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An understanding of the factors influencing and
directing cell development must rest on knowledge of
the changes occurring during the course of cell de-
velopment on both a morphological and biochemical
level. Previous work on onion root tips has outlined
some of these changes that occur early in the develop-
ment of the cell (7,8,9,11). The wall is one of the
most conspicuous parts of the cell and undergoes great
changes during the life of the cell. Very little is
known, however, of the chemical composition of the
wall during the early stages of formation. The
analyses reported here attempt to enlarge the picture
of the composition of the developing primary cell wall.

The root tip is an excellent material in which to
study cell development, as the various stages are ar-
ranged in approximately linear order. Thus, the
analysis of consecutive sections yields information on
changes accompanying cell development. The cell
develops rapidly, particularly during the early stages,
and to follow the development, sufficiently thin sec-
tions must be used. The first 20 consecutive 100 #
sections of the onion root tip are analyzed in the pres-
ent work.

The usual methods of cell wall analysis based on
gravimetric measurements or on paper chroma-
tography could not be used on this level. Lignin is
not present in this region of the root and as all the
other wall components can be analyzed in terms of
carbohydrates (hexoses and pentoses) or simple car-
bohydrate derivatives (hexuronic acids), colorometric
procedures were used. Microchemical techniques
were developed to handle the material and measure
the sugars. A standard extraction procedure of the
wall components is used and the various extracts
analyzed for the amount of hexuronic acids, hexoses,
and pentoses present. The results are expressed as
per cell and per unit surface area per cell.

MATERIALS AND METHODS

Sets of Allium cepa var. white globe were placed
on vials of tap water and kept in the dark at 25° C.
Roots between 1 and 2 cm in length developed in 48
hours. The first 5 to 10 mm of carefully selected uni-
form roots were excised and quickly frozen in iso-
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2 Supported in part by a research grant from the Na-
tional Science Foundation (G-4286).

pentane cooled with liquid nitrogen. The root tips
were then placed in methyl alcohol at —30° C. The
methyl alcohol was changed once during the first 24
hour interval and three times during the second 24
hours, finally being replaced with toluene at the same
temperature. After 2 hours the roots were brought to
room temperature and the toluene changed. They
were then paraffin infiltrated and imbedded. The
roots were carefully aligned in groups of three during
the imbedding.

The roots were sectioned transversely on a reg-
ular Spencer microtome at either 10 or 25 #. As the
analyses required 100 # segments of the root, ten 10 #
sections or four 25 r sections were collected and
placed in a 1 ml centrifuge tube. Actually, when 10
& sections were used only nine were placed in the tube,
while the tenth was mounted on a microscope slide
and stained. These sections acted as controls on the
alignment of the roots and the condition of the tissue.
The 10 ¢ sections were used in preliminary analyses
while the 25 u sections were used in the later replica-
tions. As the analyses required nine 100 # segments,
nine roots were cut and the identical sections placed
in the same tube. This was facilitated during im-
bedding by aligning roots in groups of three in the
paraffin.

Once the tissue was placed in the centrifuge tubes
it was never removed. Changing the various liquids
in the tubes without loss of tissue was a very critical
step. Pipettes drawn from glass tubing were drawn a
second time so that the opening was narrower in
diameter than the smallest section. A holder rigidly
supported the pipette which was connected to a flask
and ultimately to a vacuum line. A stopcock in the
top of the flask controlled the pressure in the flask and
hence the rate of removal of the liquid. The centri-
fuge tube containing the tissue and solution was raised
to the pipette by means of a small movable platform.
A magnifying lens mounted in front of the tube, and
a mirror mounted at one side aided in observing the
tissue and in aligning the tube with the pipette. Care
was taken to keep the tip of the pipette just below the
surface of the liquid and to remove the liquid slowly.
Where the liquid removed was to be saved, a rubber
bulb with a small hole in the top replaced the vacuum
line. By closing the hole with a finger, the bulb could
be used to draw off the liquid. Opening the hole
equalized the pressure in the bulb and the liquid re-
mained in the pipette and was not carried up into the
bulb. The same stands for pipette and tube were
used as in the case of the vacuum line. The tubes in
either case were usually centrifuged in a small micro
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centrifuge to force the tissue to the bottom before re-
moval of the liquid.

The tubes were covered with aluminum foil wher-
ever possible to reduce the amount of dust and lint
falling into the tubes. Aluminum blocks 6in X 6in X
2in in which 100 holes 34in in diameter and 7gin in
depth had been drilled, were used for heating or cool-
ing the tubes. These gave uniform heat conduction
on a hot plate and could be cooled in a deep freeze.

The tissue was deparaffinized with toluene, rinsed
with 100 9% ethyl alcohol, and air dried. Analyses
for total carbohydrate, hexoses, pentoses, and hex-
uronic acids were made directly on the tissue at this
point, otherwise the sections were extracted according
to the following schedule:

Tissue
H.,O 25° C.
16 hrs then two 3 hr periods
Soluble Residue
|
0.5 9% NH, | Oxalate 90° C.
Three 1 hr periods
Soluble Residue
4 ¢, NaOH | 25° C.
6 hrs
Soluble

Residue
I

{
17.5 9% NaOH 25° C.
6 hrs

Residue

Soluble

The extracts containing the soluble fraction were in
each case combined and brought to dryness in an oven
at 50° C. 1In the case of the 4 9% NaOH extract, an
equal volume of 4 9 acetic acid was added to neu-
tralize the base and then the solution evaporated. At
all the underlined points in the above schedule, the
extracts or residues were measured for amount of
hexoses, pentoses, and hexuronic acids present. Of
all the cell wall components fractionated in this
scheme, only the 4 9 NaOH and the 17.5 % NaOH
soluble fraction had to be determined by difference in
the residues before and after extraction, rather than
directly on the extract. This was necessary when it
was found that after treatment with NaOH neither
the hexoses nor pentoses would react in the color re-
actions necessary for their determination.

This extraction schedule was worked out with
great care. Longer and more numerous extraction
periods were tested in most cases but the schedule
given above proved to give the most satisfactory
separation of wall components. Wherever possible
alternate procedures were used to verify particular
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fractions. The ammonium oxalate extraction was re-
placed by extraction with 1N HCI1 and similar results
were obtained. Balance sheets for the various car-
bohydrates were also run combining various extrac-
tion procedures.

The extraction procedure used here is similar to
but not identical with that of Boroughs and Bonner
(4) and differs from that of Jermyn and Isherwood
(10) principally in not first extracting with 70
alcohol and obtaining a cold water and ammonium
oxalate fraction instead of a single hot water fraction.
It also differs from that of Bishop, Bayley, and Set-
terfield (2) where a 10 % NaOH and a 17.5 %
NaOH extraction are combined so that only one
NaOH fraction was measured. Burstrom (5), who
generally followed Jermyn and Isherwood also com-
bined the alkali soluble fractions. A search of the
literature revealed no two identical extraction sched-
ules. This indicates that every material must be han-
dled as a separate case.

The procedures listed helow were used for the car-
bohydrate analyses. They are based on macro or
semi-micro procedures (1.6), but in all cases have
been further reduced in volume and modified.

I. To1AL PENTOSE AND HEX0SE—ORCINAL REAC-
tioN. To the sample was added 50 #1 H,O, 50 #l
freshly prepared 2 9% orcinal in 20 9% H,SO, and
500 1 60 % H,SO,. The mixture was heated for
30 minutes at 80° C in an aluminum block and then
cooled in a second, cold aluminum block. A “flea”
of glass coated ferrum reductum was added and the
solution stirred by moving the flea with a magnet.
The absorption was measured at 425 m# in a Beck-
man spectrophotometer model DU. The range of
this procedure is 0.5 to 10 #g == 0.1 #g.  Glucose, fruc-
tose, galactose, mannose, ribose, and arabinose give
equal absorption per ag. while xylose gives twice this
absorption. Glucuronic and galacturonic acids give
values of less than a tenth of the hexoses and pentoses
while ascorbic acid gives no color at all. The orcinal
reaction was used to measure the total combined hex-
oses and pentoses in the untreated tissue.

II. HexuroNic Acips—CARBAZOLE REACTION.
To the samples was added 50 #1 H,O and 300 #l con-
centrated H,SO,. The tubes were heated for 20
minutes at 100° C in an aluminum block and then
cooled in a cold aluminum block for 5 minutes. Then
10 #l of a freshly prepared solution of 0.1 % carba-
zole in 95 9% ethyl alcohol was added. A flea was
used to stir the solution and the absorption measured
at 535 me in a Beckman spectrophotometer. The
procedure has a range of 0.5 to 5 #g = 0.1 pg. Glu-
curonic and galacturonic acids give identical values.
Pentoses and ascorbic acid do not react and there is
negligible interference from hexoses. The carbazole
reaction was used to measure hexuronic acid in the
untreated tissue and in the various extracts.

III. PeNTosEs—CysTEINE REacTION. The tubes
containing the samples were cooled in a cold alumi-
num block and 50 #I cold H,O and 200 #l cold concen-
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trated H,SO, were added. After shaking, the tubes
were removed from the block, fleas added, and the
tubes allowed to come to room temperature. The
solutions were kept at room temperature for 2 hours
with regular stirring. Then 5 #l of freshly prepared
3 9% aqueous cysteine was added and the mixture
stirred. After 15 minutes, the absorption at 390 mp
and at 425 m#¢ was read in a Beckman spectrophoto-
meter. The difference of absorption at 390 me to
425 mp is proportional to the amount of pentose
present. The range is 0.5 to 5 pg = 0.1 ng. There
‘was no reaction to hexoses, hexuronic acids, or ascor-
bic acid. The greatest difficulty with this procedure
is that xylose gives 4.5 times the color per #g as does
arabinose or ribose. In all cases the pentose data
are expressed as arabinose. This cysteine reaction
was used to measure pentoses in the untreated tissue,
the extracts, and the tissue residues.

IV. Hexoses—CyYSTEINE REeactioN. To the
sample was added 50 #1 H,O. The tubes were then
placed in an ice water bath and 500 #l of a six part
H,SO,:one part H,O mixture was added. After a
few minutes the tubes were removed from the ice
water, allowed to warm to room temperature, and
then heated in boiling water for 3 minutes. They
were then cooled in a water bath at room temperature
and 100 #l 3 % aqueous cysteine solution added. The
solutions were stirred with a flea and the absorption
at 415 me and 380 me read in a Beckman spectrophoto-
meter. The difference in absorption at 415 mp and
380 me equals the amount of hexose present. The
range of the procedure is 0.5 to 5.0 pg = 0.1 ng.
Glucose, fructose, galactose, and mannose give almost
identical absorption values. There is no interference
from pentoses, hexuronic acids, or ascorbic acid.
This cysteine reaction was used to measure hexoses in
the untreated tissue, the extracts, and the tissue
residue.

V. ToraL HExosEs AND PENTOSES—INDOLE RE-
ActioN.  To the sample was added 50 #1 H,O, 500 #l
759% H,SO, and 20 #l 19 alcoholic (95% ethyl
alcohol) indole solution. This mixture was heated
for 10 minutes at 100° C and cooled. The absorption
was measured at 470 mg in a Beckman spectrophoto-
meter. The range of the procedure is 0.5 to 5.0 rg
=+ 0.1 pg for hexoses and pentoses. Glucose, fructose,
mannose, galactose, arabinose, and ribose have equal
absorption while xylose is 114 times higher. Galac-
turonic and glucuronic acid react intensively while
ascorbic acid gives less intense, but still appreciable,
color. Consequently, the indole test was used only
on the 4 9% and 17.5 % NaOH tissue residue where
neither the hexuronic acids nor ascorbic acid is
present.

In all of the carbohydrate analyses two kinds of
standards were used. In one the standards were
treated the same as the tissue or extract and carried
through the entire procedure. This standard acted
as a control of the effect various chemicals and heat-
ing periods might have on the carbohydrates. The

315

second standard was run only through the color reac-
tion. In most cases there was little difference be-
tween the two standards.

The carbohydrate procedures given above were
worked out in great detail. All hydrolysis times and
temperatures were tested and complete absorption
curves run in every case. Each procedure was tested
for the possibility of interference by higher concen-
trations of sugars not normally reactive in that pro-
cedure. Even at ranges of more than five times the
amount of the carbohydrate normally present in the
tissue, no interference in any of the tests was found.

Attempts were made to remove the protoplasm
from the cells before analysis of the wall by treatment
with alcoholic KOH. These attempts were aban-
doned after determinations showed large losses of
hexuronic acids, hexoses, and pentoses. As there is
little hexuronic acid in the cell other than that asso-
ciated with the cell wall and the total amount of pen-
toses found in all the nucleic acids in the cell give an
insignificant color under the conditions used here, it
was concluded that not only the protoplasm but much
of the cell wall material was being removed. Onion
root tips do not contain starch and it would appear
safe to assume that the significant amount of the hex-
uronic acids, hexoses, and pentoses, is either asso-
ciated with the cell wall or is soluble.

The roots were analyzed morphologically in the
same way as reported earlier (9). A group of bulbs
different from that used in previous work was used
in this study. The roots from the new group of
bulbs had slightly different cell numbers and cell di-
mensions. For these reasons the cell number., mean
cell cross sectional area, mean cell length, and mean
cell surface area are presented here. The number
of mistosis also were counted.

REsuLTs

MorpHOLOGY. The first 2 mm of the root tip are
represented diagrammatically in figure 1. The graph
immediately below the diagram presents the cell num-
ber per 100 ¢ section. The upper curve is the total
cell number while the lower represents the number
of cells per section minus the number of rootcap cells.
Figure 1 presents the average cross sectional area.
length, and surface area of the cells in each 100 # sec-
tion. The percent of nuclei in division is also pre-
sented in figure 1. A detailed morphological analysis
of the onion root has been published (9) and complete
discussion of the morphology of the root will not be
undertaken here.

The general pattern of cell development can easily
be seen from the graphs of figure 1. The cell, basal
to the apical initials, first enters a period of marke-l
radial enlargement. This period lasts from 400 to
1,400 # from the tip. Elongation begins some 800
to 1,000 £ from the tip and extends beyond the 2 ml
of the tip analyzed here. From 800 to 1,400  there
is a period in which the cell is both enlarging radially
and elongating. The amount of cell elongation, how-
ever, is small until after approximately 1,400 # from
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the tip. The period where elongation and radial en-
largement overlap will be termed the first period or
phase of elongation, while elongation after 1,400 &
will be referred to as the second phase. This pattern
is in general agreement with that of Scott et al (11).

The distribution of cell divisions must also be
considered in relation to the various stages of cell
development. The apical initials are very low in
number of cells in division. This feature of the root
has been discussed elsewhere (9). During the period
of radial enlargement, the number of cells in division
increases and the maximum number of divisions oc-
curs at the beginning of elongation. During the first
phase of elongation, cell divisions are as numerous as
during the first phase of radial enlargement. As the
second phase of elongation is approached, cell divi-
sions decrease and by 1,600 # have ceased. This
pattern of divisions is similar to that reported earlier
by Jensen and Kavaljian (9). In the roots used by
them, however, the rootcap was more extensive and
the first 2 mm of the root analyzed, essentially did
not contain the second period of elongation. More-
over, they used fluctuating temperatures while a
constant, slightly elevated (25° C) temperature was
used in the present work.

The cells of the rootcap in front of and surround-
ing the apical initials undergo rapid development re-
sulting in large, heavy walled cells. The presence of
the rootcap cells surrounding the apical initials must
not be forgotten when considering the data from the
early sections which contain large numbers of root-
cap cells as well as the apical initials and other non-
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rootcap cells. The amount of carbohydrate present in
the apical initials can be calculated if it is assumed
that the amount of carbohydrate per rootcap cell im-
mediately in front of the apical initials, is the same as
in the rootcap cells surrounding the apical initials.
Since the amount of carbohydrate in the rootcap cells
in front of the apical initials is known from section
II, and the number of rootcap cells present in section
III is known from the morphological analysis, then
simple multiplication of these two figures will result
in the amount of carbohydrate in section III that will
be accounted for by rootcap cells. If this figure is
then subtracted from the total amount of carbohydrate
in section ITI, the remainder will be the carbohydrate
present in the apical initials. Dividing this figure
by the number of apical initials, results in an estimate
of the amount of carbohydrate present per cell of the
apical initials. This figure is really only an approxi-
mation, but it is nonetheless interesting and useful.

CaARBOHYDRATE DETERMINATIONS. The results of
the carbohydrate determinations on the whole tissue
and after the various extraction procedures, are pre-
sented graphically per cell and per #* surface area per
cell, in figures 2 and 3. All data have been expressed
per uM or per #uM so that the data on the various
sugars can be compared directly.

Before describing the results a word must be said
regarding terminology. Two general systems of cell
wall terminology are apparently in existence. One is
based on solubility criteria so that all hot water or
ammonium oxalate soluble materials become pectin

o
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and alkali soluble materials become hemicelluloses
(10). The other is based on chemical composition
criteria so that only pure polygalacturonic acid com-
pounds are pectic substances, while hemicelluloses
contain hexuronic acid and pentose, and noncellulosic
polysaccharides composed of hexoses and pentoses
may be found either in the hot water-ammonium oxa-
late soluble or alkali soluble fraction (3). This pic-
ture is further complicated by dividing the pectic sub-
stances (in a chemical sense as polygalacturonic acid)
into pectin and protopectin on solubility character-
istics. Only cellulose and lignin are clearly uncon-
troversial terms.

The following definitions will be used: pectin—
water soluble hexuronic acids; protopectin—water in-
soluble, ammonium oxalate soluble hexuronic acids;
pectic substances—the sum of the water and ammoni-
um oxalate soluble hexuronic acids; soluble non-cellu-
losic polysaccharides—water insoluble, ammonium
oxalate soluble hexoses and pentoses; hemi-cellulose
—ammonium oxalate insoluble, 4 % NaOH soluble
hexuronic acids and pentoses ; insoluble non-cellulosic
polysaccharides—4 % NaOH insoluble, 17.5 9% NaOH
soluble hexoses and pentoses; cellulose—17.5 %
NaOH insoluble hexose.

Quantitative comparison of the present data with
previous work is almost impossible. This is because
the present data is expressed per cell and almost no
data on a similar basis exist in the literature. More-
over, it is not possible to obtain the dry weight of
the sections making it impossible to express the pres-
ent data in terms of percent dry weight as is common
in the literature.

To understand the implications of the data ex-
pressed per unit surface area per cell it is necessary
to realize that there need be no connection between
the surface area of the cell and the area of the wall.
When the data are expressed per unit area they mean
that the amount of wall material per cell is being com-
pared with the surface area of the cell. If the amount
of wall material and the area of the cell both increase
uniformly from one section to another the amount of
wall material per unit area will remain constant; if the
wall materials increase more than the surface area,
the amount of wall material per unit area will in-
crease. There is no asumption that the wall is con-
tinuous or entire. From figure 4, it is clear. that ex-
cept for the cell in rapid elongation, the wall is not a
simple, entire sheet surrounding the cell. When the
unit area data are viewed in this way and the factors
involved in changes in surface area are examined, a
picture of cell wall development can be outlined.

The important points of the determinations can
be summarized thus:

A. ToraL Hexuroxic Acip, HExose, AND PEN-
TosE. The three major groups of carbohydrates
present in the root tip show, in the analysis of the
total tissue, a unity and relationship that belies the
diversity of their distribution within the cell wall.
The cells of the root cap are high in both pentoses
and hexoses while relatively low in hexuronic acids.
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All three groups are relatively low in the cells under-
going radial enlargement and increase proportionally
to the increase in surface area of the cell. Correlated
directly with the beginning of elongation there is an
increase in amount of all three groups of carbohy-
drates. This increase in amount is greater than the
increase in surface area of the cell. As the cells
enter the second phase of elongation, the amount of
hexuronic acids, pentoses, and hexoses continues to
increase, but only the hexoses continue to increase
at a rate greater than the increase in surface area.

These determinations of total hexuronic acid,
hexose, and pentose were also used as a check on the
measurement of the various fractions. When the
hexuronic acid, hexose, and pentose content of the
various fractions are added together they should equal
the total content of these carbohydrates measured di-
rectly. The direct and indirect total amounts were
found to differ by less than 3 % for the hexoses and
less than 8 % for the hexuronic acids. The pentose
difference was almost 30 %, however, with the in-
direct total being higher than the direct. The pen-
toses are the most difficult to measure of the three
carbohydrates, requiring a procedure that does not
allow the tissue to be heated. This fact makes it
highly probable that the direct total amount is lower
than the indirect total because of difficulties in obtain-
ing complete hydrolysis of the wall.

B. WaTER SoLUBLE FracTioN. All three groups
of carbohydrates were found in the water soluble frac-
tion in relatively large amounts. As the tissue was

in contact only with toluene or absolute methyl or
ethyl alcohol from the time of initial freezing until
the water extraction, we believe that no measurable
amount of carbohydrate was lost.

The hexuronic acids may compose part or all of
The cells of the root cap

the water soluble pectins.

IN:' B A

Fi1c. 4. Microscopic structure of cell wall. A. Wall
of cells in radial enlargement. B. Wall of cells in transi-
tion zone. C. Wall of rapidly elongating cells.
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are relatively high in hexuronic acid. The cells in
radial enlargement contain a relatively low amount
which appears to be directly proportional to the sur-
face area of the cell. As soon as elongation begins,
however, the amount of hexuronic acid increases at a
rate greater than the increase in surface area. As the
cell reaches the second phase of elongation, the rate
of increase of the hexuronic acid falls below the rate
of increase of surface area and the amount of hexur-
onic acid per unit area progressively declines.

Hexose content of the root cap cells is also high,
particularly in the extreme cells. In the cells in
radial enlargement the amount of hexose is lower
than in the rootcap. As cell elongation begins, hex-
ose content per cell increases. This increase, how-
ever, is directly proportional to the increase in cell
surface area so that the amount per unit area remains
constant.

The pentose content per cell is similar to the hex-
ose pattern except that at the beginning of elongation
there is a small but consistent drop in pentose amount
per unit area. :

C. 059 AmMmoNiuM OXALATE SOLUBLE.
Again, all three groups of carbohydrates were found
and in relatively large amounts.

The hexuronic acids, which may be considered
the protopectins and the pectates, are present in
amounts directly proportional to the cell surface area
in all stages of development represented in the first
2 mm of the root including the rootcap. The proto-
pectins make up 6 % of the total carbohydrate content
of the first section and increase to 10 % by the eighth
section and then remain relatively constant. The sum
of the pectin and protopectin follows a similar pattern,
starting at 13 9%, increasing to 18 % and then remain-
ing constant.

Hexoses, probably in the form of a non-cellulosic
polysaccharide, are present in large amounts in cells
that have undergone or are undergoing cell elongation.
The cells of the rootcap appear very high in hexoses
and undoubtably influence the amount per unit area
between 500 to 800 & from the tip. During radial
enlargement the amount of hexose is relatively low
and directly proportional to cell surface area. This
proportionality is maintained during early elongation
but as the cells enter the second phase of elongation
there is a sharp rise and a new proportionality at a
higher level is established.

Pentoses, probably in the form of a non-cellulosic
polysaccharide, are present in large amounts in the
cells of the rootcap. Cells in radial enlargement and
early elongation contain relatively less pentoses but
the amount is directly proportional to the increase in
surface area. As the rate of elongation increases,
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the increase in pentose content does not remain pro-
portional but decreases so that the amount of pentose
per unit area of the wall decreases.

D. 49 NaOH SorLusLtE FractioN. This frac-
tion contained only hexuronic acid and pentoses and
thus fits one commonly accepted definition of the
polyuronide hemicelluloses (3).

The hexuronic acid content per cell is low in the
cell in radial enlargement and increases as the cells
enter elongation. In all phases of cell development
the amount per cell is directly proportional to surface
area.

Pentose content per cell is directly proportional
to surface area only during the very early stages of
cell development. During this period the ratio of
pentose to hexuronic acid is 1:1. While the cells
still are undergoing radial enlargement, the amount
of pentose per cell begins to increase at a rate greater
than the increase in cell surface area. This condition
persists until the second phase of elongation when
the amount of pentose decreases slightly in relation
to increase in surface area of the cell.

This pattern of hexuronic acid and pentose change
suggests that the hemicellulose present consists of
chains of hexuronic acid-pentose units in a ratio of
1:1. The extra pentose molecules may form cross
linkages between the hexuronic acid-pentose chains.

E. 17.59% NaOH SorusLe. This fraction con-
tained only hexose with an occasional trace of pentose
and represents almost pure cellulose.

The hexose content of the rootcap is high while
the cells in radial enlargement are relatively low. As
cell elongation begins, the hexose content of the wall
begins to increase at a rate greater than the increase
in surface area. When cell elongation enters the sec-
ond phase, however, the rate of increase of hexose per
cell becomes constant in relation to the increase in
surface area.

DiscussioN

The composition of the primary cell wall in the
root tip presents a surprisingly complicated picture.
The problem is to relate the changes in the chemical
composition of the wall with the morphological de-
velopment of the cell. The region of the root analyzed
contains cells of the rootcap, the apical initials, and
cells in the following stages of morphological develop-
ment: radial enlargement, a transition stage where
radial enlargement and elongation are both going on.
and elongation. The data for the apical initials and
the various stages of cell development are summari zed
in figure 5.

Fic. 5. Composition of cell wall expressed as a function of stages of development of cell. The noncellulosic
polysaccharides referred to in the legend are the insoluble noncellulosic polysaccharides of the text. The hexuronic
acid content of the water soluble and pectic substances fraction are shown because of importance of the hexuronic
acids in definitions of pectin and protopectin. The black bars in both cases represent the amount of hexuronic ;cid

in each fraction.
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The cells of the rootcap actually are present in
all stages of development but the mature, fully differ-
entiated cells predominate. These cells are large and
possess very thick walls. From the chemical analyses
it is clear that the walls contain large amounts of cellu-
lose and soluble non-cellulosic polysaccharides. The
cells also contain fairly large amounts of water soluble
hexoses, pentoses, and hexuronic acids. Protopectin,
hemicellulose, and the insoluble non-cellulosic poly-
saccharides are present in much lower amounts and
are directly proportional to cell surface area.

The apical initials represent a relatively small
group of cells that can only be treated indirectly on
the basis of calculations previously described. The
striking feature of the apical initials is their low inci-
dence of division. They appear to be metabolically
inactive insofar as they have been examined. Mor-
phologically, the apical initials are small cells with
thin, delicate appearing cell walls that in no sense
form a continuous sheet of material. On a per cell
basis, the apical initials are low in all cell wall com-
ponents, except the insoluble pentose non-cellulosic
polvsaccharides, when compared with the other cells
in the root (fig 5). On a per unit surface area basis,
however, all the pentose containing fractions, except
the pentose in hemicellulose, are either equal to or
greater than the same fractions in the cells in radial
enlargement. Pectin and protopectin are low on
either basis but the wall is proportionally richer in
protopectin than is the wall in radial enlargement.
Cellulose is also low but the proportion of cellulose
to pectic substances is the same in the apical initials
and the cells in radial enlargement. Tt is clear that
the cells of the apical initials do not lack cellulose.
nor are very high in pectic substances or composed
onlv of pectic substances and cellulose.

The cells in radial enlargement are increasing
primarily in diameter with little increase in average
length. Cell divisions are numerous during this stage
and increase in number. The wall is morphologically
a loose open structure with large gaps (the primary
pit fields) running at right angles to the long axis of
the cell (fig 4a). The wall is low in all carbohydrates
although all components are present in roughly equal
amounts. If all the water anl ammonium oxalate
soluble carhohydrates are taken together and treated
as pectic substances they amount to some three times
the amount of cellulose present. Tf, however. only
the hexuronic acids of these fractions are considered
as pectic substances they are then equal to the cellulose
present. During this perioll of radial enlargement
all the wall components increase uniformly in relation
to one another and in direct proportion to the increase
in cell surface area. The cells in radial enlargement
are often considered as the meristem and treated as
heing simple meristematic cells. TIn this connection
it should be emphasized again that the wall does not
lack cellulose nor is it composed primarily of pectic
substances.

Radial enlargement continues until approximately
1.400 ¢ from the tip. while elongation begins some
800 to 900  from the tip. Thus. there is a region
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where the cell is still increasing in diameter while
at the same time beginning to increase in length.
Cell division in the root reaches a peak at the begin-
ning of this stage and decreases as the stage progresses
and elongation becomes more pronounced. During
this stage the morphology of the wall changes to a
more continuous structure with the larger gaps being
filled in. although still visible, and the primary pit
fields becoming smaller (fig 4b). This change in
the morphology of the wall is reflected in the amount
and composition of the various wall components. All
the carhbohydrate components of the wall increase dur-
ing this period but three (pectin, soluble pentose non-
cellulosic polysaccharide, and cellulose) increase
more than the surface area of the cell.

As radial enlargement ends and several hundred
microns later cell divisions cease, the cell enters the
stage of rapid elongation. The morphology of the
wall changes again, becoming continuous with all but
the final traces of the primary pit fields nearly in-
visible (fig 4¢c). The change to straight elongation
has some very interesting effects on the carbohydrates
of the cell wall. All components continue to increase
per cell but it is in relation to surface area that sur-
prising changes occur. From 1.600 to 2.000 £ from
the tip a steady state seems to exist between the in-
creases in cell wall components and the increase in
cell surface area (all cell wall components increase
directly proportional to surface area). This steady
state has been arrived at differently, however, for the
different components. In the case of protopectin and
hemicellulosic hexuronic acid no change was involved
as thev remained directly proportional to surface area
through all the stages of development. For cellulose
and pectin which were from the beginning of elonga-
tion increasing faster than the surface area. the final
state is a result of synthesis now becoming directly
proportional to growth in area. For soluble hexose
noncellulosic polysaccharides and the insoluble non-
cellulosic polysaccharides, the end of radial enlarge-
ment resulted in a period of increased synthesis that
terminated in the establishment of a new proportion-
ality to surface area but at a higher level. Tn all cases
the end result is a condition where each component
is being synthesized in direct proportion to the in-
crease in surface area of the cell. The composition
of the wall is different, however, than it was hefore.
Per unit area, the wall is higher in cellulose. pectin,
hemicellulose, soluble hexose noncellulosic polysac-
charide, and the insoluble noncellulosic polysaccha-
rides while remaining constant with regard to proto-
pectin and water soluble hexose. Only water soluble
pentose decreased in amount.

What essentially appears to be happening during
this stage of development is that the gaps in the cell
wall associated with radial enlargement are heing
filled in with cellulose, pectin, hemicellulose, soluble
hexose noncellulosic polysaccharide, and the insoluble
noncellulosic polysaccharides. This accounts for the
increase of these components per unit area immediate-
Iy after the cessation of radial enlargement and for the
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fact that they then become directly proportional to
surface area at a higher level while the wall appears
no thicker, if not thinner, morphologically. When
this stage is compared with the preceding one where
both radial enlargement and elongation are occurring
simultaneously, it seems possible that the amount of
elongation in the earlier stage may be limited by the
fact that the wall is still too fragmentary for rapid
elongation to occur. Only after the wall is an ap-
proximately continuous unit, can elongation occur to
any great extent. This point of conversion would
appear to be a logical place to study the effect of
growth substances on roots.

The data presented here are difficult to compare
with other cell wall analyses due to differences in the
techniques and the means of expression employed.
Tnsofar as comparison is possible the data reported
here are in general agreement with other analyses of
primary walls using quantitative biochemical tech-
niques (3, 4, 5, 10). The notable exception is the
work of Bishop et al (2), who reported small amounts
of pectic substances in the primary wall of Avena
coleoptiles. The striking difference in the materials
may, however, very well account for the differences
in the results. We agree with Bishop et al in the con-
clusion that the hemicelluloses and noncellulosic poly-
saccharides may be more important in cell wall de-
velopment than generally recognized.

SUMMARY

The first 20 consecutive 100 # sections of the onion
root tip were analyzed for water soluble, 0.5 % am-
monium oxalate soluble, 4 % NaOH soluble, 17.5 %
NaOH soluble, and 17.5 9% NaOH insoluble hexose,
pentose, and hexuronic acids. The data were ex-
pressed per cell and per p? surface area per cell.

Besides the rootcap and apical initials, this region
of the root contains the following stages of cell de-
velopment: radial enlargement, a transition stage
where both radial enlargement and elongation occur.
and elongation. On the basis of the present analysis
the cell wall in these stages can be characterized.
The rootcap cell is high in cellulose and soluble non-
cellulosic polysaccharides, fairly high in water soluble
hexoses and pentoses and pectin, and low in proto-
pectin, hemicellulose, and insoluble noncellulosic poly-
saccharides. The apical initials were low in all cell
wall components although all were present, the pectic
substances and cellulose being present in equal
amounts. In radial enlargement the wall was still
low in all components but the amounts of the major
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components were approximately equal. During the
transition stage all components increased per cell
while on a per unit area basis the only component that
showed an increase that could be correlated with the
beginning of elongation was pectin. When radial en-
largement ceased there was a marked increase in the
amount of cellulose, pectin, soluble hexose noncellu-
losic polysaccharide, and insoluble noncellulosic poly-
saccharides per unit area. This increase can be cor-
related to morphological changes in the wall. During
the stage of elongation all components increased in

direct proportion to the increase in surface area of
the cell.
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