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ABSTRACT
Boron plus calcium (B-Ca ++ ) influenced root
initiation and development of lH-indole-3-butanoic acid
(IBA)-treated stem cuttings of selected plant species.
Cuttings were treated with either (1) distilled water, (2)
B-Ca ++ , (3) IBA, or (4) IBA-B-Ca ++ .
IBA-treated Cuphea showed increased root initiation
in the presence of B-Ca ++ , whereas Dalea and Medi cago showed
increased rooting with IBA only. B-Ca"*"*"-treated Cuphea had
the longest roots, whereas Dalea had the longest roots in
IBA and IBA-B-Ca ++ treatments.

Medi cago had similar root

length in all treatments except water.

Root development

along the cuttings varied among the treatment and species.
Root initiation occurred in the outer boundaries of
the phloem of Cuphea. whereas root initiation occurred
between the vascular bundles in Medi cago.

Treatments had no

influence on location of root initiation within the stem.
Translocation studies showed a trend towards increased
movement of

14
++
C sucrose to the base of B-Ca -treated

Cuphea.

vi i i

INTRODUCTION
Propagation of various plant species by stem
cuttings is an important part of horticulture because of its
valuable role in the reproduction of plant material.

It

provides a fast and efficient way of reproducing selected
plant species

and facilitates the multiplication of species

which do not successfully reproduce through sexual
propagation.

In addition, stem cuttings are an excellent

plant system for studying morphogenetic processes because
environmental conditions can be regulated during root
initiation and development.

Also this system is readily

amenable to experimental modification.
A number of morphogenetic events are initiated when
a stem cutting is taken from a plant.

Initially, a lag

phase occurs when no morphological changes can be observed
in the stem region.

This phase is followed by the rooting

period when cell division, initiation of root primordia, and
root emergence take place in the basal portion of the stem.
In some plant species, a protective layer of cells develops
over the cut end during this previous phase.
The plant species Cuphea (Cuphea procumbens P. Br.),
jojoba f Simmondsi a chi nensi s(L). Schneider], trailing indigo
bush (Dalea gregi i L.), and alfalfa (Medi cago sav i ta L.)
were used in this investigation because (1) they potentially
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are commercially valuable crops, (2) some of these species
are easy to root whereas others are not, and (3) little
information is available which describes the conditions or
requirements necessary for initiating and developing roots
in stem cuttings of these plant species.

Cuphea is an easy-

to-root species and is presently being developed as a crop
for the production of short to medium chain triglycerides.
The rooting behavior of trailing indigo bush stem cuttings
was also studied because of its importance as a drought
tolerant landscape plant in the Southwest.

Jojoba, an oil

producing plant, is more difficult to root than Cuphea or
trailing indigo bush.

Propagation of jojoba by stem

cuttings is important for the selection of female versus
male plants, since the desired wax is present in the seed.
Alfalfa is an important agronomic crop in the United States.
There are no reported studies on boron and calcium
influencing the region of root initiation in stem cuttings
of alfalfa.
Rooting from stem cuttings is influenced by many
external and internal factors, such as irradiance,
temperature, carbohydrate-boron levels in the stem, age of
the parent material, time of year the cuttings are
collected, physical barrier or ring of schlerenchyma cells
in the stem, phenolic levels in the cuttings,
auxins in the stern tissue.

and levels of

Boron in combination with

calcium has shown to cause more root primordia to initiate
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and develop in exogenous auxin treated cuttings than
cuttings that were treated only with exogenous auxins
(Jarvis and Booth, 1981).

The mode of action of boron in

rooting is unknown.
The objectives of this investigation were (1) to
determine if a treatment of boron and calcium in combination
with lH-indole-3-butanoic acid (IBA) increased length and
number of roots in jojoba, Cuphea, trailing indigo bush, and
alfalfa more than with an IBA treatment alone, (2) to
examine the morphological changes occuring in the stem
cuttings following the B-Ca** and IBA treatment with the
light microscope (Cuphea and alfalfa) and transmission
electron microscope (Cuphea), and (3) to study the
translocation of

14
C sucrose from the upper leaves to the

basal stem region of Cuphea cuttings in the presence or
absence of B-Ca ++ and\or IBA.

LITERATURE REVIEW

Roo t Initiation of Roo t Pr imordi a i n Stem Cut t ings
Anatomical Description
Only certain cells of stem cuttings divide and
develop into roots.

Fabijan, Yeung, Mukjerjee, and Reid

(1981) reported that the interfascicular parenchymatous
cells adjacent to the phloem of Heli an thus annuus L. were
the first to change cytologically by enlarging their nuclei
and dividing.

In Coleus (Coleus sp. Lour.) cuttings the

first sign of adventitious root formation was an
accumulation of protoplasm and an increase in the size of
the nucleus and the nucleolus of cells in the pericycle
region (Carlson, 1929).

Further development of the Coleus

root primordium included continued pericycle cell divisions,
enlargement of these cells, and the addition of other
neighboring cells to the developing primordium.

Phloem

parenchyma cells of mung bean [Vigna radi ata (L.) R. Wilcz]
stem become meristematic, divide by mitosis, and form root
initials or primordia (Tukey Jr., 1979).

Gorst, Slaytor,

and de Fossard (1983) observed that the site of origin of
root primordia was the phloem ray parenchyma cells in
Eucalyptus (Eucalyp tus sp. L.).

4

Adventitious roots of stem
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cuttings may also arise from previously formed primordia
which remain dormant until they are stimlulated to grow
(Esau, 1958).

The most favorable site for root initiation

in Kauri pine [Agathi s austali s (Hort.) ex. Lindl] stem
cuttings occurs at the end of induced vascular strands which
are only a few cells wide (White and Lovell, 1984d).
Differentiation of these cells into tracheids and phloem
generally stops when development has reached the mid-region
of the cortex, which takes approximately 15 days for Kauri
pine.

Cortical parenchyma cells continue to divide at the

advancing front of vascular strands.

Cell division and

tissue organization continue until the primordium formed by
the advancing cortical cells breaks through the epidermis
(White and Lovell, 1984d).

However, in Griselinia

(Gr i seli n i a littoralis Raoul. and Gr i seli n i a luci da G.
Forst.), specific regions of cambium, which are associated
with traces from leaves, initiate root primordia (White and
Lovell, 1984b).

The first unchanged Griselinia cut cells

are pushed forward to form the primordium as repeated
divisions of the cambium occur.

Esau (1958) stated that the

adventitious root primordium is initiatied by cells near the
periphery of the vascular system in younger stem cuttings.
In older cuttings, the adventitious primordium is located
deeper near the vascular cambium (Esau, 1958).

In creeping

fig (Fi cus pumila L.) cuttings, the cambium was in an active
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state of division and contained a larger number of
undifferentiated layers during high rooting periods compared
to low rooting periods when the vascular cambium zone was
narrower and the number of differentiating cell layers
decreased (Davies Jr., 1984).

White and Lovell (1984d)

observed that in older seedlings of Kauri pine, the cortex
consisted mainly of vascular resin canals, sclerenchyma, and
branches.

Very few parenchyma cells were present in the

cortex to serve as a possible root primordial site.

In

stem cuttings of certain conifer species , adventitious root
arise from irregular parenchyma cells associated with callus
or from callus cells (Satoo, 1956).

Roots also originate

from recently differentiated xylem and phloem elements in
the callus of Taxus (Taxus cussi di ata L.) cuttings
(Hiller, 1951).

Shininger (1979) stated that root

initiation in most plants occurs when quiescent cells
differentiate into new cells, whereas root development
occurs when cells enlarge and change into vascular tissue.
Wounding Responses of Stem Cuttings
Wells (1962) proposed that wounding of stem
cuttings induces the formation of roots.

In many species,

root promordia are initiated during normal development, but
the primordia remain dormant until they are stimulated to
grow by internal or external factors, such as wounding of
the stem tissue (Esau, 1953).

Wounding possibly increases
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the ability of cuttings to take up water (Day, 1932), causes
the synthesis of a wound hormone (Nells, 1955), develops a
favorable environment for emerging roots (Beakbane, 1969),
and increases the accumulation of carbohydrates and amino
acids in stem cuttings (Brown and Cormack, 1937). The base and
sub-base regions of a cutting undergo a complex series of
anatomical changes.

Many of these changes are wound

responses and include specific cell divisions

and

proliferation of tracheids and phloem which arise in the
interfascicular region about 4 mm above the cut base (White
and Lovell, 1984c).

White and Lovell report that vascular

tissue arcs outward and downward through the cortex.

They

stated that root emergence in Kauri pine cuttings is confined
to the potential rooting zone just above the base region. In
this rooting zone, the induced tracheids are the size of
mature parenchyma whereas in the base zone, the tracheids
are much smaller.

The parenchyma cell adjacent to these

basal tracheids divides and forms a front of dividing
parenchyma cells. The dividing cells go beyond the cortex,
between the vascular resin canals, and eventually woundinduced secondary resin canals are formed (White and Lovell,
1984c).

Hardham and McCully (1982) also stated that

differentiation of most sieve and tracheary elements is
preceded by division of the cortical cells of stem cuttings.
However, repeated cell division may or may not lead to
initiation of root prirnordia (Girouard, 1967).

This
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sometimes occurred in Kauri pine cuttings, whereas
the wounded base and sub-base regions of the cuttings
increased in volume but there was no root formation (White
and Lovell, 1984c).
The wounding of a pea root (Pi sum sat i vum L.)
causes quiescent parenchyma cells to differentiate into new
tracheary and sieve elements.

These cells form new files of

trachery and sieve elements which bridge the wound region
(Hardham and McCully, 1982). New files of cells are produced
when the protoplasm of the cells reorganizes so that the
strands of the cytoplasm and the plane of cell division are
parallel to the axis of the future vascular strands.
Initially, only a few xylem and phloem strands will bridge
across the wound.

Wilson and Grange (1984) reported that

when a dicotyledonous stem has been split in half at an
internode, a callus is formed and the vascular tissues
differentiate and a vascular cylinder is restored in each
half of the stem.

In stems of three Solanaceous species,

Wilson and Grange (1984) observed three phases of
regeneration after wounding:
approximately 2 days;

(1) an initial lag phase for

mitotic figures were present near the

cut surface, but no cell division or enlargement was
observed, (2) a division phase ,2 to 10 days, in which cell
division and enlargement occurred in the two cell layers
nearest the surface and callus was formed, and (3) a
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differentiation phase in which cell division was restricted
to the carnbial zones and formation of cork, phloem, or xylem
according to the position required to restore the normal
pattern of tissues.

Evans (1979) observed these three

phases in thornapple (Crataegus species L.) stem wounds and
termed the phases (1) lag, (2) exponential, and (3) linear
according to the rates of cell division that he observed.
Many plant species will form a callus tissue at the base of
the cutting but no roots will initiate.

White and Lovell

(1984b) stated that callus production from wounding is not a
prerequisite for root formation in Griselinia, whereas in
Douglas fir C Pseudo t suga Menz i esi i (Mirb.) Franco] basal
callus was necessary for root initiation to occur (Bhella
and Roberts, 1975).
Physical Barrier
Fiber or schlerenchyrna tissue may cause new roots
to emerge from the base of some stem cuttings, rather than
emerge horizontally from the stem, because root primordia
have difficulty growing through the fiber tissue (Girouard
1967, Edwards and Thomas 1980).

In some genera, there is a

correlation between difficult-to-root cuttings and the
amount of schlerification present

in the stem.

Mature

stem tissue of some species contains a complete ring of
fibers around its circumference which can cause a delay in
rooting.

Young seedlings have cambium-produced cells

adjacent to the phloem that are able to continue division
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and give rise to root primordium without interference from
fiber cells (White and Lovell, 1984b).

However, fibers and

schlerified cells are only one consideration in determining
possible rooting success and are not believed to be the main
cause of low-rooting potential (Girouard, 1967).

In mature

tissue, the initial stimulus of cambial division may not be
activated or may be less effective than stimuli in
seedli ngs.
Easy-to-root cuttings contain mostly living
protoplast in the phloem tissue.

As the stem ages or

matures, schlereids develop within the phloem tissue of the
stem and this development inhibits rooting of cuttings.
This aging process is delayed in the easy-to-root cuttings.
A propagator could possibly predict what his success of
rooting would be if the structure of the young stem tissue
i s known.
Aux i ns
Numerous investigations have shown that
adventitious rooting in easy-to-root cuttings under the
proper environmental conditions is dependent upon tha
endogenous auxin level present in the cuttings (Eriksen and
Mohammed 1974, Beck and Sink 1974).

In pea cuttings, there

was a decrease in the number of roots formed in response to
increased levels of IAA (indoleacetic acid) (Nordstrom and
Eliasson, 1984).

Nordstrom and Eliasson (1984) discovered

that IAA-induced ethylene production inhibited root
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initiation in pea cuttings, and that this inhibitory effect
could be counteracted with IBA treatment.
In some species, auxins induce differentiation of
parenchyma cells into root primordia (Shininger, 1 9 7 9 ) .

If

auxins are not present, the parenchyma cells remain as thinwalled, unlignified parenchyma cells.

Auxins are essential

for root formation, i.e., meristem and primordium formation
(Jarvis and Booth, 1981).
Newly expanding leaves and dividing cells of the
vascular cambium are necessary for root initiation since
they synthesize the auxins which are translocated to the
basal end of stem cuttings (McGuire, 1980).

This may

explain why roots initiate in the phloem tissue near or next
to the cambium or sieve cells.

In Chrysanthemum

(Chrvsan themum mor i foli um L.) shoots, free auxin (IAA) is
distributed in a well-known pattern with amounts decreasing
from the

top to bottom of the shoot, which was originally

described by Thimann (1935) for the oat (Avena sat i va L.)
coleoptile (Weigel, Horn, and Hock 1984).
Synthetic auxins are more stabile than endogenous
auxins which may explain why there is a greater response of
plantf tissue to synthetic auxins compared to endogenous
i
auxins (Eliasson and Areblad, 1984). One factor to consider
when using an acid form of auxins is the effect of
dissolving the auxin in ethanol. Ethanol affects
carbohydrate levels and rooting metabolism (Middleton,
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Jarvis, and Booth 1978a).

At low concentrations, ethanol

caused changes in carbohydrate metabolism often attributed
to auxins.

There was an increase of ethyl-B-glycoside

levels in stem cuttings treated with dilute ethanolic
solutions of an auxin.

These glycosides are formed by the

interaction between ethanol and plant carbohydrates. Also,
varying the concentration of ethanol in the auxin solution
can affect the number of roots formed and possibly cause
toxic effects on the plant tissue.
Van Overbeek (1361) noted that exogenous auxins
generally promote a compact root system composed of several
short roots compared to rooting "left to nature" where a few
long roots develop.

In fruit tree cuttings, NAA produced a

thick, fleshy root system

with little branching while IBA

gave a finely-branched fibrous root system (Pearse, 1938).
Jarvis, Ali, and Shaheed 1983) found that cordycepin, an
inhibitor of transcription and polyadenylation, enhances the
number of roots initiated by exogenously supplied auxin but
does not promote rooting alone.

Their results showed that

root initiation is associated with an early phase of
diminished RNA synthesis consistent with the suggestion that
RNA synthesis may participate in a mechanism which
suppresses rooting.
Exogenously applied polyamines (putresine,
spermidine, and spermine) do not cause root formation in
stem cuttings, but endogenous polyamine levels increase when
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IBA induced root formation (Friedman, A1tman, and Bachrach
1982).

Perhaps the applied polyamines do not reach the site

of action or the endogenous amount of polyamines is optimal
for root control.
polyamines are

Another explanation is that the

not related to or needed for root formation,

but their levels simply correlate with increases of root
formation.

The specific role of polyamines in auxin-induced

root formation has not yet been determined (Friedman et al.,
1982)
Two new synthetic auxins, N-phenyl indolyl-3butyramide (NP-IBA) and phenyl indole-3-thiolobutyrate (PITB), enhanced rooting of jack pine (Pi nus Banksi ana L.)
seedling cuttings more than IBA (Haissig, 1983).
Cofactors and Enzymes
It is known that phenolic compounds are inhibitors
of the IAA oxidase system (the IAA destroying system) and
are cofactors for the conversion of tryptophan to IAA
(Gorter, 1969).

Gaspar (1965) stated that monophenols are

cofactors of the IAA oxidase system, whereas di- or
polyphenols with ortho- or parasubstitution are inhibitors
of IAA oxidase in Lens culi nar i s Mill.

Hess (1962) found that

phenolic compounds without adjacent hydroxyl groups and with
free para position on the ring would not stimulate rooting
of mung bean cuttings in combination with IAA.

In mung

bean, the phenols which are inhibitors of the IAA oxidase
also enhance root production. Bassuk and Howard (1980) noted
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a correlation between increased levels of four phenolic
cofactors in stem cuttings and the formation of root
initiation or primordia.

Polyphenol oxidase, an enzyme,

and phloridzin, a phenolic substance, are the possible
precursors of the phenolic co-factors.

The levels of

phloridzin, polyphenol oxidase, and exogenous auxin
showed a strong correlation with seasonal rooting patterns in
M.26 apple (Malus species Mill.) hardwood cuttings over a
two year period (Bassuk and Howard, 1980).

High levels of

polyphenol oxidase, phloridzin, and auxins were present when
rooting was at a high level.
In mung bean, Indole, c- and B-napthol are
synergistic with auxins in enhancing root production in stem
cuttings and have stronger activity than the phenols
(Gorter, 1969).

The action of these synergists may occur

through inhibition of the IAA oxidase or by the stimulation
of tryptophan to IAA conversion.

Actinomycin D and 2,4-

dinitrophenol (DNP) also act as auxin synergists in cuttings
of azuki bean (Azuk i angular i s L.) stem cuttings
(Mitsuhashi-Kato and Shibaoka, 1981).
Cy tok i n i ns
Cytokinins have been reported to stimulate cambial
division in some woody species and also to stimulate
division which leads to callus formation in stem cuttings
(Wareing, 1973).

When the level of auxin is high and the

level of cytokinin is low in the cuttings, root regeneration
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occurs from the parenchyma cells of the pith (Wareing,
1973).

In one study, treatment of bean cuttings with kinetin

always increased the amount of extractable IAA (Saleh and
Hemberg, 1980).

High levels of endogenous IAA may be

associated with high levels of cytokinins in cuttings
(Julin-Tegelman 1979, Tillberg 1977, Bandurski and Schulze
1977).
Etiolation
There is a direct relationship between etiolation
of a stem cutting and the ease of rooting.

Etiolation does

not increase root formation in a quantitative manner, but
increases the sensitivity of stem tissue to auxin and root
initiation

(Delargy, 1979).

Studies have shown that the

level of endogenous free auxin is reduced by light (Kawase,
1965).

However, other reports observed that light promotes

rooting in some softwood and herbaceous cuttings (Neigel et
al., 1984).

Maturation of the stem tissue is delayed by

growing plants in the dark;

younger tissue often initiates

root primordia easier than mature tissue.

Delargy (1979)

observed that etiolation may induce a predisposition
in a shoot to form roots that otherwise would not occur.
Etiolation may also increase the endogenous auxin levels in
the leaves.

Translocation of the auxin to the base of the

stem cutting could increase rooting.
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Carbohydrates
Middleton, Jarvis, and Booth (1980) showed that
free sugars were involved in root initiation and that boron
facilitated transport of sugars from the leaves to the stem
base.

Carbohydrates accumulated in metabolic sinks of the

hypocotyl area where metabolically active cells use the
carbohydrates as an energy source for cell division.

Light

was necessary for carbohydrate accumulation in the leaves.
Propagators regulate carbohydrate levels of stem
cuttings according to the time of year the cuttings are
taken.

Hardwood stem cuttings taken in late fall and winter

are kept cool by propagators to conserve the large amount of
stored sugars.

Softwood and herbaceous cuttings do not

contain large amounts of carbohydrates.

Consequently,

propagators remove only the lower leaves on cuttings and
maintain a warm temperature, thereby allowing the
continuation of carbohydrate production by photosynthesis
(Tukey Jr., 1979).
Physical Conditions
The ability of a stem cutting to produce
adventitious roots is dependent upon many factors.

The ease

of adventitious root formation generally declines with the
age of the parent stock (Davies Jr., 1984). Another factor
is the time of year the cutting is taken.

In creeping fig,

the peak period for root initiation was in April and it
correlated with increased cambial activity (Davies Jr.,
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1984).

A treatment effective for root initiation in one

species may not be effective for another species (Fabijan et
al., 1981).

Another factor is the amount of light the stock

plants are grown under (Rajagopal and Andersen, 1980).

Root

formation in cuttings of many different species is also
influenced by the temperature and the air content of the
propagation medium (Tinga 1952, Howard 1975, Gislerod 1983).
High moisture content can cause damaged roots and reduced
root growth (Hample and Reid, 1975).
Roo t Growth and Developmen t
Morphological Description
The vascular cambium produces most of the cells of
the stem and root except for those for root initials, which
are usually derived from parenchyma cells near or outside
the phloem (Tukey Jr., 1979).

Benayoun, Aloni, and Sachs

(1975) reported that new vascular tissue in the root system
can be formed by a replacement process.

Regenerated cells

were inserted into a new vascular strand.

The young root

axis also has a procambium or a pith-like area in the center
which may eventually differentiate into a vascular core
(Esau, 1958).

The meristematic organization of most dicot

roots is divided into three aspects.

One forms the central

cylinder, the second forms the cortex, and the third forms
the epidermis and root cap (Esau, 1958).

Esau (1965) stated
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that xylem and phloem develop centripetally next to the
per i cycle.
External Conditions
Moisture, aeration, carbon dioxide, pH, minerals,
salt concentration, and temperature all influence root
growth and initiation.

Too much water will cause a lack of

oxygen to roots and they eventually die (Albert, 1975).
Lack of water causes roots to mature, and then suberization
takes place, causing reduced absorption of water and
nutrients.

Roots grow best at a pH of 4 to 9, and at a

temperature of 20°to 25°C (Albert, 1975).

Phosphorus

deficiency stimulates root growth, whereas deficiencies of
boron and calcium yield branched roots that are short and
stubby and cause root tips to die.
Internal Conditions
Translocation, sink-source relationships, nitrogen
assimilation, and the synthesis of hormones are internal
factors affecting root growth.

The growing roots of a plant

are areas of high sink activity (Albert, 1975).

Metabolic

sinks can be affected by low temperatures, causing them to
have reduced capacity to act as sinks for translocation of
carbohydrates from shoots.

Developing roots use

photosyn thetic products from the leaves for growth and
synthesize hormones which are exported to other areas of the
plant.

Specifically, IAA may be produced in the actively
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dividing meristem or root tip and translocated to the basal
part of the root (Scott, 1972).

Lateral root initiation and

maturation occurred from the basal part of the root to the
apex (Scott, 1972). Root growth and development appear to be
a result of auxin movement from the root tip to the base of
the root.
Boron
There is increasing evidence that boron may be
involved in membrane transport or in maintaining membrane
intregrity (Hirsch and Torrey 1980, Gausch and Dugger 1953).
The transport of various types of ions and growth regulators
is impaired in plants suffering from boron deficiency.

A

rapid restoration of the capacity for membrane transport
occurs with addition of boron to the plants (Robertson and
Loughman, 1974). As tissue bscame deficient in boron, the
activity of ATPase of membrane fractions was reduced and
then restored when boron was supplied again (Pollard, Parr,
and Loughman 1977).
Another possible function of boron in plant systems
is to regulate the levels of IAA in tissue (Albert and
Bohnsack 1977, Gausch and Dugger 1953).

Many observed

symptoms suggest that the boron-deficient plant suffers from
an excess of growth substances (Coke and Whittington, 1967).
This suggestion would agree with the hypothesis that borate
protects the IAA oxidase system which destroys IAA.

The biochemical site of action of boron (as borate)
seems to be pattitioning carbon compounds between the
glycolytic and pentose shunt pathway (Lee and Aranoff 1967)
Borate and 6-phophogluconate (an initial substrate of the
pentose shunt pathway) form a complex which combines with 6
phosphogluconate dehydrogenase,

thereby inhibiting the

oxidative decarboxylation of 6-phosphogluconate. In the
absence of this borate-phosphogluconate complex, the 6phosphogluconate dehydrogenase operates at greater capacity
Boron is acting as a modulator by determining the level of
activity of the pentose shunt.

It is presumed that boron

also plays a part in the regulation of phenol synthesis
since phenolic acids will bind strongly to borate and exces
phenols will be present when borate is absent.

Other

investigations have observed specific phenolic compounds
being associated with root initiation (Gorter, 1969).

The

accumulation of phenols in boron-deficient plants occurs in
dicots and monocots which are very sensitive to boron
deficiency (Shkolnik, 1984).
The interaction between auxin and boron influences
rooting and growth of stem cuttings.

Boron actually

increased root growth, but not initiation;

the two

processes are so closely related that boron is often cited
as influencing only root initiation ( Jarvis and Booth,
1981).

Studies have shown that the combination of IBA and

boron caused more root stimulation and

produced more roots
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than when IBA was used alone in mung bean (Weiser 1961,
Middleton et al. 1980, Jarvis and Al i 1984).

The time of

application of IBA and boron to the cuttings is crucial.

It

has been suggested that there are two phases of root
initation:

the first phase which may or may not require

auxin, and the second phase which does requires auxin (Hent
1939, Shiboaka 1971).

High levels of auxins promote root

initiation but are inhibitory to root growth.

Boron

supplied during seedlings growth is inhibitory to the root
initation which depends on initial high concentration of
auxin (Jarvis et al., 1983).

To attain the maximum effect,

harvested cuttings should be treated immediately with high
levels of IBA, and boron should be applied thereafter.

Only

a small amount of boron (0.1 pprn) is required to have an
effect on rooting.

The supraoptimal amount of boron needed

for root growth is 100 ppm.
of toxicity:

This level of boron shows signs

chlorosis and necrotic spots (Middleton,

Jarvis, and Booth 1978b).

Inclusion of calcium chloride at

500 ppm in the treatment solution
effect of boron at 100 ppm.

can prevent inhibitory

Several studies correlate boron

deficiency with inhibiting levels of endogenous IAA in the
hypocotyls.

These high levels of IAA may cause the

induction of a peroxidase enzyme (Albert and Bohnsack,
1977).
One study suggested that boron facilitates movement
of carbohydrates from the leaves to the base of the cuttings
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(Gausch and Duggar, 1953).

Middleton et al. (1980)

suggested that an ionizable boron-sucrose complex
facilitates the movement of carbohydrates through the cell
membranes of the phloem parenchyma. Gausch and Duggar (1953)
hypothesized that the hydroxyl compounds of the boron ion
combine with 1,2-diol groups of sucrose to form a sugarborate complex (ioniziable).

They suggested that the

complex is translocated with greater facility than a nonborated, non-ionized sugar molecule.

A

large increase in

the sugar levels of the hypocotyls stems occured only when
boron was present.

However, other findings did not support

this hypothesis (Zeigler 1956, Skok 1958).

Skok (1958)

reported that sugars readily enter plant cells without boron
presen t.
Street (1965) suggested that the cessation and
reduction of root growth due to boron deficiency may be
caused by depletion of carbohydrates in the root tips.
Albert (1975) stated that many cuttings may not form roots
because the initiated roots did not develop beyond the
epidermis in boron-deficient stem cuttings (McGuire, 1980).
In the roots of squash, boron deficiency results in mitotic
failure prior to cessation of DNA synthesis (Cohen and
Albert, 1974).

Sunflower root tips deficient in boron are

able to maintain some level of DNA synthesis and mitosis
even with prolonged deficiency (Moore and Hirsch, 1983).
Morphologically, boron deficiency causes an increase in the
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thickness of the cell wall and a loss of membrane integrity
(Hirsch and Torrey, 1980).

The root tips become brown, cell

division ceases, and 1ignification of the xylem elements
occurs in the apical region.

Protoplasts of some of the

cortical cells disintegrate and this usually begins in the
first millimeter of the post-meristematic region of the root
tip (Albert, 1975).

In the stem apex, large groups of cells

disintegrate, unexpanded leaves and leaf promordia begin to
die, and the cortical parenchyma collapse (Alexander, 1942).
The presence of boron was necessary for early root
development in cuttings from light-grown plants, whereas
with cuttings from dark-grown plants, boron was not as
important initially.

This difference is supposedly caused

by the high level of metabolites, such as polyphenols,
present in light grown cuttings which combine with the
endogeous boron, thus making boron unavailable for root
initiation in the stem cuttings.
Several investigations have suggested that there is
an association between boron and calcium in plant
metabolism.

Several studies have noted that calcium

prevents boron and other mineral toxicity symptoms in mung
bean (Middleton et al., 1978b) and boron offsets calcium
deficiency symptoms (Brenchley and Narington, 1927).
Calcium deficiency reduces root growth (Rehm, 1937)

but

calcium supplied alone will not induce rooting (Middleton et
al., 1978b).

Both mineral ions have been shown to influence
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lignification. There is a decrease of lignification in plant
tissues when there are high levels of calcium and low levels
of boron. Boron and calcium may exert their effects by
modifying the amount of peroxidase attached to the cell wall
where lignification occurs (Parish, 1969).

MATERIALS AND METHODS
Plan t Mater i al
Cuttings of jojoba from male and female plants
were collected from the University of Arizona Campus
Agricultural Center on three different dates: June 20, 1984,
August 15, 1984, and November 11, 1984.

These cuttings

were taken from approximately 2 year old plants grown in a
greenhouse at the center.

Cuphea cuttings were taken from

approximately two year old plants grown in 19 liter
containers in a greenhouse. Uniform cuttings 8 cm long with
four leaves and an apex were taken in the morning on July 15
and 27, 1984.

All cuttings were immediately transported to

campus in plastic bags.

Cuttings were recut at the base of

the stem and placed in the appropriate media.
Jojoba experiment: The experiment with rooting of
jojoba stem cuttings was a randomized complete block design
and consisted of four replications, four treatments, and ten
samples.

The experiment was repeated three times.

The

jojoba cuttings were semi-hardwood and were treated
differently than the Cuphea and trailing indigo bush
cuttings.

A mist house was built (1x1x2 m) inside a

greenhouse on campus, with two mist heads emitting mist for
20 sec. every 10 min.

The cuttings were stuck in a fine

perlite media, contained in white plastic tubes 29 cm long
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with four drainage holes at the base.

The tubes were

supported and contained in a large olack plexiglass box with
eight channels (kindly donated by Dr. Dobrenz).

The

channels held the appropriate liquid media which
wasdependent on the treatment randomly chosen for each
channel.

Eighty tubes fit in one box, and two boxes were

used for each experiment.

The two liquid media used were

(1) distilled water (control) and (2) 10 ppm boric acid
(boron) in combination with 50 ppm calcium chloride
(calcium), pH 3.6.

For treatment one, cuttings were placed

in tubes with distilled water.

For treatment two, cuttings

were placed in the rooting tubes with a B-Ca"'"* solution.
For treatment three, cuttings were pretreated with 4000 ppm
IBA solution (soluble IBA with potassium salt dissolved in
distilled water), pH 8.2,

for 20 sec. and then placed in

tubes which were in distilled water.

Treatment four-

cuttings were pretreated with 4000 ppm IBA for 20 sec. and
placed in a B-Ca++ solution.

The cuttings remained in the

solutions under mist for 8 weeks. Solution level was checked
daily and maintained at original levels. At the beginning of
the experiment, four liters of solution filled each channel.
The experiments were performed under similar conditions with
a temperature range of 13°to 43°C, 98% relative humidity,
and sunlight intensity was reduced to 55% with shade cloth.
Initially, the first repetition was in a growth chamber with
a humidifier, but the relative humidity could not be
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maintained at 95%.

It was moved to the mist house on July,

15,1984; 4 weeks after initiation of the experiment.
Cuphea Experiment: Cuphea rooting experiment was
performed in a growth chamber using a randomized complete
block design with four replications, four treatments, and
four samples. The experiment was performed three times and
conditions were similar for the three repetitions.

The day

temperature in the chamber was maintained at 22°C from 6
a.m. to 6 p.m., and 20°C from 6 p.m. to 6 a.m. for night
temperatures. The softwood cuttings did not require mist in
the growth chamber since temperature was kept low to reduce
transpiration.

Each block had four vials with four

different treatments. Fourteen ml of solution was kept in
each vial for 12 days.

Cuttings of treatment one were

treated with distilled water for the entire period.
Cuttings of treatment two were treated with distilled water
for day one, and B-Ca** solution (10 ppm for boron and 50
ppm for calcium) for the remaining days.

Cuttings of

treatment three contained IBA (20ppm), pH 4.2, for 1 day
followed by distilled water for the remaining time.
Cuttings of treatment four were exposed to IBA media for 1
day and B-Ca++ solution for the remaining days.

Solutions

were replenished daily to the original level, and on the
twelveth day the cuttings were analyzed for root number and
length.
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Trailing Indigo Bush Experiment: Trailing indigo
bush was tested using techniques and conditions similar to
those used for Cuphea.
Alfalfa Experiment:

Alfalfa was tested using

techniques and conditions similar to those for Cuphea
but the experiment was done only one time.
Morphologi cal Methods
The stem bases of Cuphea, jojoba, and trailing
indigo bush cuttings were divided into four one centimeter
sections and the number and length of roots were recorded
for each section.

Section A was 0 to 1 cm from the stern

base, section B was 1 to 2 cm from the base, section C was 2
to 3 cm from the base, and section D was 3 to A cm from the
base.

A root was counted if it had penetrated the

epidermis.

Root length was measured for all the roots in

each 1 cm section and a mean value was calculated for each
sect i on.
Anatomi cal Studi es
Light Microscope
Slides for light microscope work were prepared with
stem tissue of Cuphea and alfalfa.

Stem tissue was divided

into 2 cm samples and fixed in 3% v/v glutaraldehyde in
Sorenson's phosphate buffer, pH 6.8, for 48 h and rinsed in
Sorenson's phosphate buffer, pH 6.8., for 2 h.

The samples

were dehydrated in methylcellosolue, 100% (v/v) ethanol, n-
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propanol, n- butanol, and xylene for approximately four days
and infiltrated with paraffin.
were cut

Cross sections of Cuphea

12 to 15 um thick with a rotary microtome using a

single edged razor blade, and stained with 1*/* (v/v)
toluidine blue in an aqueous solution for 20 min.

Cross

sections of alfalfa were cut at 12 to 15 um and stained with
1%

v/v safranin in an aqueous solution for 24 h followed by

1%

(v/v) fast green in 95% (v/v) ethanol for 20 sec.
Photomicrographs were taken with a Leitz SM-LUX

light microscope equipped with a Leitz Combiphot 2 camera
using Panatomic-X black and white film at 32 ASA setting.
The film was developed with Microdol developer and fixed
with Kodak Rapid fixer.
Transmission Electron Microscope
Stem tissue from the base of Cuphea procumbens
cuttings was examined with the Hitachi transmission electron
microscope (TEM). Seven to 8 mm stem sections were

fixed in

354 glu tar aldehyde in 0.2 M cacodylate buffer, pH 7.2, for 24
h and rinsed with 0.2 cacodylate buffer, pH 7.2, for 15 min.
The sections were then post fixed in 2% osmium tetroxide for
24 h, rinsed with water, dehydrated through acetone series,
and embedded in Spurr's firm (1969) resin.

Silver

longitudinal and cross sections were cut with a Porter Plume
ultramicrotome using glass knives, collected on copper
grids, and stained with uranyl acetate for 1 1/2 h and lead
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citrate for 45 min.
with the TEM.

Sections were observed and photographed
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C Radi oact i ue Translocat i on Study

Cuphea was used to study the translocation of

14
C-

sucrose [Specific activity: .25 mCi; 1.54 mg in 2.5 ml (New
England Nuclear)] from leaf tissue to the stem base of
cuttings.

The translocation experiment was performed twice;

the conditions and four treatments used were similar to the
ones described in the plant material section.
per vial was used.

One cutting

A small lanolin ring, aprroximately 5 mm

in diameter, was placed on the upper surface of the leaf
below the apex of each cutting.

1 uCi (dissolved in

distilled water) of 14C sucrose was applied to the center of
each lanolin ring and the sucrose was allowed to be absorbed
for 4 1/2 h. The cuttings were then removed from the
treatment solution and five sections per stem cutting were
analysed for radioactive sucrose: (1) the leaf apex,(2) the
spot where the sucrose was applied, (3) the leaf tissue
surrounding the spot, (4) the 2 cm at the base of the stem,
and (5) the 2 cm above the basal stem section.

Each section

was placed in a liquid scintillation vial and treated with 2
ml 'NCS' tissue solubilizer at 40 C for 48 h (Burrell and
Brunt, 1981).

The tissue was then bleached in 2 to 4 ml of

154 (v/v) benzoyl peroxide in toluene for 48 h at 40 C. After
bleaching, 15 ml of liquid scintillation cocktail (3M
Trition-X-100, 2M Toluene, 16.5g/3L PPO, 0.3g/3L POPOP)
(Turner, 1968) was added and the vials were counted in a
Beckman 8000 scintillation counter.
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Stat i st i cal Methods
The data collected on Cuphea, trailing indigo bush,
and alfalfa was statistically analyzed utilizing a
software program, MSUSTAT, developed by Richard E. Lund
(1983).

Differences between root length and root number for

the four treatments were statistically examined utilizing
the Student Newman-Keul method (sequential studentized
range) at the 5% level of significance.

The differences

between each centimeter of stem tissue for each treatment
and between treatments were also examined using the Student
Newman-Keul procedure, 5% level.

Experiment, treatment, and

centimeter means were reported for jojoba since there was
not enough data for statistical analysis.

RESULTS AND DISCUSSION
Morphological Studi es
Experiments with Cuphea cuttings showed that the
treatment with a combination of IBA, boron, and calcium
improved rooting (Table 1).

This result agrees favorably

with the reports of Jarvis and A1i (1984) and Middleton et
al. (1978b) for mung bean.

The total average root number

per Cuphea stem cutting for each treatment was 42.2 for the
distilled water treatment, 46.5 for the boron treatment,
81.7 for the IBA treatment, and 120.2 for the IBA-B-Ca++
treatment.

"H"
Plants treated with IBA-B-Ca
were

significantly greater in root number than the other
treatments (Table 1).

These results suggested that IBA is a

necessary factor for increased root initiation and boron and
calcium are necessary factors for increased root length with
Cuphea.

The distilled water and B-Ca++ treatments had

similar means for average root number per stem cutting, but
these means were significantly lower than the means for the
IBA and IBA-B-Ca** treatments.
The IBA-B-Ca++ treatment had significantly greater
root number than the other treatments for stem sections B,
C, and D (Table 1).

Section A of the stem was unusual

++ and IBA-B-Ca++ treatments had greater

because the B-Ca
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average root number compared to the IBA and distilled water
treatments.

In this section, the B-Ca*+ treatment had a

greater effect on root number than IBA alone.

The control

and IBA treatments were similar in root number for stem
section A:

14.5 and 15.0, respectively.

For sections B,

C, and D the IBA treatment was significantly greater than
the water and B-Ca"*"^ treatments (Table 1).
The water and B-Ca++ treatments had more roots in
sections A and B than sections C and D:
and

for the boron.

59% for the control

In these two treatments, the first

stem section, A, was significantly greater than sections B,
C, and D (Table 2).

The IBA and IBA-B-Ca++ treatments had

the greatest root number in the last two sections:

57% for

the IBA treatment and 57% for the IBA-B-Ca++ treatment.

In

these treatments, the average root number of sections B, C,
and D was significantly greater than section A (Table 2).
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Table 1. Average root number for the entire stem and stem
sections of Cuphea cuttings for four treatments.
Ave. root no./stem section
Treatment

Ave. root no.
per stem

A

B

C

D

no.
Dist.hUO
B-Ca
1BA
IBA-B-Ca

42.2a*
46.5a
81.7b
120.2c

14.5a
20.2b
15.0a
22.9b

10.3a
9.3a
8.1a
10.6a
8.5a
7.2a
20.5b 22.8b 23.4b
29.7c 33.7c 33.0c

•jlf

Section A = 0 to 1 cm from the stem base, B = 1 to 2 cm
from the stem base, C = 2 to 3 cm from the stem base, and D
= 3 to 4 cm from the stem base.
+Means

within a column are not significantly different at
the 0.05 confidence level i f followed by the same l e t t e r
according to the Student Newman-Keul t e s t .
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Table 2.

Average root number per stem sections of Cuphea
within each treatment.
Treatmen ts

Stem Section

V

Dist.H_0

B-Ca

IBA

IBA-B-Ca

-no
A
B
C
D

14.5c+
10.3b
9.3ab
8.1a

20.2c
10.6b
8.5a
7.2a

15.0a
20.5b
22.8b
23.4b

22.0a
29.7b
33.7b
34.0b

Section A = 0 to 1 cm from the stem base, B = 1 to 2 cm
from the stem base, C = 2 to 3 cm from the stem base, and D
= 3 to 4 cm from the stem base.
Means within a column are not significantly different at
the 0.05 confidence l e v e l i f followed by the same l e t t e r
according to Student Newman-Keul t e s t .
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The average root length per entire stem for Cuphea
cuttings was the greatest in the B-Ca** treatment (11.8 mm)
(Table 3).

For the distilled water treatment, the average

root length per entire stem was significantly greater
(8.1 mm) than the IBA and IBA-B-Ca++ treatments ( 3.2 mm
and 5.4 mm, respectively).

Average root length of B-Ca*+

treated Cuphea cuttings was significantly greater than the
other treatments for stem sections A, B, and C (Table 3).
The distilled water treatment had greater average root
length than IBA and IBA-B-Ca++ treatments in all the
sections and shorter average root length than the B-Ca+*
treatment for sections A, B, and C. (Table 3).

The water

and B-Ca^ treatments were similar in average root length
but significantly greater than the IBA and IBA-B-Ca++
treatments in section D.

Perhaps IBA at the levels used was

inhibitory to root growth, but not to root initiation. Tthe
treatments with IBA had the shortest average root length but
the greatest number of roots per stem.

Another possibility

is that a large amount of energy was expended for root
initiation with IBA treatments.

Consequently, there was

little energy available for root growth. The average root
length of the entire stem for the IBA-B-Ca++ treatment was
significantly greater than the average root length for the
IBA treatment, possibly because the boron was necessary for
root growth.
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Table 3.

Average root length for the entire stem and stem
sections of Cuphea for four treatments.
Ave. root length for each section

Treatment

Ave. root
length/stem

A

B

C

8.1c
11.6d
3*23
5.1b

8.1c
10.2d
3*43
6.2b

D

mm
Dist.H„0
B-Ca
IBA
IBA-B-C3

8.1c+
11.8d
3.23
5.4b

8.2c
17.2d
2.43
3.7b

7.9c
8.2c
3• 7*3
6.5b

Section A = 0 to 1 cm from the stem base, B = 1 to 2 cm
from the stem base, C = 2 to 3 cm from the stem base, and D
= 3 to 4 cm from the stem base.
+Means

within a column are not significantly different at
the 0.05 confidence l e v e l i f followed by the same l e t t e r
according to the Student Newman-Keul t e s t .
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In Table 4, section A of the B-Ca++ treatment had
significantly greater root length (37%) than the other
sections.

The IBA and IBA-B-Ca++ treatments had

significantly less average root length (19% for IBA and 17%
for IBA-B-Ca) in section A than the other sections (Table
4).
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Table 4.

Average root length per stem sections of Cuphea
within each treatment.
Treatments

Stem section

•jlf

Dist.HgO

B-Ca

IBA

IBA-B-Ca

mm
A
B
C
D

8.2a+
8.1a
8.1a
7.9a

17.2c
11.6b
10.2b
8.2a

2.4a
3.2b
3.4b
3.7b

3.7a
5.1b
6.2c
6.5c

Section A = 0 to 1 cm from the stem base, B = 1 to 2 cm
from the stem base, C = 2 to 3 cm from the stem base, and D
= 3 to 4 cm from the stem base.
+Means

with a column are not significantly different at the
0.05 confidence level i f followed by the same l e t t e r
according to the Student Newman-Keul t e s t .
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For trailing indigo bush, the average root number
per stem cutting for the IBA treatment (9.1) was
significantly greater than the other treatments: 0.2 for
distilled water, 0.9 for boron-calcium, and 6.5 for IBA-B++
Ca
(Table 5). The average number of roots for the entire
stem in the IBA-B-Ca++ treatment was significantly greater
than the water and boron-calcium treatments but less than
the number of roots in the IBA treatment (Table 5).

The

results show that IBA had the greatest effect on root number
for the entire stem.

Boron and calcium appeared to cause a

decrease in root number in the IBA-boron-calcium treatment.
The IBA treatments caused significantly greater average root
number in stem sections A, B, and C than the distilled water
and B-Ca++ treatments (Table 5).

Section D had very little

root initiation: 0 for the water treatment, 0 for B-Ca++
treatment, 0.6 for the IBA treatment, and 0.5 for the IBAB-Ca++ treatment.
Within treatments there was no difference in root
numbers between sections (Table 6).

These results do not

agree with results from Cuphea (Table 2).
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Table 5.

Average root number for the entire stem and stem
sections of trailing indigo bush cuttings for
four treatments.
.. *
Ave. root no. for each section

Treatment

Ave. root
no./ st em

A

B

C

D

n o.— ~~ *
Di st .f-UO
B-Ca
IBA
IBA-B-Ca

.2a+
.9a
3.1c

6.5b

.la
.7a
3.6b
3.1b

.la
.0a
2.9c
1.5b

.0a
• 3a
2.Ob
1.4b

.0a
.0a
.6a
.5a

Section A = 0 to 1 cm from the stem base, B = 1 to 2 cm
from the stem base, C = 2 to 3 cm from the stem base, D = 3
to 4 cm from the stem base.
+Means

within a column are not significantly different at
the 0.05 confidence level i f followed by the some letter
according to the Student Newman-Keul t e s t .
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Table 6.

Average root number per stem sections
of trailing indigo bush within each
treatmen t.
Treatmen ts

Stem Section*

Dist. HgO

B-Ca

IBA

IBA-B-Ca

no.
A
B
C
D

.la
.la
.0a
.0a

.7b
.0a
.3ab
.0a

3.6c
2.9cb
2.0b
.6a

3.1b
1.5ab
1.4ab
.5a

Vc

Section A = 0 to 1 cm from the base, C = 1 to 2 cm from the
base, C = 2 to 3 cm from the base, D = 3 to 4 cm from the
base.

+Means

within a column are not significantly different at
the 0.05 confidence level i f followed by the same letter
according to Student Newman-Keul t e s t .
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The average root length (Table 7) of the entire stem
for trailing indigo bush was the greatest in the IBA and
IBA-B-Ca++ treatments (3.0 mm for IBA and 3.5 mm for I BA++
B-Ca ).

The IBA-boron and IBA treatments were

statistically similar but significantly greater than the
water and boron treatments. IBA appears to be necessary for
any root initiation (Table 5) and root growth (Table 7) in
this species.

The B-Ca++ treatment

had very little effect

on root growth or development in the presence or absence of
IBA (Table 7).

Inclusion of B-Ca^ with the IBA appeared to

cause a greater root length for the entire stem, but root
length was not significantly greater than the root length of
IBA used alone.

For stem sections A and B, the IBA and IBA-

++
B-Ca
treatments had significantly longer average root
length than the distilled water and boron treatments.

The

average root length of the IBA-boron-calcium treatment was
significantly greater than the other treatments in Section D
(Table 7).
Nithin the treatments there was not any trend as to
which section had the longest root length (Table 8).

These

results did not correlate with results found with Cuphea
(Table 4) and mung bean (Jarvis and Ali 1984).

The location

of internodes on the trailing indigo bush cuttings may have
influenced the area of rooting in the treatments without
IBA;

root initiation on cuttings without IBA was sparse and

occured in the the internode regions.

Most of the rooting
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occured at the base of the cutting with trailing indigo
bush, which is the case with many other horticultural crops.
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Table 7. Average root length for the entire stem and stem
sections of trailing indigo bush cuttings for four
treatments.
Ave. root length for each section
Treatment

Ave. root
length/stem

A

B

C

D

mm
Dist.H20
B-Ca
IBA
IBA-B-Ca

.7a+
.7a
3.0b
3.5b

.9a
.9a
3.8b
4.1b

1.7a
.Oa
5.3b
4.5b

.Oa
1.9ab
2.6b
3.8b

.Oa
.Oa
.3a
1.4b

Section A = 0 to 1 cm from the stem base, B = 1 to 2 cm
from the stem base, C = 2 to 3 cm from the stem base, D = 3
to 4 crn from the stem base.
*Means within a column are not significantly different at
the 0.05 confidence l e v e l i f followed by the same l e t t e r
according to the Student Newman-Keul t e s t .

47

Table 8.

Average root length per stem sections of trailing
indigo bush within each treatment.
Treatments

Stem Section

Dist. H20

B-Ca

IBA

IBA-B-Ca

-mmA
B
C
D

.Sab
1.7b
.Oa
.Oa

.9a
.Oa
1.9a
.Oa

3.8cb
5.3c
2.6b
.Oa

4.lab
4.5b
3. Bab
.Oa

Section A = 0 to 1 cm from the stem base, B = 1 to 2 cm
from the stem base, C = 2 to 3 cm from the stem base, D = 3
to 4 cm from the stem base.
*Means within a column are not significantly different at
the 0.05 confidence l e v e l i f followed by the same l e t t e r
according to the Student Newman-Keul t e s t .
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The average root number of the entire stem for
alfalfa appeared to be greatest in the IBA-B-Ca ++ treatment
(24.4), but it was not significantly greater than the IBA
treatment (17.0)(Table 9).

Roots of the distilled water

treatment were significantly shorter than the IBA treatments
but statistically similar in root length to the B-Ca ++
treatment.

4-4-

The IBA-B-Ca

treatment had significantly

greater root number in section A only (Table 9).

The IBA

and IBA-B-Ca ++ treatments were significantly greater than
the distilled water and B-Ca"*"^ treatments for sections B and
C (Table 9).
Within all of the treatments, section A had
significantly greater average root number than sections B,
C, and D (Table 10).

There was no significant difference

between sections B, C, and D within each of the treatments
(Table 10).
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Table 9.

Average root number for the entire stem and stem
sections of alfalfa for four treatments.
Average root no. for each section

Treatment

Ave. root
no./stem

A

B

C

D

no .
Dist.H^O
B-Ca
IBA
IBA-B-Ca

1.3a +
6.9ab
17.Obc
24.4c

1.3a
6.9b
9.3b
14.9c

.Oa
.Oa
3.0b
1.9ab

.Oa
.Oa
2.8ab
5.5b

.Oa
.Oa
1.9a
2.1a

Section A = 0 to 1 cm, B = 1 to 2 cm, C = 2 to 3 cm, and D
= 3 t o 4 cm.
*Means within a column are not significantly different at
the 0.05 confidence level i f followed by the same l e t t e r
according to Student Newman-Keul t e s t .
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Table 10.

Average root number per stem sections of alfalfa
within each treatment.
Treatments

•jllf
Stem Section

Dist.HgO

B-Ca

IBA

IBA-B-Ca

mm
A
B
C
0

1.3b +
,0a
.0a
.0a

6.9b
.0a
.0a
,0a

9.3b
3.0a
2.8a
1.9a

14.9b
1.9a
5.5a
2.1a

Section A = 0 to 1 cm from the base, B = 1 to 2 cm
from the base, C = 2 to 3 cmfrom the base, D = 3 to 4 cm
from the base.
"'"Means w i t h i n a column a r e n o t s i g n i f i c a n t l y d i f f e r e n t a t
the 0.05 confidence l e v e l i f followed by the same l e t t e r
according to the Student Newman-Keul t e s t .
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The average root length for the entire stem of
alfalfa cuttings appeared to be greatest in the IBA-B-Ca ++
treatment, but it was only significantly greater than the
distilled water treatment (Table 11).

The boron-calcium and

IBA treatments were statistically similar in overall average
root length which is contrary to results from the Cuphea
(Table 3) and trailing indigo bush (Table 7).

Among the

treatments, there was not a trend in any of the sections as
to which treatment had the greatest root length (Table 11).
Within each of the treatments, roots in section A
always had significantly greater root length than the other
sections except for the IBA treatment (Table 12).

Root

length for the IBA treatment was not different between
sections.
Cuphea.

These results were contrary to results with
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Table 11.

Average root length for the entire stem and stem
sections of alfalfa for four treatments.
Ave. root length for each section

Treatment

Ave. root
length/stem

A

B

C

D

.0a
.0a
1.6ab
3.2b

.0a
.0a
.8a
.9a

mm
Dist. H_0
B-Ca
IBA
IBA-B-Ca

.3a
1.8ab
1.9ab
3.4b

1.1a
7.3b
2.8ab
7.3b

.0a
.0a
2.3b
2.5b

Section A = 0 to 1 cm from the base, B = 1 to 2 cm
from the base, C = 2 to 3 cm from the base, D = 3 to 4 cm
from the base.
+Means

within a column are not significantly different at
the 0.05 confidence level i f followed by the same l e t t e r
according to the Student Newman-Keul t e s t .
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Table 12.

Average root length per stem sections of alfalfa
within each treatment.
Treatmen ts

Stem Section
A
B
C
D

Dist. HgO

B-Ca

1BA

1.lb +
.0a
.0a
.0a

7.3b
.0a
.0a
.0a

2.8a
2.3a
1.6a
.9a

IBA-B-Ca
7.1b
2.5a
3.2a
.8a

Section A » 0 to 1 cm from the base, B = 1 to 2 cm
from the base, C = 2 to 3 cm from the base, D = 3 to 4 cm
from the base.
*Means within a column are not significantly different at
the 0.05 confidence level i f followed by the same letter
according to the Student Newman-Keul t e s t .
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The IBA-B-Ca ++ treatment for jojoba cuttings seemed
to produce the greatest root number per stem and greatest
root length per stem as compared to the other treatments.
However, only a small percentage of cuttings rooted and the
means from the IBA-B-Ca ++ treatment were not significantly
different than the other treatments.
number for the entire stem

The average root

was 0.3 for the water

treatment,0.1 for the boron treatment, 0.7 for the IBA
treatment, and 1.0 for the IBA-B-Ca ++ treatment.

The

results suggest a trend towards increased rooting in the
presence of IBA and IBA plus boron and calcium, but the
trend was not significant.

The jojoba results were

consistent with the trailing indigo bush experiments.
The average root length for the entire stem was 2.3
mm for the water treatment, 1.0 mm for the boron treatment,
5.0 mm for the IBA treatment, and 5.9 mm for the IBA-BCa ++ treatment.

Consistent with the trailing indigo bush

study, the treatments with IBA produced the greatest root
length for the entire stem.

The jojoba cuttings were

difficult to root in a medium high in moisture content,
resulting in a low percentage of rooting.

The poor rooting

performance may have been also due to the extreme
temperatures in the mist house which varied from 13°to 43°C,
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Li qht Mi croscope
The light microscopic study of Cuphea and alfalfa
root initiation and development showed that initiation
occurred in the region near the phloem.
observations from previous studies

This agrees with

performed on other

species (Esau 1965, White and Lowell 1984).

The region of

root initiation within the stem was similar among the
treatments for each species.

The presence of boron,calcium,

or IBA often influenced root growth and development, (Table
1 to 12), but not the region

where roots were initiated.

In Cuphea, the region for initiation was in the
outer region of the phloem and the cells that differentiated
into root initials were phloem parenchyma (F'P) cells (Figure
1).

The fourth day after initiating the treatments, the

parenchyma cells were dividing,

new small roots (R) were

forming, and the phloem cells(P) were rupturing from the
pressure of the developing cells (Figure 2).

By the

twelveth day, the vessels (V) in the developing root were
visible and the former phloem was barely distinguishable
(Fi gure 3).
In contrast to Cuphea, the alfalfa stem tissue
initiated roots from the parenchyma cells between the
vascular bundles, but the development of the root occurred
in a manner similar to Cuphea (Fig. 4).

Figure 1.

Light micrograph of meristematic c e l l s of Cuphea.
Day 1 .

Phloem parenchyma (PP) c e l l s and epidermis (E) are s t i l l
i ntact.(lOx)
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Figure 2.

Light micrograph of Cuphea stem cutting root
primordia. Day 4.

Phloem parenchyma (PP) c e l l s are ruptured, but the root i n i t i a l
(RI) has not ruptured the epidermis (E).(10x)
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Figure 3.

Light micrograph Cuphea stem cutting root
primordia. Day 12.

Phloem parenchyma (PP) c e l l s are severely ruptured and the
root initial (RI) has emerqed through the epidermis (E).
(lOx)
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Figure 4.

Light micrograph of alfalfa stem cutting root
primordia. Day 12.

Vascular bundle (VB) i s s t i l l intact, but s l i g h t l y compacted
from pressure of the emerging root initial (RI).
The
epidermis (E) has been ruptured.(lOx)
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Transmi ssi on Electron Mi croscope
New meristematic regions of the Cuphea stem cuttings
formed from dividing parenchyma cells of the phloem region.
These dividing cells exhibited characteristics of a
meristematic cell by having a nucleus (N) and nucleolus
(Nu), chromatin (Ch) suspended in the nucleoplasm (Nc), many
mitochondria (M), and proplastids (Pr) (Figure 5).

During

the transition from dividing cells to mature vascular cells,
the vacuoles enlarged but some of the characteristics of the
meristematic cells still remained for a short period (Figure
6).

At maturation, the cells of the new phloem and xylem

have fully differentiated, and nuclei and cytoplasm
disappeared. The mature xylem tissue consists of dead vessel
elements aligned in rows and some living parenchyma cells
(Gunning and Steer 1975).

The mature phloem tissue consists

of empty sieve elements and living companion parenchyma
cells.

Figure 7 shows an example of a mature xylem element.

The individual cell has large vacoules, a few mitochondria,
few protein bodies near the cell walls, and no nucleus.
Xylem elements lack plasmadesmata whereas the phloem
elements have plasmademata for transport (Gunning and Steer
1975).

Figure 5.

Electron micrograph of meristematic cells of Cuphea
stem cutting root initials.

Nucleus (N) with nucleolus (Nu) present. One small vacuole
(V), mitochondria (M), dictyosomes (D), plasmalemma
(PI), plastid (Pt), and plasmodesmata (Pd) are intact.
(25,9Q0x)

^
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Figure 6.

Electron microqraph of partially mature cell of
Cuphea stem cutting root initials.

Vacuoles (V) are enlarging, and dictyosomes (D), mitochondria
(M), and plastid (Pt) are still intact.(22,800x)

Figure 7.

Electron micrograph of highly vacuolated cell of
Cuphea stem cutting root initials.

Mature cell has large central vacuole (U), with only a few
mitochondria (M) and plastids (Pt) present. Plasmalemma
(PI) and cell wall (CN) are intact.(16,800x)
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Carbohydrate Studi es

Gausch and Duggar (1953) stated that boron may be
directly involved in the transport of sugars to the base of
stem cuttings.

Jarvis (1982) applied

sucrose to the

leaf tissue of mung bean and found increased translocation
of sucrose to the base of seedling cuttings treated with
liquid boron medium.

The results for two translocation

experiments showed that the IBA-boron-calcium treatment had
the greatest influence on sucrose translocation in Cuphea as
compared to the other treatments.

Because of the

inconsistency between replications only trends will be
discussed.

In the distilled water treatment,

of the sucrose applied to the leaf moved to
stem.

only 3 to 14%
the base of the

This trend was consistent in all 3 replications. Most

of the sucrose in the water treatment remained in the leaf.
The B-Ca"*"*" treatment showed a similar trend in 2 of the
replications.

Three percent of the

sucrose moved to the

base of the stem from the leaf, but the majority of the
sucrose remained in the spot on the leaf.

The IBA treatment

caused about 4 % of the sucrose to move to the stem base.
However, the majority of the sucrose remained in the leaf
spot (all 3 replications followed a similar trend).

The

I BA-B-Ca"*"'' treatment showed a similar trend in 2 of the
replications with approximately 27 to 36 % of the sucrose
translocated to the base of the stem and the remaining
sucrose was distributed throughout the cutting (apical bud
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of the stem, spot of application, and the leaf where the
spot was located).

The results of these studies agreed

favorably with the experiments of Gausch and Duggar (1953)
and Jarvis (1982) supporting the hypothesis that boron is
involved in the translocation of sucrose within a plant.

CONCLUSIONS
For Cuphea stem cuttings, the IBA-B-Ca"*"*"
treatment produced the greatest root number as compared to
the other three treatments, suggesting that B-Ca++ in
combination with IBA was a necessary factor for increased
root initiation and development.

Section D of the cuttings

(upper part) had the greatest root number for both the IBA
++
and IBA-B-Ca
treatments, whereas section A of the cuttings
had the greatest root number for the distilled water and BCa"*"* treatments.

The cuttings treated with only distilled

water or B-Ca ++ may have had more endogenous auxins at the
base of the stem (section A) than at the upper part of the
stem, and the increased levels of auxin at the base would
cause more root initiation at the stem base.

Cuphea

cuttings may have more IBA (auxin) sinks in the upper part
of the stem than in the base part.

Also, IBA-B-Ca++

treated cuttings may have adequate levels of endogenous
auxin present in the lower part of the stem and addition of
exogenous IBA to the base of the cutting would inhibit root
initiation in this region.

High amounts of auxin in tissue

are associated with high levels of ethylene production which
may actually be the cause of root inhibition in cuttings
(Goodwin and Mercer 1983).

The B-Ca'treatment caused more

root initiation than the distilled water treatment in the
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section A.

This may have been caused by the influence of

B-Ca*"'" or sugar translocation within the stem.

Boron may

increase sugar transport to the base of the cutting,
resulting in increased levels of sugars at the base and the
sugars would provide energy for increased root initiation
(Gausch and Duggar, 1953).
The average root length was the greatest in the BCa ++ treatment as compared to other treatments for Cuphea.
This result agrees with reports for mung bean (Middleton et
al., 1978b).

Hi thin the B-Ca ++ treatment, roots of

section

A were significantly greater in length than the roots of the
other sections.

Roots of section A in the IBA and IBA-B-

Ca^ treatments were significantly smaller than the root
lengths of the other sections.

These results may be due to

endogenous and exogenous auxin levels, possible ethylene
levels, and/or increased transport of sugars to the stem
base.
Trailing indigo bush stem cuttings had the greatest
root number per stem in the IBA treatment.

The IBA and IBA-

B-Ca ++ treatments had significantly greater root number than
the other treatments for sections A, B, and C.

XX

The B-Ca

seems to act antagonistically to IBA because the IBA-B-Ca + *
treatment had fewer roots per stem than the IBA treatment.
The B-Ca*"*" treatment produced very few roots on the stem
cuttings.

Stem section A of the B-Ca ++ , IBA, and IBA-boron-

calcium treatments had greater root number than section D,
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contrary to some of the Cuphea results.

Perhaps

endogenous auxins levels were low in the base of the stem
and exogenous IBA applied to the base of the stem induced
root initiation and formation.

Therefore more root

initiation occured at the stem base.
Stem cuttings of the IBA and IBA-B-Ca ++ treatments
had the longest root length, and within these treatments
there was no trend as to which section had the greatest root
length.

The internodes on the cuttings seem to influence

the location of root initiation.

Particularly in the

distilled water treatment, where roots developed from the
internode region.

The internodes possibly served as sinks

for endogenous and exogenous auxins.

In general, IBA

increased root initiation, whereas B-Ca"'"'" decreased root
initiation.
For alfalfa stem cuttings, root number per stem of
the IBA and I BA-B-Ca"*"'" treatments were statistically
similar, whereas the IBA-B-Ca ++ treatment was significantly
greater than the number of roots of the distilled water and
B-Ca + * treatments.

This is consistent with cuphea results.

Stem section A of the IBA-boron-calcium treatment had
significantly greater root number than the other treatments.
Within all treatments, the average root number of section A
was significantly greater than the other sections.
Within the distilled water, B-Ca"'"^, and IBA-B-Ca"*"*"
treatments the average root length for alfalfa cuttings was
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significantly greater in section A (lower part) compared to
the other sections.
Jojoba cuttings had the greatest root number and
root length in the IBA-B-Ca*"'" treatment.

Data from jojoba

cuttings was consistent with the Cuphea results but the data
was not analyzed statistically.
Results of the light microscope and TEM research
showed that the region of root initiation was not affected
by the application of B-Ca ++ or IBA.

More roots were

initiated with IBA and B-Ca++ treatments, but based on
microscopic comparison, these roots were initiated from the
same tissue within each species.

Cuphea initiated roots in

the outer region of the phloem whereas alfalfa initiated
root in the region between the vascular bundles.
In the carbohydrate study there was a definite trend
for sucrose translocation.

The translocation of ^c sucrose

from the leaf to the stem base of Cuphea was
greatest in the I BA-B-Ca^"*"-treated stem cuttings.

From

these results it seems possible that the combination of
IBA, boron, and calcium may be increasing the amount of
sucrose that is translocated to the base of the cutting, as
previously shown by Gausch and Duggar (1953).

Perhaps the

translocation of sucrose is not a primary influence on root
initiation and growth in alfalfa, trailing indigo bush, and
jojoba;

results from these species were not consistent

with results from Cuphea and mung bean studies.

In alfalfa,
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jojoba, and trailing indigo bush, other factors, such as
auxin levels and the age of the cuttings, may be more
influential on root initiation and growth than the transport
of sucrose to the base of the stem cutting.
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