 18 26 66 18

Hypocotyl 22 15 63 41 37 18 27 40 149 41.

Upper root 16 26 41 27 21 27 9 13 87 24

Middle root 5 8 24 16 14 18 14 21 16

Totals 62 152 77 68 359

PE-ircent 17 42 22 19 100

Table 27. Orientation of anticlinal divisions in the cambium as inferred from ratio of new wall length to phloem cell diameter.

Orientation 1:1 1:2 1:3 1:4 1:5 1:6 1:7 1:8 1:9 Total

# %
0/, # # °/0 # # % %

Crown 17 23 2 3 4 7 12 20 17 29 6 28 4 31 4 36 66 18

Hypocotyl 33 46 42 69 28 48 25 42 20 34 1 5 149 41

Upper root 13 17 15 25 24 41 14 23 13 22 5 24 3 23 87 24

Middle root 11 14 2 3 2 4 9 15 9 15 9 43 6 46 7 64 2 57 16

Total 74 61 58 60 59 21 13 11 2 359

Percent 20 17 16 17 16 6 4 3 1 100



Table 28. Class lengths as related to anticlinal wall orientation considered as the ratio of new wall length to cell length in the storage organ.
Total

# %
Class
length
in P.

1, 0-0, 90 0.89 -0, 75 0.74-0.40 0, 39 -0.0

# 4 # % # % # %

25-49 2 3 2 1

50-74 8 13 16 10 9 12 13 20 46 13

75-99 15 24 41 30 24 31 10 15 90 25

100-124 12 19 28 18 13 17 13 20 66 18

125 -149 19 30 37 24 12 16 14 21 82 23

150-174 6 10 10 5 8 10 6 9 32 9

175-199 1 2 8 5 6 9 2 3 17 4

200-224 1 2 8 5 3 4 3 4 15 4

225-249 3 1 3 4 6 2

250-274 1 1 1 1 1 3

Total 62 152 79 68 359

Percent 17 42 22 19 100

Table 29. Class lengths as related to anticlinal wall orientation considered as ratio of new wall length to cell diameter in the story e or an.

Class 1:1 1:2 1:3 1:4 1:5 1:6 1:7 1:8 1:9 Total

length # 1 # % # 91 # % # % # % # % # % #

in P.
25-49 2 3

2 -

50-74 18 25 13 21 8 14 6 10 1 2 46 13

75-99 13 17 26 42 18 31 17 28 18 27 90 25

100-124 16 22 7 13 12 21 11 19 15 26 5 24 66 18

125-149 12 16 9 16 13 22 16 27 18 30 8 38 2 15 4 36 82 23

150-174 6 8 3 4 5 9 6 10 5 8 2 10 5 38 32 9

175-199 2 3 1 1 2 3 2 4 2 3 3 14 3 24 1 9 1 50 17 5

200-2.24 3 4 1 2 1 2 3 14 2 15 4 36 1 50 15 4

225-249 3 4 1 2 1 8 1 9 6 2

250 -274 1 1 1 1 9 3

Total 74 61 58 60 59 21 13 11 359

Pere.-. 20 17 16 17 16 6 4 3 100



76

had a new wall with an orientation greater than 0.85. Sixty four

percent of the 0.74-0.40 category and 62% of the 0.39-0.0 categor-

ies fell into this length range. In the longer initials there are fewi-r

divisions with an orientation greater than 0.90. Most of the longer

initials had an orientation between 0.40 and 0.80. Transverse divi-

sions were not affected by the length of the initial.

This generalization seems to be contradicted when the orienta-

tion of the new wall is considered in relation to the diameter of the

initial (Table 29). The difficulty resides in the fact that the shorter

initials are not much narrower than the longer initials. Although a

new wall may longitudinally bisect a shorter initial, the quotient is

rarely greater than four, when the diameter is divided into the cell

length.



77

ANOMALOUS GROWTH

The anomalous or atypical growth pattern that will be consid-

ered involves the development of interxylary phloem in the extensive

storage parenchyma of the expanded portions of the storage organ.

Two types of interxylary phloem occur. The first type, the inter-

xylary phloem strand, is the result of longitudinal divisions of

the axial parenchyma cells, followed by differentiation into sieve

tube elements, companion cells and parenchyma cells. A phloem

strand consists of the derivatives of axial parenchyma cells which

in transverse section contains at least one sieve tube element and

companion cell. The second type is the phloem produced by anoma-

lous cambia that result in the production of interxylary vascular

bundles. All vascular bundles contain a cambium producing tissues

toward the center and toward the periphery of each bundle. Cells

produced toward the periphery are usually xylem parenchyma with

vessels being rare.

One of the questions to be considered is the relationship be-

tween these two types of interxylary phloem. Do they represent

different stages in development of the vascular bundles, or are they

two separate phenomena? Another problem becomes evident when

serial transverse sections are followed from the root through the

regions derived from the hypocotyl and epicotyl up to the stem. In
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a mature storage organ, internal phloem is evident throughout the

central regions of the root and lower hypocotyl. In the upper hypo-

cotyl, the internal phloem is found in the secondary xylem next to

the pith. In the crown, internal phloem lies between the pith and

the primary xylem of the vascular bundles. In the stem, no interna

phloem is found. Some explanation must be made as to the origin of

the interxylary phloem of the storage organ.

Before these problems can be considered, some difficulties in

nomenclature must be resolved. Although it is not fashionable, for

the purpose of this paper, the term primary meristem shall refer

to those meristems that are direct descendents of embryonic tissue,

and secondary meristems shall refer to those that arise from perma-

nent tissues or tissues that have undergone partial development

toward permanency. Tissues derived from the continuous vascular

cambium shall be called secondary tissues while those produced by

secondary cambia shall be called tertiary. Thus the term secondary

phloem refers to that derived directly from normal activities of the

vascular cambium, and tertiary phloem refers to that derived from

secondary meristems or cambia.

By the time a plant is five weeks old, with a taproot diameter

1.5 mm, divisions may be noted in the xylem parenchyma toward the

center of the storage axis in the middle hypocotyl region. Usually

the first divisions occur near but not in one of the rays, not far
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from the primary xylem plate. The youngest plant with anomalous

divisions in the parenchyma was 32 days old, had five visible leaves

with the largest measuring 71 mm. In transverse section, it ap-

peared as if the xylem parenchyma cell had divided longitudinally

with one of the derivatives differentiating into a sieve tube element

and the other becoming a companion cell. This phloem strand was

three sieve elements long. The cells above and below this three cell

phloem strand showed no signs of divisions.

As the storage organ increases in size, more and more phloem

strands are found in the central region of the storage axis (Figure 38).

Those closer to the center can be followed through many serial trans-

verse sections while those closer to the cambium are generally

shorter. Several of the phloem strands further from the central

region were only one cell in length. In a fully matured storage organ,

single phloem strands were identified only 90 p, from the cambial

zone (Figure 39). As the storage organ enlarged some axial paren-

chyma cells adjoining a phloem strand also divided longitudinally

forming a cluster of sieve tubes.

In xylem parenchyma cells that had enlarged extensively, a

second division often followed the first before the daughter cells

differentiated. One or two of the deriVatives differentiated into

sieve tube elements with some of the daughter cells becoming par-

enchyma cells (Figure 41 and 42).



Figure 38. Transverse section of young root. Arrow points to
phloem strand. The central tear is the result of the
pressure of the expanding xylem parenchyma. The
primary xylem is to the left of the tear. X 110.

Figure 39. Longitudinal section of a mature root. The arrow
points to a phloem strand consisting of sieve tube
elements and companion cells 90 p, from the cambial
zone. V, vessels; AP, xylem axial parenchyma.
X 110.

Figure 40. Transection of two developing vascular bundles. Ar-
row points to central phloem cluster. Surrounding
axial parenchyma cells have divided tangentially. A
cambium region has developed. Some of the cells pro-
duced toward the center of the vascular bundle are
phloem mother cells which will divide to form sieve
tube elements and companion cells. As the bundle
increases in size vessel elements will be produced.
X 320.

Figure 41. Transection of center of middle root showing phloem
strands. Solid arrow shows region of thickened walls
of the axial xylem parenchyma. Open arrow shows
region with central phloem strands surrounded by
dividing parenchyma cells. Some derivatives of these
dividing cells may remain meristematic and form a
secondary vascular cambium. X 110.



80



Figure 42. Transection of phloem strand from a region in which
the parenchyma cells had expanded before the an-
omalous divisions started. X 470.

Figure 43.

Figure 44.

Figure 45.

Longitudinal section of internal vascular bundle through
cambium. Arrow shows a differentiating tertiary xylem
element. Mature xylem elements with reticulate sec-
ondary thickenings are also tertiary. C, cambium; V,
vessel; AP, axial. parenchyma. X 110.

Longitudinal section of vascular bundle through tertiary
phloem. S, sieve cell; P, parenchyma. X 110.

Longitudinal section of vascular bundle through non-
functional phloem. Open arrow indicates cambium.
Solid arrow indicates crushed sieve tube elements with
definite callose on sieve plates. X 110.

Figure 46. Longitudinal section of interxylary vascular bundle
through the central sieve tubes. Sieve tube elements
are crushed, callose and ergastic substances remain.
The enlarged cells at end of arrow represent early divi-
sions of the cells adjoining the phloem strands. X 110.
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In all roots, in those areas where the secondary xylem is still

radially arranged, no phloem strands were observed in the ray par-

enchyma, even though both phloem strands and vascular bundles

were seen in the adjoining axial parenchyma. When secondary wall

thickenings developed in the axial parenchyma, no anomalous growth

was observed in that region (Figure 41).

Iri storage organs with a diameter greater than 20 mm, vascu-

lar bundles became evident (Figure 40). A fully developed bundle

contains a central phloem cluster surrounded by tertiary phloem, a

cambium and tertiary xylem. This pattern of internal or interxylary

phloem in which the xylem surrounds the phloem is called foraminate

(Esau, 1965). Tertiary xylem vessels are not common. Most sec-

ondary cambia produce much more parenchyma than either sieve

tube elements or vessel elements (Figure 40). Tertiary vessel

elements are found in the largest bundles and usually possess reticu-

late secondary wall thickenings (Figure 43). The secondary cambium

is nonstoried. Longitudinal serial sections give a good picture of

the large vascular bundle (Figures 43-46). The secondary cambium

produces tertiary xylem externally and tertiary phloem internally

in each bundle. The cell size of the tertiary sieve elements and

vessel elements is the same as that of the secondary phloem and

xylem. Further into the bundle non-functional sieve elements can

be identified. The sieve elements have masses of callose covering
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the sieve areas, and ergastic substances accumulate in the sieve ele-

ments (Figure 45). The associated phloem parenchyma is dilated.

The center of the vascular bundle contains crushed sieve tube ele-

ments, companion cells, and greatly dilated parenchyma cells (Fig-

ure 46).

There is a correlation between the size of the storage organ

and the number and size of the phloem strands and vascular bundles.

In those plants with a storage organ diameter less than 15 mm, few

phloem strands and no vascular bundles were found, even though the

plant was in flower. As the diameter increased more phloem strands

and a number of vascular bundles could be identified. Only in the

largest roots collected did the vascular bundles contain tertiary

vessel elements as well as sieve tube elements.

Interxylary vascular bundles seem to be developmentally re-

lated to the phloem strands. Interxylary phloem strands are found

in young organs with small diameters. A cluster of sieve tubes

forms, then parenchyma cells adjoining this begin to divide in arcs

surrounding and adding on to the strand. These cells form a meri-

stematic sheath, a secondary cambium around the phloem strand.

The cambial initials produce serially arranged phloem internally

and xylem, particularly xylem parenchyma, externally. The oldest

most developed bundles are found in the central portion of the storage

organ. The phloem strands precede the vascular bundles and form
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the central phloem cells of the bundle. Two types of internal phloem

occur in the storage organ; the first differentiates following divisions

of the axial xylem parenchyma and forms phloem strands, while the

second is produced by the secondary cambium and comprises the

greater part of the vascular bundle.

Longitudinal sections show that the bundles anastomose with

one another forming a three dimensional network. When vascular

bundles are followed through serial transections, the bundle that is

large and possesses tertiary vessel elements in the upper or middle

hypocotyl is smaller in size to the lower hypocotyl and upper root and

will not contain any tertiary vessel elements at these levels. In the

lower root only a cluster of phloem strands plus a few dividing par-

enchyma cells will occur. One series was followed in which a small

vascular bundle without tertiary vessel elements contained only three

phloem strands in the lower root.

As one follows the phloem strands and vascular bundles from

the middle hypocotyl region into the crown, a different pattern is

evident. Just before the pith becomes evident in the center of the

storage organ, vascular bundles and phloem strands migrate from

the central region. Below the cotyledonary node, the interxylary

phloem is no longer in bundles but forms a more or less continuous

band between the pith and the xylem (Figure 47 and 50). As the vas-

cular tissue becomes arranged into bundles, those vascular bundles
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associated with basal leaves have a region of phloem cells between

Ole pith and the primary xylem (Figure 48). The bicollateral pattern

continues up the petioles of the basal leaves. In the upper portion

of the stem no internal phloem is found, and the bundles are collateral

(Figure 49 and 51).



Figure 47

Figure 48.

Figure 49.

Figure 50.

Transection of vascular bundle in upper hypocotyl.
Arrows indicate internal phloem between pith and
primary xylem. X 110.

Transection of vascular bundle in lower crown,
showing patch o internal phloem at base of bundle.
X 110.

Transection of vascular bundle of upper crown. No
sieve elements were found in this region. X 110.

Radial section 0.1' vascular bundle of upper hypocotyl.
Arrow indicates internal phloem between the primary
xylem and parenchyma of pith region. X 110.

Figure 51. Radial section of vascular bundle of upper crown. No

sieve elements are evident. X 110.
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DISCUSSION

Brassica campestris resembles other Cruciferae in the struc-

tural details of the root and hypocotyl (Bunning, 1951; Clowes, 1961;

Guttenberg, 1941; Hayward, 1938; Lund and Kiaerskau, 1886; Soeding,

1924; Weiss, 1880). Most of the development of the fleshy storage

organ of the field mustard occurs through the activity of the normal

vascular cambium with some development resulting from anomalous

growth of the xylem parenchyma. It resembles the radish and the

rutabaga in the morphology of the storage organ (Golinska, 1929;

Hayward, 1938; Soeding, 1924). In these fleshy organs, the hypo-

cotyl and the radicle take part in the formation of the storage organ

through extensive secondary growth; and the largest portion of the

hypocotyl has essentially the same structure as the root. The lower

portion of the epicotyl also enlarges as it contributes to the crown.

Lateral roots are initiated in the pericycle near the protoxylem

poles as in the radish and chicory rather than near the protophloem

poles as in the carrot (Golinska, 1929; Hayward, 1938; Knobloch,

1954; Esau, 1940).

The literature is very consistent in its description of the struc-

ture of the root apex of the Cruciferae, particularly of the Brassica-

Sinapis complex. The differences indicated by various authors are

based solely on the different methods of classification. The diagrams
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presented are almost superimposable. Three separate regions are

evident at the apex, the primary stele, cortex, and the root cap-

epidermis. Bunning (1951), being interested in the factors affecting

the development of the epidermis and the root hairs, was concerned

primarily with the dividon patterns of the root cap-epidermis and

the cortex. Guttenberp, (1941), interested in the early polarity of

root tip organization, nays most attention to the central cell of the

periblem. Neither mentions the division patterns within the stele.

In Brassica canapestr:;.c* the row of cells above the central cell eithe.r

divides longitudinally to give a double row of metaxylem primordia

or undergoes no division resulting in a single row of metaxylem

primordia. Regardless of the pattern followed, there appears to

be little difference in the number of metaxylem elements found in

the primary xylem.

The pericycle, aithou.gh arising from the same initials as the

stele, is individualized early and is independent of the vascular tis-

sue until it divides to contribute to the vascular cambium next to the

protoxylem ridges.

The primary xylem plate of the mustard root becomes delimited

before the differentiation of any vascular elements. The central v-e,;-

sels, the metaxylem, vacuolate before the protoxylem elements,

although the latter are the first to mature. This is similar to the

pattern described by other authors (Bunning, 1951; Clowes, 196.1:
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DeBary, 1884; Guttenberg, 1941; Hayward, 1938; Janczewski, 1874).

The peripheral elements become differentiated and begin to function

before the inner ones.

The position and characteristic appearance of the first proto-

phloem sieve tubes of roots has been studied in detail by Chauveaud

(1900). His description of phloem development in Raphanus is the

same as that observed in B. campestris. The biserate condition of

the endodermis opposite the protophloem poles has been noted also

by Bunning (1951) and Knobloch (1954) in Sinapis alba and Cichorium

intybus.

The first indication of the vascular cambium becomes evident

in the hypocotyl and upper root from cells between the primary

phloem and the primary xylem plate in the same manner as in sugar

beet, carrot, and radish (Artschwager, 1926; Esau, 1940; Hayward,

1938).

The hypocotyledonary transition has the same pattern as that

described by Hayward (1938) in his review of Gras sleyt s study of the

radish. A parenchymatous center of the diarch plate in the hypocotyl

is the first indication of transition. The xylem changes from the

exarch toward the endarch pattern gradually along the hypocotyl.

In each cotyledonary trace that leaves the upper hypocotyl, there

are two phloem strands and one xylem unit. The endarch pattern

is completed in the petiole of the cotyledon. The primary vascular
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tissues of the root are continuous with the cotyledons and are not as-

sociated with the epicetyl.

The peridc_trrn contributes little to the thickness of the organ.

A smaller porxn ol the storage organ is part of the secondary

phloem than in the carrot or Tragopogon (Esau, 1940; Havis, 1935).

Just below the periderm are several layers of parenchyma cells

which are the result of active divisions of the pericycle.

In respect to the secondary tissues, there is an agreement

with the studies of other authors working on the Brassica complex

on the main points (Golinska, 1929; Hayward, 1938; Lund and

Kiaerskau, 1886; Soeding, 1924). Although both reticulate and

pitted vessels are present, no definite relationship between the

reticulate thickening pattern and adjoining parenchyma cells nor the

pitted secondary thickening and adjacent vessels, as described by

Hayward (1938), was noted, As would be expected in the lower por-

tion of the root with less secondary thickening, there were fewer

vessel elements. To compensate for this, the diameter of the yes-

sels increased in the lower regions of the storage organ. This

agrees with Esau's (1940) observations in carrot.

The detailed study of assemblages arising from phloem mother

cells at different levels of the storage organ reveal the pattern of

activity of the vascular cambium. The characteristics of the phloen-,

elements themselves suggest a rather specialized and advanced state
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(Esau, 19 65). The length of the elements throughout the entire stor-

age organ fall within the shortest range of the more advanced types

of elements (Bailey, 1920), The sieve plate is transverse and simple.

The compan ion cells are usually in contact with the entire length of

the sieve tube element. These characteristics are considered ad-

vanced and indicate a higher state of evolution (Cheadle and Whitford,

1941; Esau, Cheadle, and Gifford, 1953).

Although the phloem assemblages reveal an overall pattern of

an advanced state, significant differences exist between the regions

of the crown, neck and root. The arrangement of the fusiform initials

varies from storied in the crown to intermediate in the hypocotyl, to

non-storied in the middle and lower root. The orientation of the new

anticlinal walls in the different regions also reflects the change in

fusiform initials arrangement. The crown has primarily longitudinal

and transverse anticlinal divisions. The hypocotyl although its cambi-

um looks storied, has fewer longitudinal divisions and more oblique

pseudotransverse divisions than does the crown. The upper root has

still e,v.7er longitudinal divisions and within the oblique category has

fewer divisions in the upper ratios of the category. In the middle of

the root, the number of longitudinal divisions is still fewer, and t1-1.

orientations are best characterized as oblique and slightly oblique.

Those dicotyledons studied with shorter fusiform initials such

as Lietneria (Cumbie, 1967) and Hibiscus (Cumbie, 1963) have more:
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longitudinal and oblique divisions than do the slightly longer initials

of Polygonum (Carr, 1967; Cumbie, 19 69). The long initials of

Liriodemiron (Cheadle and Esau, 1964) show a comparatively low

incidence of can t :7,< 11:n al divisions with most divisions being slightly

oblique. The differences in the mean fusiform initial length in the

different regions tend to support the idea that the inclination of the

anticlinal divislons of the vascular cambium is related to the mean

length of the fusiform Ciitial, This agrees with Bailey's (1923) obser-

vation that as the average length of the fusiform initial becomes short-

er, the ends of the new wall tend to approach the ends of the dividing

cell. The exception is the sample from the lower hypocotyl. Al-

though this region has the shortest initials, it has a lower percentage

of longitudinal divisions than the sample from the crown.

One way in which this specimen varied from those of Lirioden-

dron (Cheadle and Esau, 1964), Hibiscus (Cumbie, 1963), Lietneria

(Curable, 1967), and Polygonum (Carr, 1967; Cumbie, 1969) is the

very low number of lateral divisions. In no sample were there more

than five lateral divisions, and in the 200 tiers traced, there were

only II.

As a storied cambium with short initials represents the ad-

vanced state and the ncnstoried cambium with longer initials repro

sent a more primitive condition, the change along the transition reg-

ion from the Er st state to the second condition seems to support



93

Chauveaud's (191 1) theory that the root is most primitive and at

higher levels a more advanced state is found. Chauveaud's work

deals with the transition region of young seedlings that have under-

gone little if any secondary development. This evidence indicates

that the root: is conservative in its pattern of secondary development

also

the crown and the hypocotyl, most transverse divisions re-

sulted in ray initials. Only three transverse divisions of the 45

recorded in these two regions did not result in ray initials. In the

upper and middle root, several transverse anticlinal divisions oc-

curred in which the derivatives remained a part of the axial system.

In all regions, the transverse division resulted in two cells of almost

equal length. Rarely aid a ray initial form at one end of the fusiform

initial. Due to the short length of the fusiform initials, a vertical

series of ray initials formed by segmentation of a fusiform initial

never exceeded two cells in length. Although Bannan (1950, 1951),

Curribie (1963), and Evert (1961) record the formation of ray initials

from a cell cut off the side of a fusiform initial, no ray initials were

formed in that fashion in the material studied.

In the upper, most expanded portion of the storage organ,

relatively few tiers terminated. Even in the lower portions, the

rate of production far exceeded the rate of loss. This differs from

observations of the woody dicotyledons, Pyrus communis (Evert,
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1961) and Liriodendron tulipifera L. (Cheadle and Esau, 1961).

Some tier did terminate in each area sampled. This conflicts with

Curnbie' s (19 ) hypothesis that there probably is no outright loss

from cambia with short fusiform initials. As aof fu,-i-fo'rre

matter of fact, in that region with the storied cambium, all initial

los se rere >utright. No evidence of fusiform initials declining

before termination was found. In the upper and middle root some

in did decline before terminating. In all cases the terminating

cells were parenchyma cells of either the ray or axial system.

The structure of the internal phloem strands and vascular

bundles agrees with the descriptions of Lund and Kiaerskau (1886),

Soeding (1924) and Weiss (1880). Lund and Kiaerskau (1886) and

Weiss (1880) describe the anomalous structure found in the mature

organ. Neither study attempts to describe either the origin or the

relationship between the two structures. Soeding (1924) in his first

description indicates that the phloem strands precede the vascular

bundles and that small vascular bundles seem to form around the

phloem strands. In his summary, he lists phloem strands and vas-

cular bundles as separate entities. Hayward (1938) seems quite

definite that the vascular bundles and the phloem strands are the

result of cambial activity. The evidence from this investigation

agrees with Seeding's (1924) early description that the phloem stran

precede the vascular bundles. A cambium developes within the
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dividing parenchyma cells surrounding the central phloem strands

which produces tertiary phloem and xylem. The internal phloem

has two origins. The phloem strands result from the divisions of

the axial pa r cr.chyrna cells while the tertiary phloem of the vascular

beenclic--, is the result of cambial activity.

In stems, internal phloem strands and vascular bundles also

occur. Phvtotacea dioica L. (Balfour and Philipson, 1962) is an

example of plant that also has a central strand of phloem surrounded

by a ring of xylem and separated from it by a continuous cambium.

The internal phloem strands are derived from semimature parenchy-

ma cells of the pith or secondary xylem. Interxylary phloem of both

stems and roots arise following longitudinal divisions of parenchyma

cells.

In the upper portion of the storage organ, the vascular bundles

diverge from the center toward the periphery of the organ. Internal

phloem strands form a continuous band between the pith and xylem

in the upper hypocotyl. In the crown, only those vascular bundles

associated with the basal leaves have internal phloem. The vascular

bundles not associated with the basal leaves are typical collateral

bundles.

In the first season of growth, the only leaves present are the

large, basal leaves forming the rosette. It appears that Weiss's

(1880) hypothesis that the internal phloem strands are causally
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related to the quantity of food material being produced may be cor-

rect. Any factor that affects the formation or size of the rosette

stage of the plant reduces the size of the storage organ and the quanti-

ty of the internal phloem.
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SUMMARY

The primary root of Bras sica campestris shows a diarch xylem

plate and. two strands of phloem lying at right angles to the xylem

plate and opposite each other. The delimitation of the xylem plate

and vacuolation of the iuture vessel elements initiate vascular differ-

ntiation, The central vessels vacuolate first but mature last.

The protophioem sieve tube elements are the first vascular

tissue to mature. The pericycle become individualized before the

beginning of vascular differentation. Later it gives rise to the

periderm, to lateral root primordia and participates in the comple-

tion of the vascular cambium. The cortex increases from two cells

near the apex to six or seven by periclinal divisions of the innermost

cortical layer. The last cortical layer to mature is the endodermis

which is blieriate opposite the primary phloem groups.

The hypccotyl resembles the root through most of its length.

The change from exarch to endarch xylem occurs in the cotyledonary

traces in the upper portion of the hypocotyl. The xylem shows an

increase in parenchymatization. Each phloem strand widens and

separates into two phloem arcs. The two phloem strands and the

xylem unit make up the cotyledonary trace.

The fleshy storage organ of the field mustard is formed primar-

ily through secondary growth of the root, hypocotyl and lower
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epicotyl. The cambium, which arises in the usual fashion, produces

secondary vascular tissues that contain a large quantity of -parenchyma

C. el I S.

eveIeornei changes in the vascular cambium was determined.

secondary phloem in the crown, neck, upper,

<:n mi :Idle root. .Ant: divisions in the crown are with few excep-

tions her longitudinal or transverse. In samples from the lower

of the storage organ, the number of longitudinal divisions de-

creased and the number of oblique and slightly oblique divisions in-

creased, in the middle root, oblique and slightly oblique divisions

predominated. The cambium of the crown was storied, that of the

hypocotyl intermediate and the cambium of the upper and middle root

was nonstoried.

Phloem ray initials resulted from transverse divisions of fusi-

Jorm ini als. In the crown and hypocotyl almost all transverse divi-

sions resulted in new ray initials while in the upper and middle root

sonic derivatives remained part of the axial system following trans-

verse divis-lon.

In both the ray and axial system, tiers were terminated by the

fusiform initials differentiating into parenchyma cells. In the crown

and hypocotyl, no tier declined before it terminated. In the upper and

middle root, several tiers declined before terminating.

the xylem of the storage organ, phloem strands differentiated
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follc-wing longitudinal divisions of the axial parenchyma. As the organ

enlarged, cyarenchyrna cells adjoining the phloem strands divided tan-

entially to the strands, cambium developed and produced tertiary

p}:!cena inter only and tertiary xylem eternally in each bundle.

The interxylary vascular bundles and phloem strands anasto

inof,e radial and laterally, diverging toward the periphery until a

ccIntira).ous laver of internal phloem is formed between the pith and

the xylem in the 'upper hypocotylo As the vascular bundles of the

stem become organized, internal phloem is found associated with

those bundles related to the lower basal leaves. In the upper stem

no internal phloem is found.
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