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Among the most successful weed species are num-
bered those which propagate themselves vegetatively
by forming buds from underground tissues, especially
root systems. Cultivation of the soil serves to break
the root into numerous pieces, each capable of form-
ing a new plant. Notable among the weeds of this
type are members of the family Convolvulaceae, e.g.,
bindweed, Convolvulus arvensis, members of the Com-
positae such as the Canada thistle, Cirsium arvense,
members of the Polygonaceae, eg., sorrel, Rumez
acetosa and many others. Bud formation by roots
has been studied extensively from the morphological
and anatomical standpoint, but little information is
available concerning the physiological processes. In
an extensive monograph on the subject, Beijerinck
(1) described a large number of species in which bud
formation by roots is the usual method of propaga-
tion. According to Priestley and Swingle (7) at least
three types of bud formation by roots may oceur. In
the 1st type, bud formation is preceded by the for-
mation of a callus tissue from cortical parenchyma or
from deeper-lying tissues of the root and from this
callus tissue mass are differentiated bud primordia.
In the 2nd type, bud primordia develop from wound
callus tissue which proliferates from the cut ends or
damaged surfaces of the roots. Such buds may arise
exogenously or have endogenous origin. The 3rd type
of bud formation by roots involves the initiation of
bud primordia within the deep-seated tissues of the
root, i.e.,, from the pericycle. Such endogenous bud
formation is closely comparable to endogenous lateral
root initiation, occurring in pericycle cells usually
located at the protoxylem points of the vascular eyl-
inder.

Because of the importance of bud formation by
root systems in the general problem of weed control
and because of the fundamental problems involved
in the determination of differentiating meristems, it
was considered desirable to establish isolated root
systems in culture as clonal materials to be used in
studying the problem under controlled conditions.

Bud formation by isolated roots grown in vitro has
been reported occasionally in the literature. White
(14) illustrated bud formation from a callus formed
on an isolated root segment of dandelion. This type
of bud formation represents the 2nd type described
above. Norton and Boll (6) also reported briefly on
an isolated root system of a hybrid tomato which oc-
casionally formed buds, again apparently after for-

1 Received March 1, 1958.

2 This investigation was supported in part by grant
number RG 2861 from the National Institutes of Health,
Public Health Service. The author is indebted to Mr.
Vietor Duran for his photographic work.

mation of a callus by the root. Bud formation by
isolated root callus tissue grown in vitro is well known
(5). Recently, Seeliger (8) illustrated cultured roots
of Robinia pseudoacacia L., a woody species, whose
roots produce endogenous buds in vitro.

In the present report is described the establish-
ment in continuous culture of isolated roots of the
common bindweed, Convolvulus arvensis L., which are 8
capable of forming true endogenous buds in culture.

jumoq

MATERIALS AND METHODS

Seed material was collected from the field in the_.
late summer of 1952 in Northern California from thew
wild species, Convolvulus arvensis L. Seeds werem
surface sterilized by soaking for 15 minutes in am
commercial preparation of sodium hypochlorite di-2
luted to a final concentration of approximately 0.5 %o
by weight. Seeds were transferred aseptically to:
moistened sterile filter paper in Petri dishes and wereo
allowed to germinate in the dark at 25° C for threeg
days. At this time, 5-mm root tips were excised zmdi3
transferred, one tlp per flask, to 50 ml of hqmd:
nutrient medium in 125-ml Erlenmeyer flasks. The\
flasks were placed in the dark at 25° C. Of the large—r
percentage of roots which grew, one root showings
particularly robust growth was selected for clonal®
propagation. All of the studies subsequently haves
been made with the same root clone which was firstt:
established in November 1952. The clonal mftterlalg
has been maintained in the dark, except for bI‘lefOO
periods of fluorescent 111um1nat10n during transfero‘I
with continuous subeculture apprommately every fourO
months. In certain experiments, roots in flasks were=
grown under fluorescent lights at approximately 10(52
and 200 ft-c at 25° C. 43

The medium used throughout these studies was3
based on the modified Bonner medium developed for
the growth of pea roots (11). The medium containg>
the following constituents: 242 mg Ca(NOj), - 4 H20§f§
42 mg MgSO, -7 H,0; 85 mg KNO;; 61 mg KCI; 202
mg KH,POy; 1.5 mg FeClq, 40 g sucrose made up t(b
one liter with glass distilled water. Usually the vita™
mins thiamin HCI at 0.1 mg/l and nicotinic acid at
0.5 mg/1 were also added. In addition, trace elements
were added as follows: 1.5 mg ZnSOy; 4.5 mg MnSOy;
0.25 mg Na,MoOy4-2H,0; 1.5 mg HzBO;3 and 0.04
mg CuSO, -5 H,0O per liter of solution. The pH of
the medium was adjusted to give a final pH of 5.0
after sterilization. The complete medium was steri-
lized by autoclaving at 15 lbs/in.2 for 20 minutes.
Flasks were capped over gauze-covered cotton plugs
with unwaxed paper cups during the culture periods
to decrease the rate of evaporation and protect
against dust.
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EXPERIMENTAL RESULTS

EsTABLISHMENT OF THE CLONE AND THE MOR-
PHOLOGY OF THE Roor 1N CuLture: Isolated roots of
Convolvulus grown in the medium described above
show a marked apical dominance, which expresses
itself in two ways—by the rapid elongation of the
main axis tip and by an almost complete suppression
of lateral root formation. Thus an isolated root tip
excised from the radicle of a germinating seed elon-
gates very rapidly. In the root tip used to establish
the clone, the average elongation rate was 24 mm per
day for the lst three weeks. Upon transfer to fresh
medium, the excised 10-mm tip continued to elongate
at an average rate of about 25 mm per day. Lateral
root formation was relatively infrequent. Such pri-
mary tips have been carried without transfer for up
to 60 days in the same flask without any marked
diminution in the elongation rate.

Establishment of a clone, however, must not de-
pend upon propagation of the main radicle tip, but
upon development of roots from segments cut from
the radicle. It is with such segments that the experi-
ments to be described are concerned. In establishing
the clone, an excised primary root tip which had
grown to a length of 480 mm by the 3rd week was
used. The root was cut into 10-mm segments and
each segment was transferred to fresh medium. In
all experiments segments were chosen which did not
possess macroscopically visible primordia, although
the presence of either lateral roots or buds on the
initial segment did not significantly change the course
of development.

It is convenient to deseribe the sequence of events
during the development of a root segment after its
transfer to fresh medium continued in the dark.
By the end of the 2nd week usually one lateral root
has developed from the distal half of the root segment
(i.e., distal with respect to the root from which it was
derived). Occasionally a 2nd lateral root may be
initiated, but it seldom elongates. The 1st lateral
root to develop elongates slowly at first, then more
rapidly, increasing in diameter until it achieves ap-

proximately the diameter of the segment from which
it came; this diameter is maintained for the remainder
of its elongation before sub-culture. The rate of
elongation of lateral roots in the dark is lower than
that for primary root tips, averaging between 10 and
20 mm per day over prolonged culture periods once
the lateral root begins elongation. Usually concur-
rent with the initiation of the lateral root which will
become the main root axis of the new culture, there
are initiated on the inoculum segment one or more
buds which at one week are just evident as swellings
along the root segment and at two weeks are clearly
evident morphologically as buds. By three weeks the
buds may enlarge to 3 to 5 mm. Their distribution
along the root segment is not fixed; they may ocecur
near the lateral root or at the other end of the seg-
ment. Usually they occur proximal to the site of
lateral root initiation (fig 1). Thus each root seg-
ment shows distinct polarity and becomes, in fact, a
complete plant and no longer can be considered in the
same category as isolated root segments, such as those
of tomato, which in culture normally form only more
root structure. Under these conditions in the dark,
the bud on the initial root segment seldom elongates
beyond 5 to 10 mm (table I). After the lateral root
segment has reached the length of 500 mm or longer,
endogenous buds may also be formed on the basal
portions of the lateral root. In fig 2 is illustrated in
flask culture a root started from a 10-mm segment
after growing 20 weeks in the dark. In figure 3 is
shown the extent of such a root after 20 weeks
without transfer.

All of the buds formed by the root under these
conditions are true endogenous buds, originating deep
within the tissues of the root in the pericycle, usually
opposite the protoxylem points of the primary vas-
cular tissues of the main root axis (fig 4).

DEevELOPMENT OF 10-MM ROOT SEGMENTS IN THE
DarRkK AND IN THE LiGHT: In table I are summarized
the results of two experiments in which 10-mm root
segments were grown in the dark on the control
medium. These data illustrate quantitatively the se-

TABLE 1

DEVELOPMENT OF LATERAL Roors aAxp ENpoceNous Bubps By ConvorLvuLus Roor SEGMENTS
GrowN 1IN CoNTROL MEDIUM IN THE DARK AND IN THE LIGHT ar 25° C*

: - R FoUuRTEENTH
SECOND WEEK FourTH WEEK SEVENTH WEEK WEEK
Dark LicHT ** Dark LiguT Darx Licur Dark LicHT
Average number of lateral
roots per segment 03 04 09 1.0 1.2 1.0 12 14
Average length of laterals
per root in mm 1 5 35 128 244 181 1128 1207
Average number of buds
per segment 0 0 0.5 1.0 20 1.0 20 1.0
Average bud length in mm e . 4 10 5 92 5 270

* Each figure is based on the average of 2 experiments each composed of 8 to 12 root segments.
** Tllumination was about 100 ft-c from warm white fluorescent tubes on a 12-hr light-dark cycle.
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TasLe I1

Errect oF KINETIN oN LATERAL Roor aNp Bup DeveLorMENT IN CoNvorLvurus Roor SEGMENTS
GrowN IN THE DARK AND LiGHT aT 25° C*

Av No.OF AV LENGTH OF Av No. oF % OF SEGTS WITH
LATS/SEGT LATS (MM) BUDS/SEGT TERMINAL BUDS
CONCENTRATION _—
OF KINETIN WEEK WEEK WEEK WEEK
(MG/1) -
7 20 7 20 7 20 7 20
0 Dark 13 14 198 1025 15 28 0 0
0 Light ** 1.1 13 116 160 16 1.7 0 0
001 Dark 10 15 218 1252 06 22 0 11
001 Light 1.0 10 111 400 11 14 50 72
0.1 Dark 13 14 297 1591 0.1 22 11 50
0.1 Light 0.7 0.7 20 21 14 3.0 90 100

* Each figure is based on the average of 12 to 15 root segments.

cycle.

quence of events described above. It should be noted
that lateral roots become apparent first and bud
primordia develop shortly thereafter.

A parallel series of root segments grown in the
control medium was illuminated with mixed warm-
white and daylight fluorescent lights at approximately
100 ft-c. From a study of the data in table I it
becomes apparent that, at these low light intensities,
root development is similar in most respects to that
in dark-grown roots. Whether in the light or dark,
each segment usually produces only one lateral root
and one or two buds. Lateral root elongation, while
initially slightly accelerated in the light, later is
much the same under the two conditions. The major
difference in behavior is evident in the response of
the buds, which elongate in the light, forming many
leaves while buds in the dark usually are completely
inhibited or elongate only slightly and develop no
expanded leaves. In figure 5 is illustrated a plant
after 20 weeks in alternating 12-hour periods of dark
and light, showing bud elongation and numerous
leaves. At somewhat higher light intensities (see
table II), it has been found that lateral root elonga-
tion can be markedly inhibited, as has been observed
in cultured pea roots (10). Comparison of figure 3
with figure 5 shows that roots grown in continuous

** Jllumination was about 200 ft-¢ from mixed warm white and daylight fluorescent tubes on a 12-hr light-dark

dark achieve a larger root diameter than roots ex-
posed to periods of light.

It is difficult from the experiments carried out to
date to sort out any consistent correlation phenomena
among bud and root initiation or elongation other
than the fact that lateral root initiation precedes bud
initiation under these conditions of culture and that
organ formation by the root segments appears to be
rather specifically limited.

ErrecTs oF GRowTH FacTORS ON BUup FoRMATION
IN THE LIGHT AND DARK: A number of experiments
have been performed in which specific growth factors
which might affect organ formation in these root seg-
ments have been added separately or together to the
control medium. Indoleacetic acid (IAA) in concen-
trations between 108 M and 10-2M was found to
have essentially no effect on organ formation in roots
grown in the dark. IAA at 10 M, while having no
effect on root segments cultured in the light, pro-
duced extensive swelling and disruption of the cor-
tical tissues at both ends of the root segments in the
dark. At this concentration, all organ formation was
suppressed by TAA in dark-grown roots. Adenine
sulfate, when tested on roots grown in the dark over
a range of concentrations between 0.4 and 40 mg/l,
was found to have no evident effect on organ initi-

Fic. 1. Root segments of Convolvulus grown on agar medium in the dark for 7 weeks, each showing the devel-
opment of a lateral root and one or more endogenous buds. x1.2.

Fi16. 2. Ten-mm root segment of Convolvulus grown in liquid medium in the dark for 20 weeks. Total length
of lateral root was about 1600 mm. Note several elongate etiolated buds produced along the length of the lateral

root. x0S8.

Fic. 3. Root segment of Convolvulus grown in liquid medium in the dark for 20 weeks, showing the extent
of root development. Original 10-mm segment (indicated by arrow) formed 2 lateral roots and 2 buds. Total
length of lateral roots was 1130 mm; 5 buds were formed by the lateral root. x0.6.

Fic. 4. Transverse section of root segment of Convolvulus grown in liquid medium in the dark for 20 weeks,
showing the endogenous origin fom the pericycle opposite one of the primary xylem points, of a bud which has

been cut longitudinally. x 70.

Fic. 5. Root segment of Convolvulus in liquid medium in alternating 12-hr periods of dark and light of 100
ft-c from white fluorescent tubes. Note the development of the shoot system from the original 10-mm segment
(indicated by arrow). Compare the diameter of the lateral root with that in fig. 3. x0.6.
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Fic. 6. Bud formation of segments of Convolvulus
root grown for 8 weeks in liquid medium containing
kinetin under alternating 12-hr periods of dark and 100
ft-c white fluorescent light. Top, 0.01 mg/l kinetin;
bottom, 0.1 mg/l kinetin. x3.5.

ation. The following substances, tested because of
their physiological activity in a variety of plant tissue
systems, were also found to have no effect on organ
initiation at the concentrations tested: Difco Bacto
yeast extract, casein hydrolysate (enzymatic), pyri-
doxine HCI, calcium pantothenate, choline HCI, folic
acid, p-aminobenzoic acid, inositol, riboflavin, biotin,
glyeine, and 2,4-dichlorophenoxyacetic acid.

A positive controlling influence on organ initiation
was found when kinetin (6-furfurylaminopurine) was
tested. In table II are summarized the results of a
typical experiment in which kinetin was added to
the control medium at 0.01 and 0.1 mg/l and the
roots were grown both in continuous darkness and in
12-hour periods of alternating dark and light at 200
ft-e. In the medium lacking kinetin, development
was similar to that deseribed in table I, except that
at the higher light intensity lateral root elongation
was markedly inhibited. This inhibition of root elon-
gation was accentuated by the presence of 0.1 mg/l
kinetin, which in the dark appears to stimulate root
elongation. Root segments grown in the presence of
1.0 mg/] kinetin turned brown, whether in the light
or dark, due apparently to toxicity.

At the concentrations shown in table I, kinetin
does not significantly affect the number of lateral
roots inttiated either in the light or the dark. In
dark-grown root segments, kinetin slows the develop-
ment of buds but appears not to affect significantly
the number of buds ultimately formed by the seg-
ments.

By far the most striking effect of kinetin on these
root segments is a stimulus to the formation of bud
primordia at the distal end of each root segment.
These structures, which appear to be incompletely
organized bud primordia, occur only at the cut sur-
face of the root-end of the root segment. Their size
and number are dependent on the concentration of
kinetin and whether the root is grown in the light or
the dark. In figure 6 are illustrated root segments
grown for 8 weeks in the light in the presence of two
concentrations of kinetin. At 0.01 mg/l kinetin, the
distal end of the root segments appear swollen as ifo
with a callus formation, but distinet structures are<
evident. At the higher concentration of kinetin, the &
bud primordia are larger in size and more numerous. &
An accurate count of these structures is difficult too
make except on histological preparations. Some in-g
dication of the effectiveness of kinetin in the forma-
tion of these structures is given in table II by theZ
percentage of segments which show this character-;
istic response to kinetin treatment. The greatest re-%
sponse occurs in roots cultured in the light, but with&
time a proportion of segments grown in the dark alsocgD
responds. Careful histological analyses of these struc-b
tures will be necessary before any relationship be-S
tween them and normal endogenous bud forma’monO
can be established.
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Discussion
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The capacity for endogenous bud formation is a3

have very little physiological knowledge. In the =
present experiments, the inherent capacity of Con-
volvulus roots to form endogenous buds has been re- 2
tained by isolated roots through successive sub- cul—g
tures for several years apparently without signs Of(.n
diminution. Thus, under these conditions of culture, )
the root itself is capable of providing the metabohtes<
and cell division factors which are essential for the@
initiation, organization and partial development of &
the buds. Light is required for the complete de-9
velopment of the shoot system. It is probable thatl\J
bud initiation, like lateral root initiation (12), is de-
pendent upon a number of specific ehemical chtorsug
formed by the root in culture. The present experi- 2
ments suggest that some factor of the kinin- typeo
may be involved in bud initiation by Convolvulus M
roots. It is interesting that kinetin is much more ac-
tive when roots are grown in the light than in the
dark. This result suggests the possibility of an inter-
action of factors such as has been reported by Skoog
and Miller (9) in tobacco pith tissue.
Danckwardt-Lilliestrém (2) has recently shown
that isolated roots of Isatis tinctoria, which in first
passage normally regenerate shoots from eallus formed
at the cut surface, lose this capacity on repeated
sub-culture. If kinetin is supplied to roots in these
later passages, shoot initiation takes place. In this
case, it would seem that the root is depleted of a
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kinetin-like factor during subculture which must then
be replenished via the nutrient medium.

In studies with the thickened roots of Taraxacum
and Cichorium, Warmke and Warmke (13) reported
that auxin distribution within root cuttings seemed to
control the capacity of the root tissues for organ for-
mation; roots were initiated at the morphologically
distal end of the root segments which were relatively
high in auxin content, whereas treatment which re-
duced the total auxin content of the segments re-
sulted in leaf initiation from the distal ends in a few
cases. Emery (4) found that TAA treatment of root
cuttings of the fireweed, Chamaenerion angustifolium,
resulted in the initiation of large numbers of lateral
roots, but inhibited bud initiation. Other studies
with thickened root segments show a similar inverse
relation between auxin level and bud initiation.
Whether kinetin-like substances interact in these
systems has not been studied. In the root segments
of Convolvulus studied here, no simple interaction of
kinetin with auxin was observed over the range of
concentrations tested.

It will be of both theoretical and practical interest
if, using such systems as described here, one can both
stimulate and inhibit bud initiation by chemical
treatment or convert potential lateral root primordia
to bud primordia or vice versa. It remains to be
investigated whether at some stage in Convolvulus
an “indifferent” meristem is formed as has been re-
ported, for example, in roots of horseradish (recently
reviewed by Dore (3)). Such meristems can be-
come either root or shoot meristems, depending upon
the physical-chemical environment at the time of
initial development. The situation described here
offers an ideal system in which to study the physi-
ology of these and related processes.

SUMMARY

Excised roots of the common bindweed, Convol-
vulus arvensis, were cultured in a sterile synthetic
nutrient medium containing the usual macro- and
micronutrient elements, sucrose, and the vitamins
thiamin and nicotinic acid. A clone of roots has been
maintained in continuous culture in this medium with
regular transfers approximately every four months
for over five years. Ten-mm root segments grown in
liquid medium in the dark usually produce a single
lateral root which becomes the main root axis of the
new culture. The lateral root develops slowly at first
and then achieves an elongation rate of up to 20 mm
per day. The initial root segments also typically form
one or two endogenous buds which originate in the
pericycle opposite the primary xylem poles in the
same anatomical position that lateral roots originate.
Low intensity white fluorescent light (100 ft-c¢) has
relatively little effect on root elongation, but stimu-
lates shoot development which does not proceed in
the dark. At higher light intensities, root elongation
is inhibited. Of a large number of growth factors
tested by adding to the nutrient medium, only kine-

tin (6-furfurylaminopurine) influenced organ initia-
tion by Convolvulus root segments. In the pres-
ence of 0.1 mg/l kinetin, root segments grown in the
light produced a large number of bud primordia at
the cut distal end (root end) of the segment. In the
dark the stimulation to bud initiation by kinetin was
much less marked. It is concluded that externally
supplied kinetin induces bud initiation in cultured
Convolvulus root segments and that light markedly
augments this induction.

The author expresses his appreciation to Dr. H. B.
Currier for provision of seeds of Convolvulus and to
Dr. J. B. Wright of the Upjohn Company for a sup-
ply of kinetin.
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