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Introduction.

Since the discovery of x-rays by Rontgen in 1895,
an abundance of publications dealing with the effects
of x-rays on plants have appeared. These were con-
cerned essentially with general physiological process-
es; seedling germination; rate of growph in so far as
stimulation or retardation were involved; respiration;
plant movements; etc. Morpholosical tgeatments were
rather sketchy. Several studées wefé ;ade on x-ray
induced modifications in rooté (4, 6) and also in ae-
rial and underground stems (1, 2), but few if any de-
talled histological investigations are available a-
mong these early works.

During the last five to ten years, several his-
tological studles have appeared in llterature having

"

the general title "Effects of X-Rays on ___ " .
Studies on the x-ray induced modifications in leaf
structure were made by Noguchi (7) and by Long and
Kersten (5). Stem modifications were described by
Johnson (3). It 1s true that investigations of this
sort, which merely indicate the effects of x-ray

treatmention tissues, are of little significance in

themselves, but 1f they can be later employed as
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basis for more complex vhysiological investigations they
are of value. Such structural inquiries must of necessi-
ty preqedé studles of a physiolorical nature. Consequent-
ly, with this as ﬁhe ultimate use of data derived from mor-
phological investigations, such investigations must be as
detalled and as extensive as possible 1f any understanding
of the real effecta of x-rays upon developing tissﬁes is
to be accomplished. It might be mentlioned that, the in-
formation contained in studies on x-ray induced stem and

~leaf structural modifications to date do not contribute ad-

equate information to warrant their use as basis for later
studlies. Much is still to be done in thevway of prelim-
inary work ln order to conétruct a worthwhile concept of
the effects of x-rays on stem and leaf tissues.

Three investigations on root structure and i—rays
have been conducted. These are 1nciuded as part of thie
thesis (9, 10, 11). The investigations were designed to
derive as clearly as possible data on the development and
maturation of each root tissue under the influence of x=
ray lrradiation. But here also much work, in this case
chiefly of a cytologlcal nature, still remains to be done.

Thus one of the greatest needs of x-radlological re-
search at the present time, is more complete and exact his-
tological iﬁvestigations. Without this, further work

which 18 directing itself in the way of employlng x-rays

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



~F " A
as a tool in physioiogical studies, will be considerably
dampered. Much significant work on the effects of x~rays
on tissues in both anlimals and plants still remains to be
done. ‘ | |

i1t was mentioned above that a future use of X-rays in
biological investigations, as ind;cated by present tenden-
cles, willl be as a research tool. In such a way, this

o radiatioh will have~extreme-sighifiqance. . It is possible
that many physiological phenomena which cannot be under-

| stood or demonstrated in a normal situation can be dis~

cerned in an x-ray 1nducedlpathologica1 state. Success-
ful use of x-rays in this way has been demonstrated in num-
erous investigations. - Skoog (8) was able to indicate that
as condition characﬁerized by the formation of auxin de-
stroying substances in shoots'following x-ray treatment
could be correlated with dwaffism in numerous plant varie-
ties such as in "lazy corm'.

Tytell and Kersten (13) were able to derive informa-
tion of a biochemical nature on the physical character of
urease and catalase contained in cells.

Included as a part of this dissertation ie a study
on the relation between secondary xylem wall thickenings
and the extent of elongation of tissues surrounding the
xylem elements (11). Thie relationship could be experi-

mepgtally demonstrated by the use of x-rays. The rate
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'and total extent of elongation of roots which were used
ag the test material,could be controlled by the x-ray
treatment. Also included here is an investigation in
which it was found possible to clearly indicate the
differential character of the calines, a new group of

~8pecific plant hermones involved in stem, leaf and root

growth (12).
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ROOT MODIFICATIONS INDUGED
INVICIA FABA BY IRRADIATING
DRY SEEDS WITH SOFT X-RAYS.

Reprinted from Plant Physiology,
16: 159-170. 1941.
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Iﬁtrq@uction.

In a recent paper concerned with plants grown from
dry or unsoaked seeds which had been irradlated with soft
x-rays, Long and Kersten (1), described the occurrence of
structural changes in the leéf tissue. Similar results
had préviqusly been reporteﬁ by Noguchi (2), who used ger-
minated seeds and x—fays éf,a shorter wavelength. This
paper 1s a continuation of the study of plants germinated
from unsoaked seeds which had been irradiated with soft
x-rays; it describes some mbdificationa which occur in

the structure and development of their roots.

Methods.

The radlation was produced by the same apparatus as
that used‘bvaong‘and Kersten‘(l).‘ It has an approxiﬁate
intensity wavelength curve as shown in the upper part of
figure 1, and a position.in the eiectromagnetic spectrum

as indicated by the arrow in the lower part of figure 1.
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fig..l. Upper part: Approximate intensity wavelength
curve for the radiation used. Lower part: General elec-
tromagnetic spectrum, with the position of the soft x-rays

used, indicated by the arrow.

Unsoaked seeds ofVicia faba (Burpee's bush Lima beans)

-were irradlated by arranging them with their hilum sides

'8 cm. from the focal spot of the x-ray tube. Preliminary
tests were made to determine s dose of radiation which would
produée-pronouncedrroot modifications.  The treatment se-
lected was one which;'after an 1ntermai of growth, resulted
in the pheromenon of "delayed killing" described by Maxwell
and Kempton~(3). | This employed an exposure of 20 minutes
while the tube was operated by 30 kv. and 10 ma. The irra-
diated%ﬂﬁere-gérminated in moist peat moss at 85°F., = Exter-
nal developments were observed for 8 days, at the end of
which time material was preparéd for microscopical examin-
ation. The following observations, which were‘made,with
plants germinated from January 29th to February 6th, using
geeds grown during the season of 1939, are in accord with
identlcal experiments carried out during a three month

period in the fall of 1939.
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Fig. 2. A‘nafﬁal‘éééziiﬁg~of Vicia'faba, and one
‘grown from x-irradiated seed. Each seedlinglis 8 days
old. The 1nset.9howsvan enlarged view of a typical root

~ grown from an irradiated seed.,

Gross Observations.

During the first several'days'of growtﬁ-there appear
to be no external differences betweeﬁ control and irradiat-
ed seeds. The radicles appear at about the same time and
continue development at 2 simllar rate for several days.
The group germinated from the irradiated seeds later shows
& decreased root iength, a poor development of the root tip,
and the complete absence of lateral roots. By the eighth
day, the condition of arrested development appears in the
roots of the rayed group. At this time the average length
.0f the primary root of the control plant, including the hy4
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pocotyl, is approximately 120 mm., and that of the rayed
is approximately 44 mm. (fig. 2). |
The inset in figure 2 shows an enlarged view of a

typical root of the latter. The bulbous increase in dia-
- meter repfesénts the beginning of the bypocotyl ﬁhich oc?

curg approximately 70 mm, from the tip.

. An additional x-irradiation effect is seen when ger-

minating control seedlings, and seedlings grown from x-ir-

radiated seeds, (with combined growth of radicals and hy-

pocotyls 12 to 15 mﬁ.) are marked in mm. iéngths; Obser-

vations 12 hoﬁrs after marking show the results illustrated

in figure 3.

Fig. 3. Elongation in the primary root and the hy-
pocotyl regions of a control plant, left, and in one ger-
minated from an x-irradiated seed, right.

In the rayed group elongation does not occur within

the first originally marked mm. of the primary root, as in
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the control. This suggests ;n inactivation of the root
tip meristem soon after the radical appears. It is also
seen that the elongation of the control hypocotyl is con-
siééfably greater than that of the germinating irradiated
seed. -

Microscopical Observations.

. Material for a?microscopical?examination‘was collect-
ed_fﬁom é great number of primary roots of germinating
seeds which had béeen 1rradiated while unsoaked. This was
done 8 déya after irradiation when the arrested growth
character became evident in the roots. Comparative stu-
dies were made with the primary:roots of‘cqntrol pignts; |
of the same age.‘ Paraffin sectioneawefe'made and”stained
with iron-alum haematoxylin and gentian violet.
Examination of the root tip tissues shows méhy modi -

fications in the case of plants germinéted from the x-ir-
radlated seeds as compared with the primary roots of con-
trol plants (fig. 4). In seedlings grown from the x-ir-
radlated seeds, the root meristem begins approximately
0.63 mm. from the.root tip, while in the primary root of
the control, the meristem is approximately 0.225 mm. from
the tip. In the root tip of a plant grown from an x-ir-
radiated seed, vascular cells appear approximately 0.70 mm.
from the tip, while in the primary roots of the control
plants, the first vascular cells occur approximately 3.25

mm. from the root tip. In the rayed group, an obviocusly
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of primary root tlps

"Fig. 4. Longitudinal secti
of a norﬁal seedling of Vicla faba , right, and one which
Génera-~

had been germinated from an x-lrradiated seed.
tive meristem, A: elongation, B: vascular cells, C. The

numbers at the left show the distances from the tip in

nicronse. x about 200.
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beculiar situation is found in the first vascular cells.
In many cases these cells'possess a typleally scalari-
form type of wall thickening; in others, the reticulate
type ﬁay occur. This 18 a modification of the normal

conditlon in Vicia faba, where the annular and spiral

vagscular elements extend for a considerable distance be-
fore the scalariform and the reticulate vessels of the
metaxylem appear. | ‘

Elongation of the cells derived from the root tip
meristem, as in the elongation region of normal roots, -
;s but slightly indicated in the roots of seedlings grown
from the x-irradiated seeds.' In the latter, some sug-
gestion of increased cell size has been observed appro-

ximately 0.675 mm. from the tip, while in the controls,

325

134 —

225

Fig. 5. Dilagram of tissue developments in root tips

of control seedlings and in those germinated from x-irradi-
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ated seeds.' ,
gell.elongation is evident approximately 1.34 mm. from
the ﬁip; These‘observations are represented graphi-
cally in figure 5°and are listed in table I. Thus the
condition fdund in the irradiated group is a foreshort-
ening of thé developmental regions in the root as sug-
gested by the occurrence of the root tip mefistem, cell
elongatioﬁ, and the appéarance'of vascular cells within
a region of approxiﬁately 0.1 mm.; while in the primary
roots of control plants, these developments are found in
a:region Which'extendsjbetween approximately 0.225 and
5 mm. from the root tip. |
TABLE I.
AVefage cell léngﬁhé at various distances from
the tips of Vicia faba seedlings grown
- from x-irradiated seeds as com- -

pared with controls.

Distance from Tip Average cell length

Control ‘Irradiated -
N «
O-lo-.o-cooooooo 8 40
1-2ooooo.ooooooo 12 ‘45
2-3.-.-.....-..- 30 . 45
3-400-0000000000 37 . 63
4?5..0...0000.-._ 45- 64

Material for a microscopical study of the mature pri-

-~mary root tissue was taken approximately 2 mm. below the
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- regilon of the rootstem transition. This position below
the root-stem transition was accurately determined by mak-
1hg sections back from the hypoéotyl. The reglon thus se-
lected has a well developed_pith region and is above the
primitive radlal root structure. Over 500 comparable sec-
tions of contfol seedlings and of seedlings which had been
grown from x-irradiated seeds were examined.

In the?transverse sectioné of control roots (fig. 6;
top; figs 9, left) a well-developea sechdary‘vascular.
cylinder surrounds the tetrarch primary xylem. Laﬁera1‘
roots originate opposlite the primary xylem arcs, wh1ch'at
this point, are often occupied'by lacunae, bearing scat-
tereé peripheral propoxylem-elements. The cylinder of
Xylem 1s surrounded by a zone ofAlo to 12 eells which in-
cludes the cambium, phloem, periéycle.and endodermis.

In the transverse sections of roota grown from X~
irradiated seeds, (fig. 6, bottom; fig..9, right) the
primary xylem not only occurs in its normal tetrarch pos-
ition, but also forms in a continuous band 2 to 3 cells
in thickness between these points and is composed of cells
having elther the reticulate or scalariform type of wall
thickening. No annular or spiral elements appear to be
present as occur in the comparable sections of the pri-
mary roots of control seedlings.

The zone of 10 or more cells in thickness {(which has

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



AR
o""*}

MED
)&

Fig. 65 Mature root'developmépt in e cbntrol'plant
of Vicia ggpg; top; and one germinated from an x=1rradi-
ated seed, bottom. Primary xylem, A; secondary xylem, B;
phloem, C; distorted pér&cycle, D. x: about 150.

previously been described in the control primary root,
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surrounding the xyiem_cyliﬁaer) 1s also present, aé indi-
cated in transverse section (fig. 6, bottom), in the roots
of the plants grown from the irradiated seeds. It ;s:1m~
pogpibie however, to ldentify the tissue types of this
zoﬁe becéuse it 1s'ﬁndifferent1ated and distorted.  1Its
position and small cell size, however, is suggestive of,
and corresponds to, a similar region in the primary roots
of the control plants which is occupied by the cambium,
phloem, pericyclg,.ahd endodermis, In the irradiated
group, the inner parﬁ of this zone 1s consistently sep-
arated from the adjacent continuous primary xylem between
the primary xylem.ab¢95 becausa'of.a regular distortion -
of cells in this layer. It lles in contact, however,
with a region of larger xylem cells external to the pri-
mar& Xylem arcs which may be. secondary xylem. In the |
primary roots of the.control plants, these inner cells
(the cambiums) are in close contact with the secondary
xylem. The distortion of plant cells which are able to
divide (such as those already mentioned of the root tip
meristem, and the cambium) is alsc apparent in a region
external to the primary xylem arcs (fig. 6, bottom).

This distorted area represents the place where the peri-
cycle had been active in initiating lateral root forma-
tion but has now obfiously degenerated.

One generalization which may be made up to this
proint, concerning the nature of root modiflcations which

occur in plants of Vicla faba grown from x-lrradiated
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seeds, 1s the partlal or complete distortion of tlssues
whose cellular unite are capable of dividing. Evidence
of this is seen in the root tip meristem, the cambium,

ahd the pericycle.

Flg. 7. Comparative developments at the points of

lateral root 1n1tiaiion in a normal root of Vicia faba,
left; and in one germinated from x-irradiatéd seed, right.
Primary xylem, A; secondary xylem, B; phloem, C; distorted
xylem, D. x about 900. ' |
Measurement of the dlstribution of tissues in many
transverse sections of the primary roots of control and of
1rradiated plants, demonstrates a greater development in
the extent of the cortex and of the pith reglons in the
irradlated group than in the control. This is not caused

by an.increase-in:the number of cells as indicated by cell
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counts, but to an increase in céll size (table II).
TABLE II..
A comparison of root tissues in the transverse
sections of contrbl and in plants grown from

. x-irradiated seeds of Vicia faba.

Region = . . Control - Irradiated.
. p ‘
Extent of corteX..ceevecss 200 1098
Extent Of pithaaoo‘o.g.o-. lMQ 2097
Average size of cortex ‘ .
celle.............o-... 83 99
Average size of pith cells. . 68 , . 90

The'hypocotyl of,plants germinaﬁed from x-irfadiated
seeds possesses vascuiar¥tissue~consisting solely of Xylem
cells showing the spiral type of wall thickening. These
primary elements appear in grbups of 2 to 4 cells lying
internal to the phloem (fig, 8, right). They are simi-
lar in size-and position to corresponding primary elements
in the control section (fig. 8, left), but not so numer-
ous.

The amount of phloem produced in the rayed hypocotyl
is considerably less than that of the control and 1s poor-
ly differentiated. There 1is but;little noticedple varia-~
tion in the cells of the cortical region of the rayed hy-
pocotyl with the exception of a slight decrease in cell

slze. Numerous modifications, however, occur in the
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Fig. 8 Tfansverée seétionstof'theﬁhypoéotyl of con-

trol s§ed11ngs.of~vicig~f&ba, left; and of plants grown
from 2-irrédiéted.seeds, right. Primafy xylem, A; se-
condary xylem, B; phloem, G;’cambium, D; schizogenous cav-
ity in the pith area, E. x about 150.

‘plth fegién. There 1s a marked decrease in both extent
of pith and the size of the individual pith cells (table
II1). |

TABLE III.
Comparison of pith size of control hypocotyl and
that of a seedling germinated from an x-irra-

diated seed of Vicia faba.

Control Irradiated.
N I-' .
Extent of pith region...... 3240 1520
Slze of pith cellBecececees 105 51
i
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A most interesting effect of the irradiation observed
here is the constant occurence of a largé interceellular
cavity in the pith region of the hypocotyl (fig. 10, bot-
toﬁ). This is present when the delayed killing effect is
evidént in the roots. The cavity:first appears in the hy-
pocotyl near the region of the rodtfatém transition. Fig-
ure 9 shows 1ts manner of origin in the pith.  The-eavity
éppears to be thé‘resu;t-of a schizogenous splitting of

the walls of successively formed cells. This abnormal

Fig. 9. The origin of the cavity which occurs in the
plth area of the hypocotyl of seedlings grown from x~-irra-
diated seeds. x about 1500.
sltuatlion may persist for various distances in the hypoco-
tyl. In some caeés it involves the entire bith area, as

shown in figure 10.
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Fig. 10. A large cavity in the hypocotyl of a Vicia

ﬁgba.seedling grown from x-irradiated seed.
Summary.

Extérnalaand microscoplical observations of the pri-
mary roots of seedlings grown from seeds of Vicla faba
(Burpee's bush Lima beans), which had been x-irradiated
while unsoaked, are given.

The following external modifications are shown: (a)

a general faillure of lateral root formation; (b) an appar-
ent poor development of the root tip as compared with con-
trols; (c) the occurrence of "delayed killing" in the
roote which becomes evident after a germination period of
8 days.

One thousand slides of the primary foots of germl-
nating x-irradlated seeds and a like number of the pri-
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mary roots of control plants, were stained and examined
using standard methods of microtechnique. A microscop-
lcal examihation of these slides has given rise to the
following anatomical observations:

1. In the germinating 1rrédiating seeds, the root
meristem, the beginning of root elongation, and the first
occurrence of vascular cells, appear within a span of ap-
proximately'o.é to 0.7 mm. from the root tip} in the con-
trol plant, these-develbpments>appear over a region of
approximately 5 tp‘é mm.

2. In the upper limits of the primary root, the

- primary Xylem tissues‘iﬁ the‘rayed sectionszappear as a
continuous band surrounded by a region of poorly differ-
entiated cells; if compared to tissuee at a similar posi- -
tion in the primary root of the control plant, these are
comparable to phloem, pericyclar, cambial and endodermal
areas.

3. Cambial activity is indicated only at points op-
posite the primary xylem area; here a small band of large

xylem cells are found which may be secondary xylem.

4, The degeneration of cells which normally retain
thelr ability to divide is readily observed in the root
tip meriétem, the probable cambial region, and in the re-
gion where lateral roots are normally initlated in the

_pericycle.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



~27-

5. Sécondary vascula; cells are not observed in
the hypocotyl.

6. In the hypocotyl, small groups of primary spiral
Xxylem cells appear at intervals 1nterna1 to a region df
cells which may be poorly differentiated phloem.v ’

Te A schiZbgnnous cavity is consistently and char-
acteristically present in the pith region of the hypoco-
tyl of the seedlinge grown from the x-irradiated seeds

when root growth permanently ceases.
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AN APPARATUS FOR
WASHING TISSUE.

Throughout the course of these histological investi-
gations on the effects of x=rays on plants, several de~
vices were‘cpnstructed to facllitate a more»cdn#enient
handling of test materials used for stﬁdy. One sﬁch de-
velopment was an~appafatus for WaShing tissueé. It is

described on the following pages.

Reprinted from Stain Technology,
Vol. 16, No. 4, October, 1941.
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The apparatus shown below, which can be construct-
ed in the ordinary departmental shop, has been found use-
ful for washing large numbers of individual specimens pre-
paratory to making histoiogical sections and 1s particular-
ly applicable in handling successive portions of relétive-

ly large structures which are to be studies in series.

.
L L ,
5\ LA

B I

) -
TT T | o
G tiial

T SEVEW A=
In operation, water from the laboratory faucet en-

ters a horizontal brass tube B, at A, by means of 2 hose
not shown in the figure. The faucet is adjusted so that
water £1lls the tube B, and the vertical tube C where a
considerable portion overflows at D thru tube E into the

ran F and out to the drain thru tube G and a hose not

shown in the figure. This arrangement provides a con-

-~
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stant head of water regardless gf small variations in the
tap water pressure, The specimens to be washed are placed
in glass vials connected to the apparatus by the rubbef stop-
pers L which normally remain attached to the tubes H. The

" way in which the water flows while washing the specimens
can best be seen by examining the drawing at the lower
right of Flg., 1, labeled "End View". Part of the water
in tubé A is diverted thru H into'the glaés vial I, then
up thru the’acreen O,,which is soldefed.to an enlarged  op-

~ening, N, which in ﬁurn is soldered to the eighth inch cop-
per tube J. The water leaves this tube at K, falls into
the tray F aﬁd finally leaves at G with the water from the
other vials and that from E. The rods M attach the tube
B to the pan F.

In the figure only three vials are shown altho as many
as may be desired may be attached to the tube-B. In the
model used by the authors there were twenty vials. The
entire apparatus is made of brass with the exception of the
rubber stoppers L, the copper tube J and the glass vials I.
All joints except those made by the rubber stoppers, are
soldered. The drawing has been made to the scale shown at
the top right and for the sake of clearness the vertical
tubes C and E have been omitted from the end view,

The best way to assemble the apparatus is as follows:

(1) drill the holes for tubes H, in tube B; (2) sol@ier tubes
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H in place; (3) drill holes in tubes H for tubes J mak-

ing them somewhat larger than the actual dlameter of the

latter; (4) the eighth inch copper tubes J are goft and |

easily bent so that, starting with straight tubes, one

end is inserted in the appropriate hole in H, and with

a combination of pushing and bending 1t is pushed inside

H and finally bent with the fingers to the form shown in

the end view; (5) the jJoint between J and H is then sol-

dered. No particular order of assembly or instructions
' are needed for putting together the remainder of the ap-

paratus.
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ROOTT MODIFICATIONS INDUCED IN ZEA MAYS
SEEDLINGS BY IRRADIATING DRY SEEDS
WITH SOFT X~-RAYS. |

(WITH NINETEEN FIGURES)

In press--Plant Fhysiology.
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Intrgduction.

This investigation 1s‘in part similar to a previous
one which described the root modifications in Vica faba
seedlings grown from x-rayed seeds (1). Its purpose is
to repeat and supplement this data,'using,ggg,ggxg, 8o that
it might be possible to state more generally the éffects of

- x=rays on plant rooté and also to test the opinion that one
'effect of x~raying seeds, which appears during germination?
is on factbba involved 1in cavity fdrmation, -

In:ggg_ggzg,_such cavities of thellssigenéus type oc-
cur normally if the roots. If the radiation were active
in this respect, it might be expected that the process
woﬁld show variatiqns.in rate and extent as compared with
controls.. | | |

Methods.

The'radiation referred to as soft x-rays was supplied
by an apparatus described in previous papers (2, 3, 4).
Unsoaked seeds of Zea mays were oriented with their em-
bryo sides toward the source of radiation, 8 cm. from the
foecal spot of the x-ray tube of the gas type, having a cop-
per target, so that the most intense part of its radiation
consisted of the Ka line (1.54 A®). The dose of radiation
selected wasg 30 peak kv., 10 ma. with an exposure time of
100 minutes which according to preliminary tests. produced

growth cessation during germination. Any exposure time

over 30 minutes under these conditions also results in this
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characteristic growth cessation although to a less marked
degree. Variations in growth with increasing times of
exposure are given in Fig. 1.

Following the irradiation, the seeds were germinated
in moist peat moss at 85°F, The approximate germinstion
time before growth stops in such seedlingsAis 8 days. Ex-
ternal observations were recorded for this period and his-

tological studies made of 3, 5 and § day:old roots., Fif=-
ty roots of éabh were‘examined microscoplically using stand-
ard methods'of microtechnique. Due to the irregularity
in arrangement and extent of tissues in the-seedlings
grown from x-rayed seeds, it was found to be quite impos-

' sible to secure sectlons with evenly arranged cells..

Observations.

Fig. 2 indicates the general external appearance of
8 day o0ld seedlings grown from x-rayed seeds as compared
with a control of the same dge.

External modifications in the primary root may be

' briefly listed as: decreased root length, an average of

5 cm. in the rayed plants as compared with an average of
18 em. in contrdls; absence of latefal roots; abseence of
adventitifous roots in the region of the first intermode,
as comparéd,with controls.

A histological study of the primary root tip mat-

erial showe a relatively normal arrangement of cells
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(Fig. 3) at the meristem in the seedlings examined on the
©3d and 5th days of germination. A root tip section of
an 8 day old seedling, however, indicates considerﬁble
distorﬁion and irregularity of the»cells with extensive
lignification about the meristem (Fig. 4). '
Fig;-6 indicateé the inactivity of the periéyéle in
lateral fbot formation. Lateral root initlation is in-
dicateﬁ'but the dividing célls break down after a few div-
islons. At,bther regions of the mature.rOOt thé rericy-
cle ;s'realtivélj normal in arrangement and cellular cém-
position. These are sections of the 5 day o0ld seedlings
grown from x-rayed seeds within the—region of 10 to 15 mm.
from the root tip. Comparable sections of control .8eed~
lings of the same age are also given in Fig. 5, Fig. 8
shows the first internode accounting for the fallure of
adventitious root formation in the Zea mays seedling grown
from x-rayed seeds. This formation in a control seedling
"is found in Fig. 7. |
~ An interesting series of observations on the root
modifications 1in ggg.ggzg,seedlings due to the x;irradia-
tion of seeds involves the formation of lqsigenous cavi-
ties in the pith region of the primary roots. Normal
development as found in the control roots are listed in
Flg. 9-11. This includes enlargement of specific pith
cells which form cavities by the reabsorption of the
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cellular contents and aiso enlargement of certain other
cells whieh divide fofmihg adjoining divisions, which con-~
tinue to lncrease in size and later‘form a single large
cavity as the cell walls between them and their protoplas-
- mic contents are reabéorbed, The end of the procesé-is-
a more of less definite disﬁribution of 7 or 8 cavitigs
in the pith, each surrounded by regularly arranged corti-
cle cells (Fig: 12).
In the roots of'the 3 and 5 day seedlings grovn from
“the x-rayed seeds, it is found that this cavity forﬁation
occurs only as a result of cell enlargement followed by
the reabsorption of the protoplasm. No indications of .
cavity-fdrmation incorporating dividing cells are observed.
Stages of cavity formation in the rayed plants are given
in Fig. 13 and 14, The approximate distances from the
root tip at which each change may be observed are also
given. A dlagram comparing the approximate portion of
the root in which these developments occur with the condi-
tion in control roots of the same age are given in Fig. 19.
The modification is véry great and may be assoclated with
decreased length.
It is observed further in the 5 day old material that

after the lgsigenous cavity formation is complete to the

extent observed in control roots, cell wall splitting oc-
_curs in the central portion of the pith (Fig. 15 and 16)
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Fig. 1. Decreasing root length with increasing x-ray
treatment. Fig. 2. Comparative root, length of a centrol

seedling and. of a seedling showing "delayed killing".
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Fige 3. Normal root-tip meristem structure in 3 to 5
days old seedlings from x-rayed seeds. (x 225).
Fig. 4: Root tip meristem in 8 day o0ld seedlings from x-rayed
seeds. (x 225)
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Fig. 5. Normal lateral root initpation. (x225)

Fié, 6. Pepcycle disséntigraétion in lateral root forma-
tion in seedlings from x-rayed seeds. (x 225)

Fig. 7. Inittation of adventituous roots in normal
seedlings. (x 225)

'Fig.‘8. Fallure of adventituous root formation in seed-~

. lings from x-rayed geeds. (x 225)
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Fig. 9.-12. Steps in the formation of lge1genous cavities
in normal roots of corn.

Fig. 9. Enlargement oE'specific pith cellsj ( x 125).
Fig. 10. Reabsorption of cell contentsy (x 125); Fig. 11. Div-
ision of adjoining pith cellsJ (x 125). Fig. 12. Complete

lﬂsigenous cavity, (x 500).
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. Fig. 19. Diagram indicating approximate distances from
the root tip of various steps invelved in cavity formation
in roots of control seedlings and in roots of seedlings from

x-rayed seeds.
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resulting in a §chizog§npus cavity, and also in areas be-
tween the originally fbrmed‘ligigenous cavities (Fig. 17)
resulting in schizolqsigenous'formations.' In the 8 day
014 seedlings, these two processes are found to involve
the enﬁire pith poftion of the root in its mature region
ahnd following this to exte¢hd dowpward 4o include the pith
region of the me'e $1p (Fig. 18).

These observatfons are dffficult to interpret. Var-
lations in lqg£§§§§ég cavity formation -as coﬁpared with
that in planﬁé'gﬁﬁﬁa‘frém-non—irradigted seeds, and the:

'additional.ébﬁiﬁqglﬁauﬁpgﬁd.achizo—lﬁsigenous'cgvities
seem to be two separdte effects of the x-irradiation.
. Bummary. |

Externsl and hiétoibéical modifieations which occur
in the primary rbotsﬁof‘ggg_ggxghsgedlings grown from Xx=
rayed seeds are deseribed. Mlcroscoplcal observations
of the primary roots of 3, 5, and 8 day old seedlings grown
from dry seeds, irradisted at 30 kv., 10 ma., for 100 min-
utes are listed with comparable observations of seedlings:
grown from non-irradiated seeds.

External modifications due to the radiation are simi-

lar to those found in Vicia faba. A decreased root length,

a fallure of lateral root formation and growth cessation af-

ter & short period of germination; in addition, adventituous

roots, do not form in the internodal regions of the seedllngs.
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Histological observations indicate the following modi-

~ fications:

1. The primary root tip meristem of the 8 day old
seedlings is extehaivaly'distorted and lignified, The ef-
fect however is not apparent when the plants are from 3 to
5 days old. At this time the.meristem cells appear to be

*

relatively normal in arrangement.

2, A breakdown of the pericycle in lateral root ini-
tiation is found; also a distortion of cells'of adventitéous
root primordla in the flrst_ipternode‘is apparent. These
correspond to thevfailure of secondary roots to appear ex=-
ternally. "

3. Lﬁsigenous cavities occur normally in the pith re-
gion of the primary root of Zéa mays. In the roots of the
seedlings grown from the x=rayed seeds, there are slight
variations in the formation of these normally present eavi-
ties; this Btriking modification 1s found 1n thelr very ear-
ly and rapid-appearance.

4, In addition to these lesigenoﬁs cavities in the
primar& roots, a schizogenous cavity forms in the central
region of the pith as a result of cell wall splitting when
the seedlings of‘ﬁhe x-rayed seedé are approximately from
5 to 8 days old. In the 8 day o0ld seedlings, schizegenous
cavities are observed, due to continuous cell wall split-

ting between the previously formed 1391genous cavities and

—
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evidences of this cell wall splitting are found in the

pith region of the root tip.

5. It 18 not known whether factors involved in 1381-

genous and schizogenous cavity formations are comparable.

They seem to be separate effects of the radiation.

1.

24

G. F.
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THE RELATION BETWEEN XYLEM
THICKENINGS IN PRIMARY ROOTS:-OF VICIA
FABA SEEDLINGS ANb ELONGATIéN, AS
SHOWN BY SOFT X;RAY'IRRADIATION.

Bulletin of the Torrey Botaniecal Club.
69 (3); 221-234. March 1942,
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Previous studies on the root structure of Vieis fa-

ba seedlings grown from x-rayed seeds reported modifica-
tions in the secondary wall thickenings of thevxylem_ele-
mentar (6). One observation indlcated an alteration in
the normgl-sequence of secondary wall thickéﬁihgs includ-
ing-the annular, spiral, scalariform and pitted types.
In the roots of these treated seedlings, very pfominént
pitted vessels occurred slightly above the apical mer14
stem with only an occasional spiral or scalariform ele-
ment in some specimens. _ |
Morphology texts such as those of Jeffrey (2) and
Haberlandt (1) diécuss the relationship'bétween these
vessel types and the extent of elongaﬂion in the stem or
root. A'more complete study of this point is given in
an early work of Stover (7) on the vascular anatomy of
Oalamovilfa longifolia. 1In it he maintains that the
vessel types are the result of elongation. His obser-
vations indicate that annular and spiral xylem elements,
which are rarely present 1in the rhizome of Calamovilfa
because of the failure of internodal elongatioh; are pre-
sent in the rapidly elongating aerial stema, as are also
the later formed reticulate and pitted elements.,

It is further implied by Stover, that the first thick-
ening of a desmogen cell is of the pitted type, being laild
down in the arrangement of a pitted cytoplasmic cell lin-

ing, the latter being a result of a cellular vacuolation
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which occurs early in the development of young cells of
desmogen strande., After the formation of the original
pitted thickening, division and elongation of surround-
| 1ng“parenchymatoue cells causés it to be torm apart and
to form dnhular; spiral, scalariform, or pitted arrange-
ments, depending upon the extent of stretching. Conse-
quently & pitted vessel of the metaxylemiremains as such
if the surrounding cells are no longer dividing or ené
larging.

'If the extent of elongation, therefore,rdetefmines~
the type of wall thickening'of'the xylem‘elements,varia-
tioné in both of these fadtorsfin,theurooté 6fvseed11nge
germinated from x-rayed seeds ought to show some relation-
ship. On this bé'sis, tos_ethér'with the fact that, with-
in"limita,'the extent of elongation of the primary roots
of plants grown from x-ray treated seeds decréases as the
dose of irradiation increases, it seemed likely that a

study of a series of Vieia faba primary roots with suc-

cessgively less elongation correlated with increasing x-
ray irradiation might contribute information on the rela-
tionship existing between the types of véssel secondary

wall thickening and total elongation.

Methods.
The soft x-ray apparatus used here and the general

character of its radiation have been described previously
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(3, 4). Dry Vicia faba seeds were placed with their hila

toward the sourcé of radiation in small gléss dishes 8 cm.
from the focal spot of the x-ray tube. The tube was op-
erated at 30 peak kv. and 10 ma. Exposure times included

0, 15, 30, 60, 90 and 120 minutes.

—

- Fig. 1. Decreasing root lengths of 5 day-old Vicia
faba seedlings grown from seeds x-ray irradiated at 30 kv.,
and 10 ma., for O, 15, 30, 60, 90 and 120 minutes. _

After irradiation, the seeds were soaked for 5 hours
and later germinated in moist peat moss at 25°C. Material
for histological studies was collected after five days, when
the seedlings germinated from the seeds exposed for 120

minutes displayed the characteristic cessation of growth
asgociated with the"delayed killing" effect in seedlings

from x-ray irradiated seeds, as described by Maxwell (5).
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Primary roots of 50 seedlings of each experimental lot
were prepared for microscopical study with standard me-
:thods of mierotechnique. | ,
In studying the histologicai developments in seed-
| lingSLgrown from‘x-ray treated seeds, it is necessary to
prepare and observe a great quantity of.sections because
of the resulting irregularity in arrangement and forma-
tion of tiéaues.. Coneequently the longitudinal sections
uaed as 111ustrations in this paper are not medial through-
out ‘thelr entire extent, but they approach this position .
as nearly as possible, and the developments 1ndicated re-
present data from several hundred slides.

Observations._

Figure 1 indicates the extent of primary root elonga-
tion in seedlings grown from seeds which had been ex-
posed to soft x-rays for periods of o0, 15, 30, 60, 90,
and 120 minutes. The characteristic decrease in root
length with increasing doses of x-ray irradiation is shown.
The average primary root lengths, including the hypocotyl,
of seedlings of each lot, are listed in Table I.

TABLE I.

Time of exposure to x-rays in minutes.

0 15 30 60 90 120

Average length of
primary root in
centimeterse....... 8.0 5.8 5.0 4.0 3.6 3.0

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



52«

The fallure of lateral root formation related to x-
ray treatments of seeds 19 also observed. A discussion

. of this has already been given (6). |

Medial longitudinalAsectiqns of the root tips of these
seedlings, showlng types of secondafy wall thickenings of
the:xylem~elements, are iliustrated in figures 2-7. Fig-
ure 2 shows the occurence of the vessel elements and the
‘order'of the1r formation 1n‘normal primary réots of ylg;g
fabaﬁseedlings. The relatiie range of prominence of each
'vessel type, gs it appears in the roots of ‘the seedling
groups studied, ‘is diagrammed in figure 8.

In examining longitudinal root sections of the seed-
lings germinated from X-ray 1rrad1ated geeds, the most evi-
dent modification ofwthe normal arrangement is the appear-
anceiof large pitted vessels in the most distal part; ves-
sels of other types are found in the earlier forﬁed regions
above (figs. 3-7). 1If pitteé vesgssels afe associated with
the least elongation of the structure in which they are
forming, as is'suggested by Stover, and if types formed be-
fore these indicate more extensive elongation, one is led
to assume that the appearance of elements related to least
elongation during later development indicates a decline 1ln
growth so far as elongation is involved.

This implication becomes plausible when one conslders

"the phenomenon of "delayed killing" or growth cessation (5)
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which occurs in seedlings from geeds given a medium dose
of x-rays. After an apparently normal onset of germina-
tion, 1nasmuch»aslthevradicles appear béyond the cotyle~- .
~ dons at;épproximately‘the same time in both control and
treated seedlings, there is a pfogressivé decline in rate
of elongation resﬁlting'uitimately in death, The total
extent of eiongation aﬁd'the‘iength of their germination
period befére subseQuent decline are dependent upon the
magnitﬁde of the x-ray treatment. Theyvare found to de-
cfeése'with increasing treatments. It seems justifiable |
to pfoceed further~and to assdciate:hiatological data with
:these external observations.

- It would be expected that 1nd1cations of decline in
extent of cellular elongation-in thevroots‘would appear
first in the most recently formed vessels. This 1s ob-
served in all seedlings from the x-ray treated seeds; in
themn, poftions of the root tip have become completely per-
manent in aspect by the increasing presence of xylem ele-
ments with pitted secondary wall thickenings. The ef-~
fect i1s found to become more pronounced with higher x-ray
treatments. It is very prominent in the root tlip sectionmns
of seedlings grown from seeds irradiated for 60, 90, and
120 minutes (fig. 5, 6, 7). It seems quite possible,
therefore, that there 18 a relationship existent between

the decreasing total elongation of the apical portions of
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Fig. 2. Medial longitudinal root tip section of

a normal Vicia faba seedling showing the occurence of

vessel types. X 40 and 675.
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Fig. 3. Medial longltudimal root tip section of a

Vicia faba seedling grown from a seed x-ray lrradiated at

30 kv., and 10 ma. for 15 minutes. x 20 and 675.
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Fig. 4. Medial longitudinal root tip section of a

Vicia faba seedling grown from a seed x-ray irradiated at
30 kv., and 10 ma. for 30 minutes. x 20 and 675.
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Fig. 5. Medial longitudinal root section of a Vicla
faba seedling grown from a seed x-ray irradiated at 30 kv.,

and 10 ma. for 60 minutes. x 20 and 675.
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Fig. 6. Medial longitudinal root tip section of a

-

Vicla faba seedling grown from a seed x~ray irradiated at

30 kv., and 10 ma. for 90 minutes. x 20 and 675.
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Fig. 7. wedial longitudinal root tip sectionof a

Vicia faba seedling grown from a seed x-ray irradiated at

30 kv., and 10 ma. for 120 minutes. x 20 and 675.
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Fig. 8. Diagram showing the order and relative range

of vessel types in the root tips of control Vicia faba seed-

lings and of seedlings grown from seeds x-ray lrradiated at

30 kv., and 10 ma. for 15, 30, 60, 90 and 120 minutes.
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the root and the lignification of desmogen cells going
on at that time. |

in>these roots, it is observed that the inner wélls
of the ybﬁﬁgcdésmogen celle, show an immediate pitted lin-
ing of'cytopiasm (figs. 3A. 4A), which with tubseqnent sec-
ohdary wall thickening, forms the initlal pittéd;vessél
éharacte;r‘.v The fact that this pitted wall thickening is
mainteined can be related to the arfested elongation of

surrounding cells,

The occurrence of pitted vessels in the tipé of roots
of seedlings grown from X-ray treated seeds, may therefore
be 1nterpreted as 1nd1cating a perdod of declining growth
80 far as 1t includes elongation, and asg portraying the

| time of initiation of this decline by the extent of these
pitted elements dpward from the root apice. This suégestsu
a turning point in normal elongation during the early part
of germination to a decline resultihg finally in a growth
cessation. '~ In the seedlings from seeds irradlated for
120 minutes, growth cessation as recognized by the fail-
ure of a further increase in length was apparent when the
material was taken for histological examination, so that
in them 1t is possible to inspect the extent of elongation
during early germination and growth decline before "de-
layed killing" based on the types of secondary wall thick-
enings of the xylem elements. Other seedlings through-
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out the dose range of x-rays selected represent conditions
further removed from "delayed killing" as the treatment was
decreased. All, however,. show similar indications of a de-
crease in extent of cellular elongation by the presence of
pitted wall thickenings in the most recently formed xylem
elements., Thils 1nformatibn is dlagrammed in figure 8.

The manner of elongation in the roots of the treated
seedlings indicated in normal elongation and in decline of.
elongation 1s also shown 1ﬁ thevdiagram.v Normal elonga-~
tion is regogntzedfby the formation of the annular, Spiral,'
scalariform and-pitted veséela, as- they mey be, in the up-
per portion of the elbngationrregion.- }Growth-decline, cli-
maxing with cessation of gféwth, based on the fallure of
further 1ncreése:1n length, is observed by the presence of
pitted vesseiS'in the lower part of the region of root e-
longation. The extent of normal growth is found to de-
crease, and the extent of growth decline is found to in-
‘crease, with increasing x-ray treatments.

' The observations are briefly summarized in the follow-
ing paragraphs:

1., Normal Vieia faba seedlings (fig. 2). Vessel for-

mation starts with vacuolation of desmogen cells, causing
the cytoplasm to form a pitted lining on the inner wall

{fig., 2, A). The firet vessel secondary wall thickening
18 annular, which is followed basipetally by spiral, scal-

—
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ariform, and pitted formations. These are considered to

be related to the extent of elongation taking place in the
region of the root in which they are being formed; annular
and spiral in the region of rapid elongationl and scalari-
form and pitted in regions of slight elorgation.

Fig. 9. ' Mod1f1cat1ons about. the root tip meristem in e
sepedlings grown from seeds x-ray irradiated at 30 kv., 10 ma.,
for 120 minutes. A. -Extensive lignification with cavities
containing giant nucleus-like structures. x 450. B. En-
largement of & structure shown in A. x about 1000.

2. Seedlings grown from seeds irradiated for 15 min-
utes (fig. 3). In the roots of these seedlings above the
pltted vessels of the tip, a reglon of desmogen strands is

present but is less extensive than that observed in control

roots. The first vessel type 18 represented by a few an-
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nular elements. Spiral and scalariform thickenings are
far more abundant, and are followed by a prominent region
Aof larger'pitted vessels.

3. ©Seedlings grown from seeds lrradlated for.30 min-
utes (fig. 4). Above the pitted vessel present in the low-
ermost portion of the fegion of elongation, desmogen cells
with vacuolated cytoplasm are evidént, but these are rapid-

ly followed by spiral vessels with scalariform and pitted

elements appearing in reglons above. No annular vessels

are observed.

4 seedlings grown . from seeds irradiated for 60ﬂm1n-
utes'(fig. 5)¢ In roots of these éeedlings few desmogen
cells are found above the pitted vessels in the tip;, Thick-
enings of the scalariform type appear very rapldly, and a
great prominence of pitted vessels are found above. An-

- nular and spiral elements are observed oﬁly occasionally in
these roots.

5. Seedlings grown from seeds irradiated for 90 min-
utes (fig. é). The reglon of pitted vessels is very pro-
nqgnced.and extends upward in these roots for approximately
’6.5 mm. This is followed by a few desmogen strands which
soon ghow wall thickenings of the scalariform type. -These,
however, are considerably less in number than in precegd-
ing lots. The pitted vessels appearing next are found

throughout the remaining part of the region of root elonga-
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6. ©Seedlings grown from seeds irradiated for 120
minutes (fig. 7). The vessel type in roots of these
seedlings is almost completely pitted; a few scalariform

elements“afe found approximately 8.5 mm. from the tip
(fig. 8). Further inspection of these roots indicates.
a very extensive lignification of the tip, in which cav-
ities are observed containing large structures which seem
to represent‘giant nuclel. These structures are shown
in figure 9, but no explanations are attempted here. The
‘very pronounced curling of the root tip appears charac-
teristically in seédlingsiirradiated with'this dose of
- X-rays.

| Summary.

1. Roots of Vicia faba_seedlings'grown from unsoak-

ed seeds irradiated with soft x-rays, show a decreasing
total elongation as increasing doses of x-rays are employ-

ed.
2. A histological study of such roots and of control

roots affords adequate data to demonstrate experimentally
that the type of wall thickening found in vessels is deter-
mined by the extent of elongation in surrounding tissues.
3. After the onset of "delayed killing" in seedlings
grown from x-ray irradiated seeds, evidenced by a decline

in growth as it involves elongation, only pltted vessels
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are formed. This is aparently related to a markedly de-
creased extent of elongation of cells surrounding the ves-

gsels.
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Histological studies of roots of Vicia faba and of

Zea mays seedlings grown from seeds glven a medlum dose

of 'soft x-rays, indicate considerable distortion and ir-
regularity about the apical meristem and surrounding
tissues after the first week of germination (7, 8). These
are not apparent during the early part of germination when
the radicles first appear; the meristem is relatively nor-
mal in arrangement as compared with that in nontreated con-
trol seedlings (8).

In view of this effect, it was considered of interest.
to determine the ability of root tips of seedlings germi~-
nated from x-rayed seeds to continue growth in vitro; the
resulta of which might indicaté whether the abnormalities
found at the apical meristem are localized effects of the
x~-ray radiation, or effects influenced more directly by
functional irregularities occurring elsewhere in the root
or in the seedling as a whole.

Unéoaked beef steak tomato seeds were irradiated 8 cm.
from the focal spot of a copper target gas x-ray tube op-
erated at 30 peak kv., and 10 ma. for 30 minutes. It was
obeerved by separate tests that lateral roots do not ap-
pear during later germination of tomato seedlings from seceds:
given this x-ray treatment. The culture methods employed
followed procedures listed by Bonner (4), Bonner and Ad-

dicott (5), Addicott .(1l), Addicott and Bonner (2), Addi-
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cott:and Devirian (3), and Robbins and Bartley (6).

When root léngths of approximately 1 cm. were ate-
tained in aseptic seedlings from both irradiated and non-
irradiated seedse, 5~ to 1o-me root tips (50 seedlings of
each group) were cut and transferred to a breviously ster~
1lized mutrient medium containing: 236 mg. Ca(NOz)o -
4H,0; 81 mgs KNO%; 36mg. MgSOR °THR0; 65 mge KC1l; 20 mg:
KH2POy; 1.5 mgs Fe-tartrate; 20 gm. sucrose, per liter
of Pyrex redistilled water. Nicotinic acid (0.5 mg.),
‘vitamin B, (0.1 mg.) and vitamin Bg (0.1 mg.) were added
per liter of nutrient. '

The root tips of botﬁ seedling groups appeared to
be alike in growth'rate and size at the time of isolation.
In view of the uniformity of the data, one repetition of
the original results seemed adeguate to confirm the ob-
servations made.

In figure 1A °is shown the extent of growth of the
exclsed root tips of contfol seedlings after four weekly
transfers; B indicates that which occurred in the tissues
excised from seedlings from the irradiated seeds. In
the.latter, the cultured root tips generally display only
a very slight increase in length with some increase in
thickness and, in addition, become inactive and browned

at the aplces soon after isolation.
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Fig. 1. ©Shadow photographs of excised root tips
of tomato. A, normal, at the end of four transfers;
B, root tips of seedlings from x-rayed seeds, at the end

of four transfers; and C, at the end of six transfers.
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When transfers of tissues from the treated seeds
were continued for five to six weeks, an activation of
a few cells above the root tip frequently occurred, re-
sulting in secondary root formation at these points (C).
This occurrence might be attributed to a continued func-
tioning of a few cellular elements having meristematic
activity, which escaped effects induced by the x-ray ra-
dlation treatment of the seeds.

The inabllity of exclsed root tips of tomato seed-
lings grown from seeds given a medium dose of soft x-rays,
to grow in vitro is probably associated directly with fac-
tors active in continuous meristem activity in the root
tip, present in the seed at the time of irradiation. The
fact that the tissues did not grow in a nutrient medlum
adequate to support the continuous growth of normal root
tips of tomato, seems to remove the alternative supposition
that the effect ls dependent upon modifications present in
other parts of the germinating seedlings.

This work was repeated at the California Institute of
Technology. Appreciation is expressed to Dr. F. W. Went
and to Dr. James Bonner for comments and use of their lab-

oratories.
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Introduction.
The majority of previous investigations dealing with.

the effects of x-rays on plants havé been concerned with
the question of growth stimulation of the aerial pdrtion
of the plant resulting from treatments with weak doses of
x-rays (4, 5, 65 8, 9, 13, 14), The methods generally em-
ployed, involved an x-ray treatment of unsoaked or soaked
seeds, or of growing points. Observations recorded during
subsequent growth, particularly at maturity, were examined
for evidenées of stimulation. Reports of the'stimulative
effects of x-rays on the growth of the aerial portions of
-the plants are numerous, but in only a fewAcases, is the evi~
dence conclusive. Inadequate sampling and limited test
periods have been given as reasons for regarding the evi-
dence>as inconclusive. S ‘

. The view that a conslstent growth stimulation effect
might be obtained by using a specific x-ray dose, was em-
phasized by Shull and Mitchell (21). They employed metal-
lic screens, high voltage, low amperage and short expos-
ures., The use of metallle screens eliminated the soft x-
rays. |

In addition to the x-ray treatment however, it is al-
80 necessary to consider the condition of the test material.
Chemical alterations, generally destruction and re-synthesis

are commonly affected by x-ray irradiation and in biological

materials, these may well be the fundamental factors con-

cerned. Such x-ray induced changes would undoubtedlj al-
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ter plant growth in view of its chemical nature due to the

presence and activities of auxins, calines, growth inhibi-
tors and other growth factors (18). The experiments re-
ported in this investigation, however, were not designed
to determine this chemical aspect of growth étimulation,
but it is worthy of consideration in future experiments of

- this sort.
It is the purpose of the work described here to inves-

tigate the question of stimulation of primary root growth
in seedlings of seeds glven a small dosé of soft x-rays.
Previous work by Rivera (16, 17) reported stimulative ef-
fects of treatling roots with small doses of x-rays. This
however[ wée not a study on root growth stimulation direct-
ly, but rather on the resulting growth acceleration of ae-
rial portions of plants following the irradiation of the
rootse.

In experiménts described in this paper, corn was found
to be most suitable for the method of germination employed.
Stimulation as it ﬁill be used throughout refers to an in-

" erease in root length, or a greater wet or dry weight of
roots of seedlings from treated seeds as compared with that
occuring in the roots of normal seedlings. Observatlions
were limited to the first five days of germination and the
data presented refer solely to that perlod.
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Methods.

The x-ray radiation was provided by a gas type x-ray
tube (12) having a copper target, operated at 10 ma. and
at various voltages mentioned later. The seeds which were
irradiated were arranged with embryo toward the source of
radiation at a distance of eight cm. from the focal spot
of the tube. The window of the tube which was made of al-
uminum foll and Cellophane, transmitted the K. and K8 char-
acteristic radiation (1.54 and 1.38 A°.) as well as that of
both longer and shorter wavelength radiation of the contin-
uous spectrum of the copper target. The shorbest wavé-
length emitted in any experiment was approximataly'o.s A°.
In-evefy case, the time of exposure was 10 sec. |

 After considerable preliminary work for the purpose of
determining the requirements necessary to obtaln sufficient
data it was decided to construct ah apparatus which would
permit 2000 seeds to be germinated simultaneousiy In water
culture under controlled conditions. The apparatus, Flg.
1, conasisted of a large wooden cabinet in the bottom of
ﬁhich was a tank contalning tap water kept at 2900. by ther-
mostatic control. A uniform temperature of the water was
meintained by the use of a2 stirring motor equipped with
paddles to circulate the water in the tank. A constant
flow of fresh water through the tank was made possible by

gmall entrance and exit tubes.

The frame which supported the seeds during germination

consisted of a rack suspended from above by four cables.
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The poesltion of the rack below or above the water level
was automatically controlled by means of a crank opera-
ted by an electric motor. Across the rack were placed
forty metal rods, each equipped with fifty fine nickel
wire hooks. The purpose of each hook was to support a
corn seed in its normal position by passing the hook
vthrough the endosperm portion of the seed at a point re-~
noved from the embryo.

The corn used in the experiments was Stowell's(Ever-
green Sweet Cornm, 1940 crop. Badly formed and inferior
kernels were discqrded. The selected seeds were prepared
for germination, the first part of which involved a twen-
ty~-four soaking period, as follows: Tfifty corn seeds were
placed in each of forty copper wire baskets, designed as
seed soaking contalners. Twenty of these basketis of seeds
were arbitrarily chosen as controls and the seeds 1in each
of the remaining twenty baskets were given identical x-
ray treatments.

It was found by trial that fifty roots, that is the
content of one rod, could be examined for length and wet
welght in a ten minute interval. Consequently, in order
to have all plants of the same age when observations on
root growth were made, the followlng procedure was adopt-

ed: fifty seeds were irradiated, replaced in a particular

basket and the basket suspended from the rod to which the
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seeds were to be attached after soaking. Ten minutes

later a basket containing non-irradlated seeds was sus-
rended from the next rod, After another ten minute in-
terval a basket of irradiated seeds was suspended from

the third rod. This procedure of starting the sosking
alternately of control and irradiated seeds every ten min-
utes was continued for each of the forty rods.

After a 24-hour soaking perlod the seeds were attach-
ed to the hooks.of the rod which had suspended the basket.
When the seeds were arranged on the wire hooks, a mechan-
ism was started which'autbmatically controlled the move-
ment of the entire rack to positions below or above the

water level. Preliminary experiméntétion indicated that
gdod gefmination,was possible if the gérminating seeds were
immersed in water for five minute periods followed by two
hour intervals during which time they were suspended a-
bove the water.

At the end of the germinating period of four days, the
rods were removed from the apparatus at ten minute inter-
vals in the same order as they were originally arranged, so
that the age of the seedlings from the time that the seeds
were first put to soak until they were harvested, was exact-
ly five days. As each rod with its lot of seedlings was

taken from the rack, the roots of the plants were severed

as close to the seed as possible. The length of each root

—
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wag measured and the total wet welght of the roots from the
seedlinge on this rod was determined. The roots were then
placed on paper and dfied in the open air in the laboratory
for seven days, after which time the total dry welght of
the roots were determined. A seedling which did not pro-
duce root growth of at least tﬁo mm. in length was consid-
ered as not germinating. |
Results. v

The results obtained show such & degree of variability
that 1t is difficult to make a rellable interpretation of
them without the use of statistical analysis. Tests of
significance (75 were applied in comparing the experimental
vaiues obtainedifrom the irradiated seeds with those obtain-
ed from the non-irradliated controls to determine whether the
differences in these values would be ascribed, without much
doubt, to-a difference in thé treatments received by the
samples or whether they could be due to random sampling.

A comparison of the reéults obtained has been made
with regard to the following variates:

The number of seeds germinating on each rod, xl.

The total root length per rod, Xs.

The average root length per seed germinating on each

Pod, X. ) o

The length of the longest root on each rod, x4,

The total length of the 25 longest roots on each rod,xs.
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The total wet weight of roots per rod, Xge

The average wet weight of root per seed germinating on
each rod, x7.

The total dry welght of roots per rod, xg.

The average dry weight of root per seed gefminating on

each rod, xg.

Each of the nine variates was tested in two wayé. First,
the control seeds and irradiated seeds were regarded ag sepa-
rate and distinet samples chosen at random from the same pop-
ulation g?Sup. The difference beﬁween the mean value of a
variate for the controls and for the irradiated seeds was
tested to seé 1f thls difference was signiflcant. Second,
each rod of irradlated seeds was palred with an adjacent
rod of control seeds.  The differences qf the variates for
each palr was tested to see if its mean value differed sig-
nificantly from zero. The first test lead to a probabil-
1ty value pj;, which measured the probability of choosing
from the same population group two random samples having
mean values which differed by at least as much as that ob-
served. The second test lead to a probability value Py
which measured the probabillity of choosing from a popula-
tion group having a zero mean value a random sample hav-
ing a mean value which differed from zero by as much or

more than that observed. The usual convention of select-

Ang a probability level of 5 percent or less as belng sig-
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nificant has been adopted.

The percentage stimulation based upon the mean value
of each variate for the control and for the irradiated seeds
is given in Table I. The parentheses enclose those values
for‘which one or both tests for signiflcant difference in-

- dicated a real difference in the treatments of the controls
‘and irradiated seeds.  Except in one case, the only signi-
ficéntvdifferences were obtained from samples irradlated at
17.5 and 20 peak kv. This one exception was in Ex. 5 for
which the voltage was zero. Since there was no difference
in the treatments of those seeds marked rayed and those
marked control, thls difference must be attributed to
chance;

Using a 15 mm. class interval for the frequency tables
of the root lengths of seedlings, the modal class for the
seedlings from the control and irradiated seeds are given
in Table II. The percentage increases in the midpoint of
this interval for the seedlings from the irradiated seeds .
over that for the control seedlings are given 1n thls tab-
le.' The averages of the percentage increases at O kv.
and 20 kv. are 3.8 and 13.1 respectively. ThHe tests of
significance do not indicate that the averages differ sig-
nificantly from zero or from each other. The average of

the increases at 17.5 and 20 peak kv. is 13.5 percent.

]
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This: value does differ significantly from zero but not from

the resulte obtained at zero kv.
ThHe percentages of stimulation at the various voltages

are represented graphically in Fig. 2-11.
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TABLE

I

Percent stimulation of variate (based on meen value of variate)

*1 *2 *3. *4 *5 *g X7 . *9
Exper- Peak r Noe. of Total Ave, Length  Total Total Ave. Total Ave.
iment kilo- units seeds root root  of length wet wt, wet dry dry wé
nunber volts  per gormi- lengbth length longest of 256 of wts of wte of of .
: min- nating per per root on long- roots root roots root
ute rod seed each est per per per per
germi- rod roots rod seed rod seed
nating on germi- - germi-
on each nating nating
each rod on per
rod each rod
rod
1 20 1000 (16e2) (2045) (%4e2) 340 (5e4)  (10.1) 37 (10.2) 4.0
2 15 450 - ldl 2e 3.9 2.8 2e3 2¢5 3.2 26 3e3
3 0 0 =17.0 1.4 3ed 4.2 2.1 1e2 343 2.2 4,3
4 17.5 750 - 0ol 246 2.2 1.2 2.7 ( 8e6) (843) 4.3 4,3
5 o 0 - 22 =13 Osl =045 ~1.8 3e2 (542) 046 2.6
6 22-5 1300 0-1 -008 -003 -lal "'100 "3.1 -2.7 - 0.6 "100
7 20 1000 (7¢2) (10.2) 242 1lo4 (3.6) ( 848) 1.2 ( 9.2) 1.4
8 25 1700 Oed =le6 =242 047 =10 =506 =547 - 0,8 =1.6
9 20 1000 - 3.0 0ed  (3e3) =1eb 1,0 0.6 347 0.3 (3.3)

Numbers in parentheses are those values for which one or both the tests for
of differences indicated a real difference in the treatments of the controls and the

irradiated seedss

significance

-8~



TABLE II.

Most probable length of root (15 mm. interval).
Exper- Peak 1r units Midpoint of Frequency Percent

iment kilo- per min- _interval ____ Stimu-
number volts ute o] R c R lation.
1 20 1000 101 112 172 183 10.9
2 15 450 94 102 154 148 8.2
3 0 0 86 89 104 221 3.5
4. 17.5 750 7% 86 185 202 14,7
5 0 0 71 T4 171 180 4.2
6 22,5 1300 8l 76 212 218 6.2
T 20 1000 86 105 173 193 22.1
3 25 1700 130 127 159 133 -2.3
) 20 1000 119.5 127 216 201 6.3
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Discussion

No very great stlimulatlion in primafy root growth of
corn seedlings from seeds glven weak x-ray treatments as
compared with that of control seedlings was obtained. How-
ever, statistical analysis of the data indicates beyond a
reasonable doubt that the treatment of these seeds by x-

' rays employing a voltage in the neighborhood of from 17.5
to 20 peak kv. did produce a significant increase in the
average.léngth and in the wet and dry welghts of the roots
of the seedlings. Voltages of 22.5 and 25 peak kv. d4id

not produce a significant change in any of the variates ex-

amined. , _
It 1s suggested by the data that the amount of radia-

tion as well as the condition of the biological material to
be treated wh;ch might 1hduce growth stimulation may be very
sharply defined.' A slight changevfrom the optimum condi-
tion for growth stimulation may fhil to produce sufficient
stimulation to detect or may even induce growth inhibition.
Summary. |

1. An apparatus for seedling germination which ful-
£ills requiremente of adequate sampling necessary to ob-
tain reliable conclusions in investigations of X-ray in-
duced growth stimulation has been described.

2. Under the conditions of these experiments 1t 1is
possible to obtain an apparent x-ray induced stimulation

in the primary root growth of Zez mays seedlings. Statls-
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tlical analyslis of the date obtained indicates beyond a rea-

sonable doubt that stimulation of ropot-growth was obtained
by irradiating dry seeds at voltages in the neighborhood of
17.5 to 20 peak kv. The analysis shows that differences as
much as those observed would occur in fewer than five cases
in one hundred trials if the x-ray treatment made no essen-

tial difference in root groﬁth.
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Fig. 1. Apparatus for seedling germination under con-

trolled experimental conditions.
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AUXIN AND CALINES IN SEEDLINGS FROM X~-RAYED SEEDS.I.

It hag been previously established by Went (1938, 1939)
that certalin specific factors other than auxin, are involved
in the growth of plants. These have been placed 1n a group
of plant hermones termed "calines", having the essential
character of being transported through living tissue only.
Included are: rhizocaline, obtained from the cotyledons in
the case of etio-lated pea seedlings, which with auxin is re-
sponsible for root formation;'caulaéaline, formed in the
roote, which is necessary in conjuhction with auxin for stem
elongation; and phyllocaline, a requisite for leaf growth,
1s auxin independent and 1n the case of pea seedlings ger~
minated in the dark, is derived solely from the cotyledons.
The schemes of activity of these factors as correlated with
auxin in both light and dark germinated pea seedlings ére
diagrammed @n Figs. 1 and 2. ’

Originally the presence as well as the differential.
character of the calines were indicated by tests in which

’ the supply of one or another of the calines was experimen-
tally removed by the excision of various plant parts. For
1. Received for publication April 15, 1942. Amer. Jour. Bot.
The writer gratefully acknowledges the kindness of Dr.F.W.
Went in making available the facilities of the Wm. G. Kerck-
hoff Biological Laboratories of the Califormia Institute of
Technology where the physiological tests were carried out,
and also for his suggestions and criticisms throughout? the
course of the investigation. Appreciation is also extend-

ed to Dr. D. M. Bonner for his interest in that portion
of the investigation concerned with leaf growth factors.

bl
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example, & removal of the cotyledons from etliolated pea
seedlings was found to hamper root'and leaf developmeht,
whlle de~rooted pea seedlings exhibited modifiecations in
‘the elomgation of stems in which growth in length ulti-
mately ceased, Went (1939).

Additional evidence for the existence of calines as
well as for their habit of transport through living tissues
only, wag assembled by performing experiments in which var-
lous amounts of calines were added by grafting experiments
with peas using bases of varieties having different con-
tents of some caline, Went (1938). 1In all instances it was
found essential that a graft union incorporating vascular
tissue continulty be accomplished between stock and scion
before any influence of the base type be exhibited, Hay-
ward and Went (1939).

The investigation descrlibed in this paper supplies fur-
ther data for the presence of calines and especially stress-
es thelr differential character as they are involved in the
growth of both intact and grafted seedlings. The experimen-
tal method employs one variety of pea seedling, Alaska, in
which it had been found possible to alter the content of one

or another of the calines as present in the seed, by treat-

ing the seeds wlth x-rays prior to germination. Tests to
determine auxin conditions in seedlings from x-rayed seeds

which indicate results comparable to those obtained by Skoog
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(1937) in his study on the effect of x~rays on auxin and
plant growth, are also giveh.
Methods.

As to the x-ray treatment of seeds, 1t will suffice to
mention that the radiationvwas of the soft x-ray type, sup-
plied by a copper target gas x-ray ﬁube, equipped with a win-
dow of aluminum and cellophane,.which transmitted the K, and
KB lines of copper as well as the longer and shorter wave-
lengths in the continuous spectrum, Kersten (1934). Because
of the great amount of plant material required for the inves-
tigation, thé'seeds were oriented at random during treatment,
at a distance of 8 cm. from the focal spot of the x-ray tube,
which was operated at 30 peak kv. and 10 ma. Under ﬁhese
conditions the intensity of the x-ray beam was approximately

2000 r/min. Different exposures used will be indicated lat-

er.

All procedures were carried out in & physiologlical dark
room, 24-26°C and 85 percent humidity. The pea grafting
technique employed was that described by Went (1938). One
week~-0ld etlolated pea seedlings were used. The stem por-
tion between mid-first and mid-third internodes was removed
by two oblique cuts made at the same angle by use of a small
mitre box-like structure through which a razor blade could

be passed over the stem. The facing cut surfaces of the

remeining stem portions were brought into contact through a
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TABLE I

Maximal growth rate, leaf and stipule surfaces, petiole and tendril lengths, of
first, second and third leaf developed in Alaska pea seedlings of control seeds and of
seeds given a small x-rey radiation treatment (30 kv, 10 ma, 8 ecm, 15 min.) after

2 weeks germination. Values given are the mean of 40 plants

’ Maximal
Leaf Petiole Stipule Tendril growth
per day
Length Width Surface Length Length Width Surface Length  mm,
o)
Controd 4062 P
“First leaf Bel 3.9 23.8 6e3 443  B3al 1343 2.9 '
Second leaf TeT 4,8 37,0 8.1 Gel 3.9 23,8 542
Third leaf 7e¢3 5.0 3645 949 5.9 389 23.0 9.7
375
X=rayod
First leaf 4.4 2.8 12,3 4,7 3¢5 2.7 9.5 1.5
Second leaf 6.0 4,0 24,0 6.9 4.8 3.4 1643 3.8
Third leaf 646 4.7 31,0 10,1 5.5 3.8 20.9 8.3
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.5 mn. plece of glass tubing having a bore which approximat-
ed the diameter of the seedling stem.

After the graft ppeparation, measurements of the stem
lengths were taken over a period of 18~20 days by which time
maximal growth had been achleved in most cases and at this.
timg, leaf, stlipule, petiole and tendril measurements were
generallj recorded according to purposes of the particular -
expériment. Leaf part measurements were supplemented by re-
sulté of blo-assays for leaf:growth factors as outlinéd by
D. B. Bonner, A. J. Haagen-Smith and F. W. Went (1939). Au-

xin conditions were determined by the standard Avena Lest as
~specified by Went and Thimann (1939). .

Throughout the paper, termsvéuch as x-rayed or treat-
ed seedlings, tops, or bases, Will be used to refer to seed-
lings or parts of seedlings from x-rayed seeds.

Growth of intact seedlings with x-ray"modified caline

- content. A number of experiments were run with Alaska peas
from seeds given brief x-ray exposures. The treated seed=
lings as‘well as an equal lot of control seedlings were ger-
minated individually in 20 cc. bottles. Daily growth rates
were recorded for 18 to 20 days, by which time maximal growth

had generally occurred. Measurements of leaf, tendril,
petiole and stipule of the first, second and third leaf de-
veloped were takene. Table I lists data from a typical test

in which the exposure time was 15 minutes. Leaf and stipule
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surfaces were calculated by determining the products of
mean lengths and mean widths.

Data presented in the table indicate that the maxi-
mal growth rate value for both treéted and normal intact
seedlings, is relapively constant. Normal variations in
Alaska peas generally fall within the range of 34-42'mm.
per 4ay, 80 that the slightly lesser value in the x-rayed
set is probably of no experimental significance.

There 15, however, a definite decrease in the slze
of foliar parts of all seedlings from the x~ray treated
seeds. This is also i1llustrated in Fig. 3. |

Graftine experiments with peas from control seeds

and from x-rayed seeds: Later experiments were carried’

on with seedlings from seeds exposed to x-rays for 60 min-
utes while oriented at random. Due to this random orien-
ﬁation, a single effect of the treatment was not apparent.
The types of seedlings from seeds ireated in this way can
be arranged into four arbitrary groups, Fig. 4. These
are: (1) normal maximal growth rate, reduced leaf size,
normal root development: (2) reduced maximal growth rate
(about 1/3 normal), reduced leaf size, normal root devel-
opment; (3) reduced maximal growth rate (about 1/10 normal),
normal root development; (4) reduced maximal growth rate
(about 1/10 normal), pcorly developed roots.

Graftiqg experiments with seedlings from group 1, em-
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Fig. 3. Seedling-tops Fig. 4. Seedling groups

from control seeds (left) | from seedé oriented at
and from seeds given a 15 random while feing exposed
) min., exposure to x-rays for 60 minutes to X-rays
: . having-aﬁ intensity of ap- . having an intensity of ap-
proximately 2000 r/min. : proximately 2000 r/min.

-
-~
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ploying various combinations of tops and bases of control
and treated seedlings, gave results shown in Table II. The
following effects are indicated: (1) uniform maximal growth
rates for intact and grafted control and treated seedlings;
(2) similgr size of foliar parts of control-intact and of .
conbrol-self-grafted seedlings; (3) slmilér size of follar
parts of x-rayed intact and x-rayed self-grafted aeedlings}
(#) reduced size of all foliar parts of x-rayed intact and

- of x-rayed self-grafted seedlings as compared with valueé
given for control seedlings; (5) decfeaéed size of foliar
parts of control tops grafted on x-rayed bases, as compared
with nbrmal leaf size; (6) 1ncreaéed size of follar parts

" of x-rayed tops grafted on_control base;, as cémpéréd with
treated leaf size., . , |

Apparently the effect of this particular x-ray seed

treatment is on the phyllocaline supply which in dark-room
germinated seedlings, is available solely from the cotyle-
dons. To check this concluslion further, assays for leaf
growth factors were run, using methods described by D. M.
Bonner, A. J. Hagen-Smit, and F. W. Went (1939). Seed
diffusate of Alaska peas was ﬁsed as a source of leaf growth
factors. Circular disks of leaf tissue, 19g§{mm. in area

were cut from young primary leaves of radish. Twelve such
disks were floated on 2 cc. of a culture medium 1in Syracuse

watch glass dishes and grown for 30 hours at 25°C. Total
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TABLE 11

Meximal growth rate, leaf surface, stipule surface, petiole and tendril lengths of
first, second and third leaves of intact and grafted seedlings of control seeds and of

seedlings grown from x-rayed seeds referred to as group 1 in Fig, 4. Mean valves given
represent 15 to 30 plants.

: Maximel
Leaf Petiole Stipule Tendril . growth

‘per day

Length Width Surface Length Length Width Surface Lenmgth  mm

Conbrol intact oy , 51,5
T First Lear Ge?2 3¢9 2442 [$1%5) Le 3 342 13,8 362
Second leaf Te8 4,9 38.2 848 645 3.9 25,4 5.9
7hird leaf 847 548 5065 10,5 6.3 4,2 2645 9.3
X~-rayed intact " 39,8
First——leaf 4.1 3.0 12.3 4!3 5.6 2‘7 9.7 1.5
Second leaf 5¢3 3.6 19.1 5e4 4.7 3¢5 16,5 3.8
Third leaf 6.2 442 26,0 6.7 5.3 3¢7 19.6 Tel
Control self-grafted - ‘ ' ' : 40.5
First leaf 660 3.9 2344 6e8 4.6 344 15,6 3al
Seecond leaf 7-8 4:-7 56.7 8.6 569 5.8 22.4 5.4
Third leaf 9.0 5-8 5202 8.5 6.6 4,8 30,4 10.4
X-reyed self-grafted ' " ' " ‘ ' 40,8
Second leaf 5.9 3.7 21.8 5,9 4,8 3.5 16.8 3.5
Third leaf 6el 4.3 2642 65 5.4 3:8 20.5 8.9
Control on X=-rayed ' ‘ ' “ ' ' 41.4
¥irst leaf 645 4,0 26,0 65,8 4,9 2.9 14.2 367
Second leaf 602 4‘.0 24.8 600 5.5 3.7 1906 5.9
Third leaf 663 443 2741 64,0 " Beb 3¢5 19.3 67
X-rayed on control ' ' . ' : ' 39,1
First leaf 5¢4 3,5 18,9 53 3e 3 2.6 846 1.7
Second leaf Te2  4ad 31,7 6.8 5.3 3¢6 19,1 4.5
Third leaf 7e7 5.1 39.3 9.0 6+5 4.2 2763 B,

=901~



weight of all 12 sectiqns was determined by direct weigh-
iIng. The culture medium consisted of a basic medium of
1 percent sucrose plus various concentrations of a stand-
ard solution'having a dfy welght of 10 mg. per cc. Dif-
fusates of normal and of x-rayed seeds were used 1ln test-
ing. Results of typical experiments are summarized in
Fig. 5. The results are expressed in terms of leaf un-
its (L.U.). One L.U. being defined as the activity of a
solution containing'1 mg. dry weight of normal pea dif-
fusate per cc. of 1 percent sucrose golution., . Values
given are the mean of 5 to 15 tests.

In the assays using diffﬁsate of seeds x-rayed for
60 minutes before extraction, there 1s considerably less
growth of the cultured leaf diské then in cultures on nor-
mal diffusate for all concentrations of the diffusate em-
ployed. Diffusate of seéds x~-rayed for 150 minutes dls-
plays a still greater decrease in leaf growth activity.
In the latter, there is little activity over that appar-
ent in cultures on the basic medium of 1 percent sucrose
with no added diffusate. From this it is evident that
the effect of reduced leaf size of the treated seedlings
is a result of the x-ray modified phyllocaline content

of the cotyledons.
Results of grafting experiments with seedlings of
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?1g. 5. Results of leaf growth factor assays employ-
ing dliffusates from non-irradiated seeds and from seeds ir-
radiated for 60 and 150 minutes. The vertical scale indi-
cates leaf units of activity of the diffusate tested and the
horigontal scale represents hours-of exposure to x-ray ir-
radiation of approximately 2000 r/min. The graphs repre-
gent values obtained throughout a djilution series of 0.5,
1.0, 230, and 5.0 mg. dry wt. of pea diffusate per cc. of
the basic medium of 1 percent sugar. The mean value of

tests using 1 percent sugar without added diffusate 1is in-
dicated by X.
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TABLE IIX

Mean length in mm. of leaf, stipule, petiole and tendril of Alaske pes seedlings
of countrol seeds and of x-rayed sseds, the labtter seedlings belonging to the group
referred to as 2 in Fige 4.

Measurements were taken of the first and second lesaf
developed, after meximal growth had been achieved.

Maximal
rowgh
. ﬁer ay
Leaf " Stipule Petiole Tendril mm,
Control intact 52,0
First leaves Bed 5,7 6.5 346
Second leaves 9.6 Te3 9.8 5.8
14,3
X-rayed intact
First leaves 4,2 4.6 4,0 3.0
Second leaves 5e9 446 Se7 3¢5
4340
Control on control -
First leaves 449 6.2 4.6 4,6
Second leaves 6.4 6.6 5,0 8.6
45,5
X-rayed on x-rayed
. ¥Yirst leaves 4.1 4,3 2.8 2.5
Second leaves 4,1 4,6 3¢5 3.1
44,5
Control on x-rayed
Tirst leaves 6e6 5.0 5.6 3.3
Second leaves 640 5e 3 7.0 3¢ 3
. 43,7
Z=rayed on control
I'irst leaves 4,8 4,5 3.6 3.6
Second leaves 6.7 5.4 8.4 6.6

_60-{_
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the.seéond group of treated plants, Fig. 4, characterized
by reduced leaf size as well as by reduced maximal growth
rate, are listed in Table III. The following results are
found: (1) similar-leaf size_effedts in intact seedlings
and in various grafting éombinations‘as observed in the
experiments with treated seedlings of groups 1; (2) re-
duced maximal growth rate of intact x-rayed seedlings;
(3) normal growth rate of self-graftéd x-rayed seedlings.
The only differeﬁce between the intact and the self-

grafted x;rayed seedlings 1nvolvéd the removal of the mid-
first to the mid-third internodal stem portion, as speci—"
fled by Went's pea grafting technique. Consequently if

| the problem were one of stem elongation faétors, auxin or
caulocaline, it would be a matter of transportation or de-
struction rather than of content. The significance of
this.mid-first to mid-third internode stem elongation of
the treated seedlings 1s further indicated in grafting ex-
periments employing interstocks. Repregentative data are
given in Table IV. The followling resulis are recorded:
(1) control base, interstock and top results in a normal
maximal growth rate; (2) x-rayed base, interstock and top,
results in a reduced maximal growth rate; (3) control base,
x-rayed interstock, control top, reéults in a reduced maxi-
mal growth rate; (4) x-rayed base, control interstock, x-

- Trayed top} resulte in a normal maximal growth rate.
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Experiments designed to test phloem transport through

the stem portione in question, of the treated seedlings by
use of extermally introduced indicators have been started,
‘but coneclusive results are not avallable to date.

Auxin conditions in seedlings from x-rayed seeds.~

Since auxin is also involved in stem elongation in conjunc-
tion with caulocaline, it was investigated in various stem
regions of group 2 treated seedlings, Fig. 4. Methods of
determining auxin production, transportation, and destruc--
tion, described previously by Michener (1937) were used.
Quantitative results were obtalned by the Avena test method.
TABLE LV.

Maximal growth rates &n grafted Alaska peag incorpor=-
ating interstocks using various combinations of control seed-
lings and of seedlings from x-rayed seeds. Valﬁes given are

the means of 15-25 plants. .

Seedling type Maximal growth rate mm./day.

Control intacte.ecevecsecoces 42,5
Control top, interstock, ’

and b88Cesccessvesscacssscosnos 35,9
Control top and base,

x~rayed interstocKkeceseceasss 17.4
X-rayed top, base and

interst’ock.‘....00-......... 1200
X-rayed top and base;

control interstockesssececas 3.7

Auxin production determined by the auxin diffusion tests

from 1 cm. stem sections taken at intervals throughout germi-
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nation, 18 found to be less during the first 4-6 days in
the treated seedlings than in controls, but recovery 1s
generally observed by the 8th day; Table V. Auxin trans-
portation tests, indicated no effect of the seed treatment.

Auxin destruction was found t§ be exceedingly great-
er in the stem portions of the treéted seedlings than in
controls. Typical results are giveh in Table VI. The’
auxin destroyed 1s expressed in}degrees-of'curvature in
Avena, Table VI. The effect df auxin destruction in the
treated seedliﬁgs 18 seen to increase over control@;from
the stem apex,tb the base and to be more pronounced in old-

er seedlings.

The condition of increased auxin destruction about the
stem apice, gseemed to have had no impeding effect on stem
eiongation when employed in grafted combinations of group 2
treated seedlings. The pronounced effect of auxin destruc-
tion in the basal portions of the treated seedling stems,
may, however, have significance in regulating the transport
or production of caulocaline from the roots. No informa-
tion is avallable to support this relationship, from experi-

ments to data.

Summary .
A study has been made to determine the conditions of

auxin and calines in dark room germinated pea seedllings from

seeds glven small to medium X-ray treatments. The effects
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TABLE V

Effect of x-ray radiation on auxin production in stems of Alaska pea seedlings
grown from control seeds and from seeds given medium x-ray treatment (30 kv, 10 ma,
8 em, 60 min.) indicated by auxin diffusion tests made at intervals during germination.
The treated seedlings were of the type referred to as group 2 in Fig, 4.

®curvature indicated by Avens test

Stem part
Plant Age Tip niddle base 0 IAA/L 50 IAA/T
Control 4 days 4,0° 3027 1.0: 0°
X-royed 4 days 043° -3,6° 1.0 12,80
Control 6 days 6416° 2.1° 2.4:2 0° . 18.8°
¥wrayed 6 days 1.1° 0.3° 0.0
Control 8 days 446° 3.89 : 3.12 © 09 . 18.0°
¥-rayed 8 days 4,0° 3.0° | 5.3 '
Control 8 days 2.2° 0.7° 0.,1° 0° ~ 18,809
X-rayed 8 days 243° 2430 0.0° :

-¢TT~
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TABLE VL

Auxin destruction in Alaska pea seedling stems of control seeds, and of seeds given

e medium dose of x-rays (30 kv, 10 ma, 8 om, 60 min,) referred to as group 2 in Fig, 4;
determined at intervals during germination.

Plant Age Auxin destruction expressed as Ccurvature Ccurvature produced by

1 cm. stem portions from-- o

Top Middle Base 0 14A/L 50 IaA/L

Control 6 days 0.6° 1.8° 547° 0° 18.8°
X=-rayed 6 days 1.6° 84 3° 7.0°
Control 8 days 0.0° ' 0,0° 3.8° o° 18.0°
X-rayed 8 days 4,5° 5,4° 6.0°
Control 8 days 0.8° 245° 1,2° o° 18, 8°
X=-rayed 8 days 542° 644° 4,1°

-7T1-
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of treatment on auxin production, destruction, and trans-
port, were determined by the usual test methods and quan-
titative results were obtained by ﬁhe_égggg test method.
Methods used to determine conditions of the calines in-
cluded direct measurement of parts of intact seedlings,
and of grafted seedlings incorporating various combina-
tions of control and treated seedlings. In the case of
phyllocaline, direct determination of the'x—ray effect
was made by testing diffusate from x-rayed éeeds for leaf
growth activity using the assay method of D. M. Bonner,
A. J. Hagen-Smit and F. W. Went (1939).

Data indicated that auxin production and transport
were relatively unaffected by the seed treatment, while
auxin destruction was noticably increased in seedlings
from the treated seeds, particularly in the basal stem
portions. Phyllocaline was found to be definitely alter-
ed by the x-ray treatment by all teét methods used. Seed
diffusate from x-rayed peas had little to no leaf growth
activity in the leaf test. No apparent effect was found
in caulocaline production or abtivity, but its transloca-
tion seemed to be hindered. This effect is concerned with
the mid-first to mid-third internode region of the stem
since recovery in growth rate results in grafted seedlings
prepared by removing this stem region. Various graft com-

binations employing interstocks of this stem region of seed-
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lings from x-rayed seeds, also show retarded stem growth.
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