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INTRODUCTION

Leeuwenhoek was one of the first men to record__observations
upon the peculiar growth habite of members of the family Lemnaceae.
Taxonomists and morphologists have long argued about the proper classi-
fication and anatomical interpretation of these, most. modified of

higher plants, while physiologists from the time of Sachs have seen in

Lemna and Spirodela a type of plent peculiarly sulted for experimental
invesf:lgat!.ons in the field of nutrition. This has been because of
their small size and aquatic habit which meke them ideal for culture
in nutrient solution,

In recent times there has been considersble controversy over
the question as to whether organic menures, humus, peat, and soil supe
ply small amounts of orgenic materials which promote the growth of
green plants. Are the beneficial effects often observed upon treatment
with these substances simply the result of correcting recognized or
unrecognized inorganic deficiencies, or are they the result of accessory
growth factors?

In undertsking to answer this question, Spirodela polyrrhiza

(L,) Schleid. was chosen as the test plant since careful control of

its growth environment is readily achieved. The possibility of free-
ing the plants of microorganisms and employing sterile culture technique
meke its use particulerly desirsble in a study concerned with the
effects of organic materisls,

The primary aim in the investigation wps to demonstrate that



organic additions to a medium of inorganic salts balanced for optimal
growth can produce a significant increase in growth, Also, that menures,
humus, peat, and soll are sources of these growth promoting substances,
and to find out as much about their nature as possible. Growing out

of this line of study was a broader one, namely, an attempt to gain

some insight into the mechanism of the action and interaction of the

nmany different factors, such as light, carbon dioxide, carbohydrate
supply, etc., which are known to affect the growth of Spirodela. Finally,
unsuccessful attempts were made to induce flowering of Spirodela, which

occurs only :_'araly in nature and has never been induced experimentally,



CHAPTER I
METHOD

Material for Sterile Culture

Several plants of Spirodela polyrrhize (L.) Schleid. obtained
from & greenhouse aguarium were used in initial experiments to find a
means of freeing them from microorganisms and culture theﬁ in steriie
solution, Several attempts were made to accomplish thie by the use of

oligodynamic carbon and katadynized sand.l

particular means of using
silver ions for their oligodynamic action. The details of these unsuc-
cessful trial.s are not necessary. Suffice it to say, the silver-ion con-
centration needed to kill the microorganisms killed the plants of
Spirodele in every instance,

When it became apparent that no success was to be achieved with
the use of oligodynamic silver, the use of alcohol and bichloride of
mercury was resorted to and thereby two or three viable cultures, free
.from microorganisms were obtained. The successful technique consisted
of taking a plant of 6n1y one or two fronds, gently held by means of
forceps, submerging it for forty-five seconds im 0.l per cent HgGla.
following this with a quick rinse in sterile water, then transferring
it to 50 per cent ethyl alcohol, there submerging it for thirty seconds.
The plant was then passed through two rinses of sterile water (or sterile
matrient solution) and thence into & culture tube of sterile nutrient,

and set aside to grow., Two of the four plants given this rigorous

treatment survived and were free of contaminating organisms. Severe

1 Obtained through the courtesy of Dr, Alexander Goetz of the department
of physicse



necrosis of the edges of the fronds soon appeared. These necrotic
fronds in turn gave rise to unusually small fronds, but after three
weekly subcultures normal size and vigor were regained. Whether the
cultures were freed from microorganisms by the treatment was tested

by trensferring plants to medium containing sucrose and noting that no
growth of fungus or bacterium occurred. From one of the original plants

so-treated, the "strain® of Spirodela polyrrhiza used in all subsequent

experiments was derived. Through innumerasble subcultures over a period
of 2 1/2 years, in media with and without sucrose or other organic
additions, these plants have been carried, with only an occasional chance
contamination,

The sterilizing technique outlined above, when tried at a
subsequent date with Azolla sp. and Lemna minor L, again ylelded micro-
crganism-free cultures that were carried without contamination for a
year or longer. At the same time, the use of 8-hydroxyquinoline sulfate
was tested. Although it was employed in conjunction with alcohol as
well as by iteelf, using different time intervals of treatment, all

cultures showed contaminants after 3 to 5 days.

Culture Conditions

For ease in meking sterile transfers, Pyrex culture tubes
175 mm., long, 20 mm. in dismeter were used. A 25 ml, aliquot of
nutrient medium was pipetted into each tube, After sterilizatién. each
tube of medium was inoculated with Spirodela plants sufficient to give
a total of 30 fronds. This number was determined by noting the subsequent

growth in one week under the prevailing envirommental conditions. About



seventy additional fronds were normally produced in this time, the
total of 100 fronds nicely covering the surface of the nutrient in the
culture tube, held in a speclal rack beneath the light source at an
angle of 60° from the perpendiculer (Fig.l).

Tube racks containing inoculated cultures were placed in the
inclined position upon shelves, adjusteble for height. Above each
pair of such inclined racks was suspended a HO-watt "White" fluorescent
lamp, By ralsing or lowering the shelves upon which the cultures
rested, varié.tions in 1light intensity were made possible, Two sets of
aluminum-painted shelves with lamps were located in a windowless room,
temperature-controlled at 25 % 1° C, The wzlls of the room were aluminum-
painted for light diffusion. The sets of shelves were located at
equidistance from the reflecting walls and from one another. On each
set of shelves hung three lamps, from top to bottom. All six lamps
were operated continuously, even though some had no cultures under them
at times, so that the diffuse light falling on the culture tubes as a
result of reflection from the walls remained relatively constant through-
ocut the experiments. The aluminum-painted bottom of the shelf from
which a lamp unit was suspended served as the reflector for the lamp.

The intensity of light falling on the surface of cultures
located in an inclined rack beneath one of these lamps was not uniform
from one end to the other, Using a Weston Photronic cell and galvanometer,
readings were obtained (Table 1) which demonstrate this fact. Not only
was there variation from one end of a culture rack to the other, but.

there was variation in the intensity produced by the different lamps as



Inclined culture rack beneath £luorescent lampo

Figure 1.



Table 1

Variations in intensity of illumination beneath different
lamps as determined with a Weston Photronic cell and galvanometer.

Observation Distence of
made under culture surfaces Along 36" culture rack
lamp from lamp _galvanometer readings made at
o L 36"
I 160 30 32 29
II 16" 30 32 29
III 16! 31 32 31
Iv 16" 30 34 33
III og 16 19 16

v Ln 80 83 80



well, The general practice was therefore adopted of shifting the position
of tubes in the racks once s day. Should a test be so large as to be
employing more than one lamp, the racks were shifted about under the
different lamps at the seme time. This shifting was done in such a
fashion that each culture, over a period of one week, received approxi-
mately the same amount of total light energy. Rather emall differences
in the amount of light energy Spirodela plants receive make big differences
in the rate at which they grow. Practice of this daily shifting procedure
caused a substantial decrease in the variability between replicates,

From a typicel experiment where a treatment was replicated 10
times the average value for increase in frond number was 223 ( = 10.7),

fresh weight 176 mg. ( ¢ = 14,9 mg.), and dry weight 22,3 mge ( = 1.l mge)e

Growth measurements

As criteria of growth, measurements of the incresse in frond
number, total frond ares, total fresh weight, snd total dry weight
were made, Cultures were grown for one week, then subcultured and growth
messurements made on the material of the subculture, usually one week's
growth also. The remaining plants sfter the inoculation of the subcul-
tures were often used to estimate the area, weight, etce of the inocule
for the subcultures. At the conclueion of a test, fronds were first
counted and the hydrogen-ion concentration of the test solutions checked.
Immediately thereafter, photographs were taken for area determinations.
The fresh weight of the plants was then determined, and after twenty-
four hours in a dryer, circulating air at U0° C., the dry weight measure-

ments were made.



Counts~~Fronds could frequently be counted without removal
from the culture tube. Where conditions of crowding made this impossible,
the contents of each tube were removed to a glass plate, separated and
counted, then returned to the tube so that they would not dry out
before area measurements could be initiated.

Area~-The principle employed in making determinations of area
was to obtain by photography silhouettes of the plants in each culture
as well as of a series of discs (or standards) of known area. By means
of a photo-electric photometer these silhouettes were compared with the
standards and the total area of the fronds in each culturs expressed in
terms of square millimeters.

The photographic aspparatus consisted of a modified 35-mm,.
camera with a focal length adjusted by means of an extension tube to &
inches. This was so constructed that it could travel at fixed focus
above a polished brass container, 28 inches long, 1 3/8 inches wide,

1 1/2 inches deep, having a bottom of opal glass. The dimensions of
this container, separated into twelve equal compartments, were such
that the focussed image of a single compartment occupied the length of
one frame., The width, however, had to be considerably less than that
of a frame since the resulting pictures could be no wider than the
width of the oblong photo-electric cell of the photometer. The com=
partmenting separations only extended to within one quarter inch of the
opal glass bottom, so that when the container was filled to the brim
with water, the concave meniscus in each chamber was at the same dis-

tance from the camera lens. Attached to the carriage which supported



10

the camera, and moving with it, but beneath the bottom of the brass
container, was an illuminating box containing a 7-watt pilot light
and a 250-watt photoflood lamp.

When the apparstus was to be used, the inner walls of the
compartments were polished for high reflection. The container wes
then filled with water to the brim. With a camel's<hsir brush, the
-contents of a culture tube were transferred to a single compartment
(where growth was extreordinary, two or sometimes three compartments
were used). When all twelve compartments were filled, two or more
always being reserved for verying numbers of standard discs, a check
vas made to see that no fronds over-lapped one another, With only
the light from the illuminating box, the travelling camera was then
used to record silhouettes of the contents of each compartment. This
finished, the plants were transferred to a large covered pan with
layers of saturated blotting paper inside, and there reserved for
weight determinations.

At the beginning of each film of 36 exposures an identifi-
cation picture was taken of a glass slide lald across one 6f the com-
partments. Written on this in black grease pencil, was information
concerning the experiment number, film sequence, cultures photographed,
end the date when photogrephed. At the same time careful note wos
kept, frame by frame, film by film, of what wss photographed and what
mistakes, if any, were made in the process., This obviated the chance
of there being confusion as to what culture a particular photogreph
referred to.

Inexpensive positive or sound-recording film of Weston speed



rating of about 1.0 was found very satisfactory, as it could be
developed to a suitable degree of high contrast. Exposure at f£/4.5,
for 1/200th seconds, followed by tenk development for 2.5 minutes
using Bastman developer, formula D-8, at 18°C., gave contrast such
that the image of the plants was transParent; with no &etails. The
background wes black and almost completely opague.

The photo-electric photometer was one built for the particular
purpose, The film guide was made adjustsble in order to accomodate
occasional frames whose sides were not parallel to the edges of the
f£ilm so that they could be properly oriented over the photo-cell,
Slight variations in freme length and width could be corrected for by
means of an adjustable mask over one end and ‘side of the oblong
photo-cell. For ahy one film this mask was left at a particular
adjustment, Illumination of the photo-cell was provided by a b-watt,
O.2h-ampere lamp opersted on a storage battery at 0.25 amperes,
carefully controlled by means of variable resistances. This lamp
ves located on a bracket directly above the photo-cell at a distance
of 2 inches. It was housed in such a way that by means of a lens,
light was concentrated evenly over the surface of the photo=cell,

The defléction of o sensitive galvanometer attached to the
photo-cell Was. used for determining current, snd thus area variatiom,
in most of the experiments. By measuring these current variations
potentiometricelly, as was done later, the limitations imposed by
the range of the galvanometer scale were overcome, and the precision
of the measurements somewhat improved. With increasing transparent

aree over the photo-cell, galvanometer deflection increased essentially
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linearly while the increasing e.m.f. actuslly generated by the photo-
cell, when plotted against increasing ares, yielded a decided curve,
For comparison, the (a;ea dggerminations of & particular experiment
were made by both methii;;,\. The values so-cbtained showed that the
discrepancy between the two methods was of not enough significance
to necessitate discarding data obtained with the use of the gslvanometer,

Previously mentioned was the faect that at the same time
silhouettes of the plants were being photogrephed, silhouettes of
varylng numbers of floating discs of known area were also pictured.
Cn each film, at regular intervals, were pictures of 2, 4, 6, 8, 10,
12, 14, 16, 18, and 20 discs., Upon photometry, the values obtained
for these known areas provided the means for construction of curves
for converting galvanometer or potentiometer readings into terms of
square millimeters. The curves obtained from two films developed
simultaneously in the same tank did not always coincide. Films
developed separately showed even wider differences in total density.
However, since a complete set of reference standards was always in-
cluded on each film, these variations were of no importance.

In order to test how precise a particular area determination
actuslly was, successive photographs were taken of the same number
of floating standards, rearranging them and moving them from one com-
partment to another. | Twelve determinations of area were made in this
way for 5, 10, and 20 standard dises., Five discs with an area of
135 sq. mm., had a standerd deviation of 4.5 sq. mm. Ten discs, with
an area of 270 sq., mm, had a standard deviation of 3.2 sg. mm.,

while 20 discs, with an area of 540 sq. mm. had a stendard deviation
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Figure 2. Comparison of the area determinations of a particular
experiment made with the use of a galvanometer or with the use of a
potentiometer. Liné represents ideal agreement.



of 4,2 sqg. mm. Since by far the greatest number of determinations
were in the ra.nger of four to five hundred square millimeters, most
of the measurements were quite precise,

Weight-~After the area photographs had been taken, the
plants saved on moist blotting paper in a covered pan were removed,
culture by culture, blotted to remove surface moisture and rspidly
weighed to the nearest milligram on a balance of the chain-c-matic
type. A glass microscope slide counterpoised with another slide of
¢k similar weight was found more satisfactory than any other type
of container for respid weighing. After recording the fresh weight,
the plants of each culture were either discarded or else placed in
smell folded-paper pockets to be dried at 40° C, for 24 hours in a
forced-air drying chamber, The dried plants were then weighed, this

time, however, to the nearest tenth of 2 milligraem,

14
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CHAPTER 11
PRELIMINARY EXPERIMENTS

Quite a number of experiments were done in the early stages
of the investigation, testing different humus extracts to see if any
effect they might'hare,on the growth of Spirodela could be attributed
to some influence on iron nutrition (Olson, 1930), The results of
one experiment clearly indicated that humus extract could stimulate
growth, no matter whether iron were supplied to Hoagland's med fun®
in the form of an organic or inorganic sslt, although in line with
Olson's view, no stimuléxion should heve resulted when humus extract
Was added to & medium containing iron as ferric tartrate. An attempt
to establish the optimal humate -concentration in the presence of
ferric tartrate gave such inconclusive and inceonsistent results that
it was judged expedient to devote some time to investigating the major
element nutrition, hydrogen-ion concentration, and effects of light
intensity., This was to make possible a more intelligent control of
environmental factors so that demonstration of growth promoting
activity would not be confused with corrected inorganic nutrient
deficiencies or suboptimal hydrogen-ion concentrations.

In some respects these initial experiments differed from
later ones, which followed the procedure already outlined with but
few exceptions. In particular, the best number of fronds to use for
2 Concentration in grems per liter glass distilled water: Ca(NO )a.hﬂéo

1.180; MgSOy O0.493; KNO, 0.506; KHoPOy, 0.136; ferric tartrate

0,005, Minor elements milligrams per liter: Hglio3 2.86;
MnClp MHn0 1.81; ZnSOy.TH,0 0,223 MoOy 0.07; CuS0,5H,0 0.08.
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inoculation had not been decided upon. The use of rather small
numbers made replicate variation higher than would otherwise have
been the case. The best time for subculturing, and whether subcul-
ture inocula should be of the same number of fronds or of half the
number in each parent culture were details which were standardized
as experimental work proceeded. However, the conclusions to be drawn
from these preliminary experiments were little affected by these
variations in technique. These were discarded in favor of others
found more satisfactory from the standpoint of saving in time and
effort.

After only a few experiments had been concluded, it was
noticed that certain plants in somewhat poorly growing cultures
beceme very abnormal in sppesrance and ultimately failed to reproduce
at the normel rate. These plents sppesred saturated with water, and
as more and more of the frond surface became affected, rendering it
almost transparent, these plants would slowly submerge and finally
sink to the bottom of the culture tube. Any appreciable numbers of
these "water-soaked" plants in a perticuler culture affected not only
its over-21ll growth rate, but by their transparency, madé photographic
area measurements subject to additional error. A little observation
and work soon made it seem probable that the cause was nutritional
and not disease. This could mean either a deficiency of some particular
substance or substances, or else a condition of mutrient unbalance
was responsible.

To test whether Hoagland's nutrient was not properly balanced

or had too high a salt content for the best growth of irodela, a
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series of dilutions of the major elements was prepared, minor elements
being maintained at the normal concentration in all cases, The question
as to whether inorganic magnetite (Fe3oh) was as useful a source of

iron as ferric tartrate was tested by having helf the tubes of the
dilution series supplied with 1 p.p.m. iron as tartrate, while the

other half had approximately 1 gm. of only slightly soluble magnetite
added to each tube.

In Table 2 are given the frond counts for the growth period
following subculture, when half the total fronds in each parent cul-
ture was used for inoculum. The ferric tartrate and megnetite series
show no significant differences. Only the two lowest dilutions tested,
0.05 and 0,10, showed markedly inferior growth. Increasing dilutions
also caused the hydrogen-ion concentration to shift over an ever widen-
ing range throughout the growth period,

Table 3 shows the effect of dilution upon the per cent of
fronds showing "water-sosking" symptoms. It is interesting to note
that the dilutions supporting the poorest growth had the greatest
number of "water-soaked" fronds, suggeéting that nutrient deficiency
is the underlying cause.

A repetition of this experiment at different light intensities,
thus different growth rates, showed that "water-soaking" was more
spparent in fast-growing cultures than in slow-growing ones (Table 4),
This is in accord with the notion that a deficiency is responsible.

As Defore, magnetite proved eéery bit as satisfactory an iron source
as ferric tartrate. Where the reaction of the medium changed from

acid to alkaline during the long growth period, so that pronounced iron



Table 2

Bffect of dilution of mejor elements on frond multipli-
cation. Figures represent mean of four replicates. Oultures 16"
from light source,

Ferric Tertrate

Init. Final
Dilution O 1 3 5 7 9 days pH pH
1.0 17 19 28 33 4o 53 4.8 6.0
0.75 18 18 27 32 45 5l 4.8 6e2
0.50 18 19 29 3l L2 Kl 4.8 6ol
0.25 18 19 29 34 4o 52 4.9 6.8
0.10 14 16 23 27 32 39 4.9 T+0
0.05 13 14 19 23 27 32 5el 7.0
Magnetite

1.0 16 17 25 29 39 4o 4.6 6.0
0.75 17 18 30 3 U5 56 4.6 6.2
0.50 17 19 29 35 Ll 55 4.6 6.4
0.25 17 1 26 32 38 51 u,7 87
0.10 16 16 26 32 36 13 4.6 6.9
0.05 14 15 21 25 30 36 4.8 7.0



Table 3

Per cent of fronds affected by "water-sozking! at
conclusion of 9-day's growth.

19

Dilution
1.0 0.75 0.50 0425 0.10 0,05
Ferric tartrate 23,1 22,9 29.7 40.1 58.0 67T
Magnetite 16.8 15.1 30,4 3649 76.7 6540



deficiency could be expected, there was still no apparent advantage
in the use of one iron salt in preference to the other. No very
noticeable iron deficiency developed in any case.

At both light intensities, Hoagland's nutrient at full
strength appeared less suitable for growth than when it was diluted
to sporoximately one half. However, "water-soaking" was lesst pro-
nounced with full strength, so a triangulation experiment was set

up to determine what concentrations of the major salts produced a
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medium that was optimal as far as the growth of Spirodela was concerned.

Concentrations of magnesium sulfate, monopotassium phos-
phate, and calcium nitrate were varied simultaneously, in one series
with no added potassium nitrate, in another series with potassium
nitrate added at a concentration of 0.005 M, as in Hoagland's medium.,
Bach series was tested, using two feplicates for each treatment, at
16" distance from the light source. The whole test was run in dupli-
cate to compare the effect of growth under UO-watt "Daylight! fluores-
cents with that under 40-watt "White" fluorescent lamps. A comparison
of the charscteristics of these two lamps is given in Table 5.

Growth under the "White" fluorescents was generally better
than that under the "Daylight® fluorescents, in approximately the
same proportion that the luminous output of the "White" fluorescent
exceeds that of the "Daylight." The per cent "water-=soaked" fronds
was also somewhat higher under the "White" than under the "Daylight"
fluorescents, a fact that seemed to be correlated with better growth
ag a result of more luminous energy supplied rather than the spectral

differences of the two light sources,



Table 4

Effect of dilution of major eleménts on frond miltipli-
cation and fresh weight at two light intensities. Ten-frond per
tube inoculum, Figures are increases during 19-day growth period
and represent means of four replicates. Initisl pH = U.8 in all
cases,

Cultures 16" from Dilution

light source 1.0 0:75 0,50 025 0,10 0.05
Trond No. 63 66 68 Th 62 L9
Fresh weight uy 52 57 o4 51 U
% "water-soaked! 7 11 12 27 g 58
Fin?l pH 6.2 6.“’ 6.8 7.1 7.3 7.3

Cultures 28" from
light source

Trond No. 4l ug Ll 43 39 37
Fresh weight 29 35 33 35 33 28
% "water—sosiked" 7 7 9 +1 33 30

Tinal pH 549 6.0 6.3 6.5 6.9 6.6
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Table 5

Comparison of charascteristics of Ug" LO-watt General
Blectric Fluorescent Mazda Lamps.*

Region of
maximum energy Average rated
Lamp outnut life Lumen outputi*
Daylight Blue, red 2500 hours 1800
"hitel Red 2500 hours 21.00

* Mozda Lemps. General Electric Compeny. Nela Park Engineering
Department., 1940. pages 42, 56

%k Measured at end of 100 hours operation, ZEfficiency at 70 per cent
of rated life is sbout 85 per cent of initial rating.
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For the sake of brevity only the data from the series under
"White" lights ie given (Tables 6, 7) since, with the exception of the
differences noted above, the plants under "Deylight" lamps behaved in
very similar fashion.

In all cases best growth occurred when KHoPOL was supplied
| at a concentration of 0.001 M. Increase in the concentration of MgSO)
from 0,001 M to 0,006 M censed a slight improvement in growth, whereas
increase in the concentration of Ga(N03)2 over the same range ceused
growth to decresse. When KNO3 was present (0.005 M ) growth was generally
decreased, but the number of "water-soasked! fronds was greatly reduced.
The widest renge in pH change during the 8-day growth periocd was 4.8 to
6.5. This renge occurred where growth was best, and was the same in
both the series with and the series without added KNOz. In view of this
reduction in number of "water-sosked" fronds, it was decided to retain
KN03 in the nutrient formula. FHoagland's formula was retained as a
basis for further experiments since it differed only slightly from the
better one indicated by the triangulation experiment.

Before the suitability of Hoagland's medium was finally
decided upon, several additional experiments were performed, mostly to
ascertain the causes of the "water-soeking! phenomenon, and alsc to find
out what effect other environmental factora have on the growth of
Spirodela., In the preceding experiment best growth wes obtained in
those salt combinations where the lowest concentration (0.001 M )

EKH POy was present. A test was then made to see if a similar series
with only 0.0005 M KHoPO)y would produce even better growth., At the

same time, the effect of pH of the initial medium, of light intensity,
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Table 6

B-day increase in frond number -nd fresh weight with varying
concentrations of salts of major elements. 30-frond inoculum. Flgures
represent means of duplicates. {Concentrations in millimoles.)

Increase in frond number

Ho KHO3 KNO3 (0.005 ¥ )
Ca(03)2 , Ca(03)2
6 |40 | 1 6 [bo| 1

5 |48 |52 2 5 |45 554 2
4 | 42|54 |56] 3 h |39 |U3 |58

3 |47 Bh | 4 R 5 4
2 | 51|49 5h| 61| 5 2 |41 |46 54 |58 | 5
1 |bg| 60|59 |53|60|58]| 6 1 |30 |U6 (U5 | k4o g kg | 6

(o]
24
KEPOY 6 5 b 3 2 1 MgSOy KHoPOM 6 5 4 3 2 1 1gsOy

Increase in fresh weisht (mg.)

Ca(l0%)p Ca(li03)5

6 |33 1 6 |28 | 1
5 |37 |40 | 2 5 |32 | 408 2
Yo 34 (U3 (bh| 3 L 1303343 3
3 |37 Wb 3 131 38| 4
2 |37 |37 b2 19| 5 2 [29|3 38 || 5
1 |32 (38 |41 |b1|bus k6| & 1 |22|28 |28 |31 (33|35 6
KEoPOy 6 5 4% 3 2 1 MgSORXEPON 6 5 4 3 2 1 ugsOy

Te o e =
* Hozgland!'s formla
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Table 7

Per cent fronds "water-sosked" at conclusion of 8~day growth
period. Fipgures represent means of duplicates.

No KNOs K03 (0,005 ¥ )
Ca(03) 7 Ca(303)2
6 [31] 1 6 12| 1

5 |15 26 2 5 | 13| 8% 2
%] 6]12]14) 3 Y | 1| 6] 6| 3
3 2 6| UL 3 ) 4 51 4
2 | 1| 8 91 71 5 2] o] 1 AIE
1 | 0] 0] 111|012 6 1] o0 0 2| 2| 6

KpPOy 6 5 4 3 2 1 MgSOyp KHoPOy 6 5 4

n
-4
G.q~
)]
=

* Hosgland's
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and of photoperiod were studied for their effects upon growth and upon
"water-soaking". To achieve a 16-hour day, one of the sets of shelves
in the culture room was covered with a heavy black cloth and the lamps
were controlled by a timeclock. Unfortunately, heat dissipation from
the continuously enshrouded lamps was poor, and only towards the end of
the experiment was the temperature inside measured and found to be 33-
35°C., instead of the 24=259C. of the culture room. Undoubtedly this
contributed considerably to a reduction in the amount of growth ob-
served when light was given only 16 hours per day. As in subseguent
experiments, cultures were grown for 7 to 10 days, then subcultured,
using 30 fronds for each inoculum. The growth measurements were made
on the subcultured material, it being considered more representative of
the type and amount of growth the various media were cspable of support-
ing.

In table & the date are given for increase in frond number.
Total area end fresh weight measurements were made but since they only
reflected changes in frond number, they have been omitted. Varying the
concentrations of ca(N03)2, MgS0),, and KH POy made little difference in
the resulting amount of growth which took place, even when this was tried
using different light intensities (and photoPeriods) and adjusting the
media to different initial hydrogen-ion concentrations; factors which
have a significant effect upon growth. The growth conditions causing
the greatest change in pH (Table 9) proved to be the best. The conditions
were 2 high light intensity, with a medium whose Ga(N03)2 and MgSOy
content was respectively 0.003 - 0.005 M end 0.002 - o.ooli M. KHpPOy

wae best supplied at 0.001 M concentration, with the reaction of the
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Table 9

Change in oH of different media after growth for 11 days.
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Teble 10

Per cent "water-soaked" plants after 1ll-day growth period
in media of varying salt and hydrogen-ion concentrations, under con-
tinuous illumination, 16" from light source. ¥Figures are means of
duplicates.,

KH PO, (0.001M) KH,P0),(0,0005})
Ca(N0;) 5 (millimoles) 6 5 4 3 2 1 6 5 4 3 2 1
1gS0),” (millimoles) 123 Lk5 6 1 2 3 4% 5 6
Initial pH
anprox. 5.0 6 3 2 0 1 2 6 10 5 L4 3 3
Initial pH ,
2pprox. 6.0 4 Y 3 2 4 2 2 % ¥ pg 2L 17 11

* Conteminsted
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medium adjusted to spproximately 5.0, for "water-sosking" became more
apparent with decreased phosphate and hydrogen-ion concentrations (Table
10). Decressing the total amount of light energy given to the plants
by decreasing the intensity end also the length of day caused the'water-
soaking" phenomenon to virtually disappear (thus these data were omitted
from Table 10), but growth was too slow for satisfactory experimental
purposes ('l’ab).e 8).

The possibility remained that "water-soaking! might be diminished
by aeration of the solution. Four combinationmsof salt concentration which
had produced the greatest numbers of "water-sosked" plants in the triangu-
lation experiment were employed. Magnetite was used as the source of
iron and all cultures had the usual complement of minor elements added.

As previcusly mentioned, the sddition of 0.005 M KNOs had
sharply reduced "water-soaking" in the triangulation experiment. This
time a series of 0.0l M KNOz was set up to determine the effect of in-
creased concentration both with and without aeration. Measurements were
made of the increawe in fresh weight, frond number, and area for an 1l-
day growth period of the first subculturés from 30-frond inocula. Cultures
were grown under a special fluorescent lamp (Cooper-Hewitt) such that
the intensity was approximately three times as great as the intensity
when cultures are placed 16" from & UO-watt "White" fluorescent lamp.

The tubes receiving aeration were sterilized with rubber stop-
pers through which passed a capillary inlet extending to the bottom of
the medium, An outlet tube was also passed through the stopper (Fig. 3)
so that & number of tubes could be connected together and alr bubbled

through at a slow rate.



Pigore 3, Detalls of aerated culture tube.
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Some of the capillaries snapped above the level of the solution
when being replaced after subculture, so the incoming air just wafted
across the surface of the c¢ulture. This gppeared to be every bit as ef-
fective as bubbling the air through the solution.

As may be seen in Table 11, growth of the cultures under
relatively high light intensity varied considerably in response to different
combinations of concentrations of KHpPQ), Ca(N03)2, and MgSOy. Respective
concentrations of 1, 1, and 6 millimoles gave the best results in every
case (Tables 11 to 13), while "water-soaking" was at a minimum, also.

The effect was not solely confined to increased multiplication rate.
Frond size also increased, although the fresh weight of a single frond
was little affected (Table 13).

The addition of 0.01 M KN03 to the medium ceused & decrease in
the rate of frond production (reflected in total frond area and fresh
weight) of the order of 10 per cent (Tables 11, 12). Frond size and fresh
weight per frond were scarcely affected by the addition of the potassium
nitrate, but it produced a reduction in the number of "water-soaked"
fronds (Table 11).

Aeration of the media, or just circulation of fresh air over
the surface of the media, was attended by an approximate 10 per cent
increase in frond size and fresh weight per frond, while the number of
Hyater-soaked" fronds increased only slightly (Tables 11, 12). The
most striking effect produced by seration, however, was the 30 per cent
increase in frond number.

The beneficial effects of aeration could be attributed primarily

to an improved carbon dioxide supply in the environment above the plants
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Table 12
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Sum of the means (Table 11) for comparison of the effect
of aeration and the effect of KNO3 addition,

Inc. In.fr. no.
Inc. tot. area
Inc. fresh wt,
Frond size

Fresh wt./fr.

Inc, in fr. nos
Inc. tot. area

Inc. fresh wt,

Frond size

Fresh wt./fr.

Non-aerated Aerated % increase
g1l 1059 30
2967 sq. mme U271 sg. mm, ik
688 mg. 996 mg. 4y
3+ S0. mm, 4,0 sq. mm, g
0.85 mg. 0.94 mg. 10

o KNO, Ki104 % decrease
915 900 1
3718 sqg. mm, 3520 sq. mm, 5
886 mg. 799 mg. 10
3.8 sg. mm, 3.9 sq. mm. -3
0.91 mg. 0.89 mg. 2
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Table 13

Sum of the means (Teble 11) for comparison of the effect

of different concentration combinations of KHsPQ), Ca(N03)2 and MgsQ),.
KH,PO), (millimoles) 1 1 1 1
Ca%NOB)g i 6 5 I 1
MaS0), 1 2 3 6
Inc. in frond no. Yoo i 470 53l
Inc. in tot. area 1429 1638 1933% 2038
(sq. mm.) .

Inc. in fresh wt. 391 391 Loy g2
Frond size (sq. mm.) R i 4.1 L2

Fresh wt,/fr. 0.93 0.88 0.90 0.90
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rather than to better salt accumulation by th§ roots, since it was
not necessary that the air bubdble through the medium. This was not
clearly demonstrated, however, since the volume of solution was small,
(only 25 ml,) and the plant roots very near the surface, so that in
the cases where air only wafted across the surface of the medium,

the oxygen tension neaf the surface of the solution was guite probably
maintained at as high a level as in the cases where the air actually
bubbled through.

Whether or not aeration improved growth by maintaining either
the carbon dioxide content above the plants or the oxygen content of
the solution at a more suitable level was not clear, but in all sub-
sequent experiments the tightly packed cotton plugs used up to that
time were replaced byllightly rolled loose~fitting plugs, so that
gaseous exchange might be less hindered than it conceivably had been.

From the foregoing preliminary experiments, the following
conclusions were reached:

1. Growth is best if KHZPOh is kept at a concentration of
0,001 M, MgSOy at spproximately 0,006 M and Ca(N03)2 at approximately
0,001 M (Table 13), using high light intensities., Decreasing the con-
centration of KHZPOM to 0,0005 M has no effect, but a change of the
initial pH of the medium from ca.5.0 to ca.b.0 greatly decreases
growth (Table 8), irrespective of differing light intensities, Co-
incident changes of Ga(NO3)2 and MgSOu concentrations over the range
of 0,001 = 0,006 M affect growth but the optim:al combination varies
somewhat depending upon the light intensity at which the plants are

grown (Tables 6, 8, 11, 13). Increasing the concentratlon of KH,PO)
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from 0,001 to 0.005 or 0.006 M is attended by a reduction in growth,
In media having 0.005 M K‘.I\TO3 additional, there is a general decrease
in growth, particularly in cultures already having a high KHZPOM con-
centration (Table 6). This decrease seems to be correlated with in-
creasing concentration of potassium ion, for increased nitrate ion
(supplied as calcium nitrate) does not have this effect,

Variations in light intensities and day length, or in other
words, varlations in total luminous energy supplied affect the growth
rate profoundly. Finally, aeration of the medium or constant circulae-
tion of fresh air above it greatly accelerates growth, A better sup-
ply of carbon dioxide may be the reason that growth iancreases,

2. The per cent "water-zoaked" fronds increases with dilution
of Hoagland's medium, but is decreased by lowered light ﬁtensity (Table
4). Increasing Mgsoh and KHZPOu concentrations tends to decrease the
number of "water-sosked" fronds as does decreasing the concentration of
Ca(N03)2 (Tables 7, 8, 11),

Addition of 0,005 M KNO3 greatly reduces the per cent "water-
soaked" fronds (Table 7), while 0,010 moles KN03 reduces the percentage
still further (Table 11), A medium, initially too slkaline, will pro-
duce more "water-soaked" fronds, even though the final pH may be the
same as that of other media initislly more acid (Tables 9, 10). Aeration
of media tends to increase the incidence of "water-soaked" fronds some-
what,

It seems most logical to attribute "water-soaking' primarily

to a deficiency of potassium ion (since it can be largely corrected by
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additional potassium). A deficiency of MgSOu coupled with an excess
of Ca(NO3)2 also results in a greater number of "water-soaked! fronds,
Unfortunately no attempts were made to correct these conditions and
observe the effect upon the per cent "water-soaked" fronds, but the
indications suggest that addition of KROB and the use of even higher
concentrations of Mgsou with possibly an even lower concentration of
Ca(K03)2 would make the occurrence of "water-sosked! fronds very in-
frequent indeed.

Not wishing to pursue the study of the inorganic nutrition of
Spirodela further, experiments of this sort were discontinued. At the
time, what now seems 2 reasonable explanation of the "water-soaking"
phenomenon was not grasped. It was epparent that a medium such as
Hoagland's with 0.005 M KN03 produced fever "water-sosked! fronds than
one vhich lacked KNO3. In all subsequent experiments anglandis
formula was employed rather than adopt a new variation of it. At the
low light intensities used and the general short duration of the ex-
periments, the slightly suboptimal growth and small number of "water-
soaked" fronds produced were not so significant as to seriously affect

the outcome of later testse
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CHAPTER III
LIGHT, CARBON DIOXIDE, CARBOHYDRATE

The fact observed in one of the preliminary experiments
(Table 8) that growth, as measured by increase in frond number, total
frond arez, or total fresh weight, is proportional to the amount of
light energy received, was described by Clark (1925) and by Ashby
(19292). The latter further observed that the average area and dry
weight of an individual Lemna frond increased with increasing light
intensity. He also noted that fronds then tended to stay attached and
at supraoptimal light intensities they became a tangled mass of connected,
very-much~-thickened fronds, lacking thg usual amount of chlorophyll,

At low intensities, frond size and weicht were unaffected by the duration
of light, only rate of multiplication being affected.

These observations were confirmed for Spirodela by the follow-
ing experiment., A rectangular box divided into seven equal compari-
ments was fitted with a sliding lid; above which were suspended three
Uo-watt "White" fluorescent lamps mounted side by side on a white
board which served as a reflector., By means of a time clock an elec-
tric motor periodically rotated a drum., This periodic rotation wos
sufficient each time to wind the cables attached to the sliding 1id
just enough so that it wss drawn back the distance of one of the com-
partments. The lights were hung at one side of the box so that there
was substantially decreased light intensity on the opposite side of
each compartment., By means of the time clock the daily dﬁration of

illumination of the seven compartments was respectively 7, 10, 13,
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16, 19, 22, and 24 hours. The sliding cover had to be manually returned
to the starting position once each day,

Three tubes of sterile Hoagland's medium, inoculated with
30 fronds apiece, were placed in each compartment. One was inclined
directly beneath the lights, the other two were inclined parallel to
the side of the compartment away from the lamps (Fig. 4). The ratio
of intensities thus supplied was U4 : 1.2 : 1. This spparatus (designed
for other purposes) was located in an é,ir-conditioned darkroom main-
tained at night at 19° C, and in the day at 26° C. The circulation
of air in the room was rapid and no heating effects from the lamps
altered the temperature within the compartments,

In Figure 5 the increase in frond number (Table 14) is
plptted against the relative amount of luminous energy daily received
by each culture (Table 15). Particulerly at the lower intensities, as
with Lemna, the rate of frond production is largely controlled by the
amount of luminous energy supplied. The two cultures receiving the
greatest amount of illumination had fronds whose size and weight were
significently increased (Table 14), Just as noted by Ashby (1929a),
these fronds generally failed to separate completely. Clusters of
new fronds were interconnected by very spparent filamentous internodes
to form chains, All cultures under intensity "a" had roots about five
times as long as those under intensities "b¥ and Nt

This increase in frond size and weight was thought perhaps
to be the result of additional carbohydrate, in excess of that needed
for new frond formation, which was being used for increasing frond

size. As previously noted, aeration of the cultures at high light in-
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Table 14

The effect of three light intensities, 2, b, and ¢ in the
ratio of 4 : 1,2 1 1 for durations of 7 to 2l hours per day upon in-
crease in frond number, frond size and fresh weight. 30-frond inoculum,
cultured 7 days. Initial pH L.g,

Hrs. Increase in Frond Size Fresh wt,
Prond Number (Sg. mm,.) per Frond (mg.) Final pH,
a b c a <} c a b c a b c

218 123 27 22 5.8 5.4 4,9 .82 .67 .67 6.8 6.0 5.5

22 90 26 19 5.3 5.0 5.0 75 64 .67 6.8 5.9 5.3
19 80 19 15 4,8 L.2 4,5 67 69 58 6.5 5.5 5l2
16 67 16 10 4,9 4,2 L4 66 .61 58  6M4 5.2 5.2
13 60 18 8 5.0 5.0 5.2 66 60 .58 6.2 5.1 4.9
10 52 17 8 4.9 5.0 U.9 BT W57 .63 5.8 5.1 4.8

7 2% 3 2 4,2 5.0 5.2 57 OH W59 5.5 4.8 4.7
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Table 15

Relative amounts of luminous energy received by cultures
under different intensities for different lengths of time each day.

Intensities
Hours (4.0) (1.2) (1.0)
Per Day a b _ c
2L 4.0 1.2 1.0
22 37 1.1 0.9
19 342 140 0.8
16 2ol 0.8 0.7
13 242 0.7 0.5
10 17 0.5 Ok

T - 0.u 0.3



tensity occasioned a 10 per cent incresse in unit frond size and fresh
weight. It was suggested that a better carbon dioxide supply, made
possible by aeration, perhaps induced more carbohydrate formation,

some of which was available for increasing frond dimensions. Steinberg
(1941) studying the nutrition of Lemna, reported that glucose (0.5

per cent) added to an otherwise satisfactory inorganic medium greatly
promoted growth (frond multiplication). It was observed from his data
that the glucose also increased the size of the individual fronds.

Glucose and sucrose were both tested, therefore, and found
to havé a pronounced effect upon growth of Spirodela. Both sugars
' and 0.5 per cent
were tried at 1 per cent concentrations. The higher concentration
was in each case more effective for promoting growth, Sucrose also
seemed to be somewhat more effective than dextrose. To check the point
as to whether the plants were not growing optimally because of a car-
bon dioxide deficiency and also to determine the optimael sugar concen-
tration under the usual light intensity (16" from 4O-watt "White"
fluorescent), and one three times as great (Cooper-Hewitt), the follow-
ing experiment was performed.

Bight sete of tubes of sterile Hosgland's containing varying
smounts of sugar, 0, 1, 2.5, 4, 5, and 6 per cent, were prepared. Four
of these sets had provisions for aeration (Pigure 3, page 31). Three
gsets were placed under the Cooper-Hewitt lamp, one set being the un-
aersted control, the second set having 5 per cent carbon dioxide in
air bubbled slowly through it, while the third set had 0,5 per cent

carbon dioxide in air bubbled slowly through it. Under the lower
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intensity "White" fluorescents was placed a similar set-up, with the
following addition, however, The streams of 5 per cent and 0.5 per
cent carbon dioxide were conducted to the tops of respective bell-jars,
each of which enclosed a set of cotton-stoppered tubes containing
media with the various sucrose concentrations. No effort was made to
seal the rim of each bell jar. They Jjust rested on one of the shelves
beneath a YO-watt "White" fluorescent, and the carbon dioxide-air
mixtures were permitted to leak out sbout the rims. Thé culture
tubes were inclined upon a support inside, but the light intensity
reaching the culture surfaces was undoubtedly diminished somewhat by
the interposed glass of the bell jar which was not too clear, All
cultures were inoculated with 30 fronds apiece and allowed to grow for
7 days. Measurements of the increase in frond number, total area,
and total fresh-weight were then made.

The experiment was repeated in a somewhat different fashion.
All cultures were duplicated. Only a 4 per cent carbon dioxide-air
mixture was available. Sucrose was used in concentrations of 0, 0.5,
1, 2.5, 4, and 5 per cent since growth had been found abnormsl in 6
per cent sucrose.

Prom the two experiments it may be seen that the optimal
sugar concentration for frond increase lies between 1 and 2.5 per
cent (Tables 16, 19). If one compares the growth of the controls
under the "White" lamp with the growth under the Cooper-Hewitt lamp
in the first experiment (Teble 16) and also in the second (Table 19
and Pig, 6), one observes that the effect of increased light is general

over the whole range of sugar concentrations, Despite the plentiful



Table 16

The effect upon the 7-day increase in total frond number

7

of 0.5% and 5% carbon dioxide-air mixtures supplied to media containing

varying concentrations of sucrose., The gas mixtures were supplied
by bubbling through the solution and also by placing the cultures in
an atmosphere of the particlular carbon dicxide content,

"White

Percent Sucrose
0 i 2.5 4 5 6
Control 38 139 137 122 58 o8
5% C0, bubbled 35 102 122 g6 6 9
O 5p co bubbled 43 130 121 93 72 32
5% COo atm. 57 127 125 132 92 62
0.5% €05 atm. 51 102 117 122 99 g2

Cooper-Hewitt

Per cent Sucrose
0 1 2.5 } 5 6
Control 68 193 158 149 81 41
5% coo bubbled gh 170 216 130 3 29
0.5% coq bubbled 106 160 191 115 119 37
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Table 18

Pinal hydrogen-ion concentration after 7-day growth of
Spirodels upon media conteining verying sucrose concentrations, supplied
with additional carbon dioxide. Initial pH = 4.8,

"hite!
Percent sucrose
0 1 2,5 4 5 6
Control 5.1 6.7 7.0 6.7 6.4 6.0
5% €0, bubbled 5.1 6.0 6.1 5.9 4,5 kL.9
5ﬂ 0, bubbled 5.4 6.4 6.6 6.3 6.2 5.8
5% co atm. 6.1 6.6 6.7 6.6 6.6 6.5
0.5% 302 atm, 6.1 6.5 6,8 6.8 6.7 6.5
Cooper-Hewitt
Per cent sucrose
0 1 2,5 4 5 6
Control 6.3 6.5 6.9 6.9 6.5 6.1
5% €0, bubbled 6.0 6.2 6.4 6,2 L4,0 5,3
0.5% bubbled 6.5 6.8 6.8 6.6 6.6 5.9

2 @



Table 19

The effect of different sucrose concentrations upon 8-day
increase in frond number, grown under two light intensities in an
atmosphere of 4 % carbon dioxide-air or with 4 4 carbon dioxide-air
bubbled through the solution. Inoculum 30 fronds. Initial pH 4.8,
Pigures are means of duplicates.

"hite"

Per cent sucrose
0 0.5 1.0 2.5 4,0 5.0

Frond Number

Control 45 131 147 143 1kg 131

4 % CO2 bubbled 56 --- 149 154 152 127

4 % 005 atm. 54 14k 151 153 156 130

Frond size (sq. mm.)

Control 4.6 5.5 4.9 4.5 4.3 3.9

4 4 COo bubbled 5.5 === 6.7 5.6 5.3 k.5

L % COo atm. L5 5.2 5.3 4.6 4.5 3.9

Final pH

Control 5.8 6.7 6.8 6.9 6.9 6.9

4 % CO2 bubbled 5.8 --— 6.4 6.4 6.4 6.1

4 % CO2 atm. 6.0 6.6 6.8 6.9 7.0 7.0
Cooper-Hewitt

Frond Number

Control 77 181 189 198 171 165

4 % COp bubbled 1 221 239 236 247 226

Frond size (sg. mm.)

Control 4,7 4.8 5.2 4.9 4.3 3.6

4 % COo bubbled 5.5 5.6 6.0 5.5 5.0 4.8

Final pH

Control 6.4 6.8 6.8 6.8 6.9 7.0

4 % 00o bubbled 6.6 6.8 6.6 6.6 6.6 6.6
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supply of carbobydrate already available to the plants, further in-
creasing the light intensity increased the amount of growth, the
optimal sugar concentration being about the same at both intensities.

When one considers the effect upon increase in frond number
of supplying carbon dioxide in different amounts considersbly in ex-
cess of the normal content of air one observes (Tables 16, 19) that
in non-sucrose medium growth can be promoted by as much as twenty-five
to fifty per cent. In the first experiment (Table 16) using 0.5
and 5 per cent carbon dioxide~-air mixtures, the éffect upon growth in
medis of various sucrose concentrations was not favorable. Rather,
there was a general though not too consistent decrease in growth as a
result of treatment with additional carbon dioxide., This was particular-
ly the case if 5 per cent carbon dioxide-air was bubbled through the
different media. At the low light intensity, cultures in an atmos-
phere of 5 per cent carbon dioxide-air grew 2lmost as well as the controls,
even doing somewhat better when the sucrose concentration was supra-
optimal, Under high light intensity carbon dioxide-treated cultures
grew little better than the sucrose controls.

In the second experiment using 4 per cent carbon dioxide in
air all trestments were duplicated. The agreement between duplicates
was very close, so that the data are more reliable. EHere one observes
(Table 19 and Fig. 6) that the slight effect of carbon dioxide treat-
ment of cultures heving sucrose is of no significance at low light
intensity, while at a higher light intensity the carbon dioxide-treated
cultures grew 20 to 25 per cent more than did the controls., Here one

may also observe that the effect of increasing the sugar concentration
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in the medium from 1 to 4 per cent only slightly affected the rate of
growth., Beyond U4 per cent the osmotic concentration was high enocugh
to adversely affect growth.

The final pH of media through which gas was bubbled was
generslly lower than the pH of control media or media maintained in
a carbon dioxide atmosphere (Tables 18, 19). Frond size, almost without
exception, was greatest in a 1 per cent sucrose medium, becoming smaller
with increasing concentration (Tables 17, 19). Particularly in the
second experiment, carbon dioxide treatment produced still further
increases in frond size in the presence of 1 per cent sucrose. Fresh
weight per frond varied with the frond size. A concentration of sucrose
greater than 5 per cent ceused weight to increase even though the fronds
became smaller (Table 17).

From the foregoing experiments one can draw the following
conclusions concerning the light and carbohydrate relations of Spirodela.
Under a moderate light intensity plants are not 2ble to produce all
the carbohydrate they can utilize for growth. A supplement of sucrose
in the medium can correct this "deficiency," and growth is thereby
accelerated. Probably there is a limit to the amount of sucrose that
can be assimilated, for growth changes but little over a range of con-
centration from 1 to 4 per cent. Concentrations of 5 and 6 per cent
sucrose then begin to decrease growth, osmotic concentration of the
medium being too high.

The favorsble effect of aeration upon growth at high light
intensity was thought attributable to the provision of a better carbon

dioxide supply, so that photosynthesis of carbohydrate was increased.
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Treatment with carbon dioxide increases the growth rate to a marked
degree. A sugar analysis of aerated and of carbon-dioxide-treated

plants showed them to contain very nearly the same amounts which were

100 per cent higher than the sugar content of the controls. Since
cultures in a carbon dioxide-enriched atmosphere grow every bit as

well as those which have carbon dioxide-air bubbled through the solution,
it is gpparent that the carbon dioxide supplied by aeration is responsible
for the additional growth and not the oxygen bubbled through the solution
sbout the roots.

Inereasing the light intensity is accompanied by 2 proportional
increase in growth rate. What was not expected, however, was that
plants upon medium containing sucrose in the optimal concentration
range would grow still more rapidly when placed under a higher light
intensity. Such, however, proved to be the case. From evidence deduced
from these tests and from experiments conducted in the absence of light
it is concluded that growth is controlled not only by the sugar supply
available, but is further limited by an unknown factor (or factors)
whose formation requires light. If light of high enough intensity is
supplied, cerbon dioxide treatment of cultures growing on sucrose
medium produces a further increase in growth. The products of photo-
synthesis are distinguishably different from the sucrose coming from

the medium, since their effects upon growth are essentially additive.
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CHAPTER IV

COCONUT MILK, PEA DIFFUSATE

One of the chief problems of this ianvestigation with

Spirodela polyrrhiza was to show that there are substances, both in a

crude and in a pure state, which when added to sterile inorganic medium
balanced for optimal growth will cause the plants to grow at an in-
creased rate,

In a preliminary experiment nicotinic acid and yeast extract
were tested for growth promoting activity in concentrations of 15, 75,
and 150 mg. per liter. The two highest concentrations of nicotinic
acld decreased growth. The fronds were very abnormal in sppearance for
they were small, dark green, with a satiny gloss to the upper surface.
At 150 mg. per liter growth was much arrested, and the fronds instead
of separating grevw in a clump, one on top of the other. Many fronds
died. At the lowest concentration growth was only slightly diminished.

Decreasing growth and smaller fronds were associated with
increasing yeast extract concentration, also. The symptomatic appearance
was similar, though less pronounced, then was the case with nicotinic
acid. This points to the nicotinic acid content of the yeast extract
as being partly if not wholly responsible. In all yeast extradét con-
centrations root length was 12 mm. With nicotinic acid root length
diminished with increasing concentration from 12 to 7 to Y mm. The
controls had roots 5 to 6 mm. long. Root growth was stimulated by a
suitable concentration of nicotiniec aecid, while frond growth, both in

size and multiplication rate, was adversely affected.
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In the cultivation of very young embryos of Datura, van
Overbeek, Conklin, and Blakeslee (1942) reported that non-autoclaved
coconut milk promoted growth when added to an agaer containing inorgaiic
salts plus dextrose. If, besides the non-autoclaved coconut milk, there
was & supplement of growth factorsd (concentrations fixed arbitrarily)
in the medium, growth was promoted even more.

Coconut milk was tested for its effeect on' the growth of
Spirodela in the following manner. Hoagland's medium at five-thirds
normal strength was tubed and sterilized, 15 ml. per tube. Sterilized
separately was a concentrated mixture of the growth factors, made up
in such a way that 0.5 ml. in 25 ml. of final culture solution gave
the proper concentrations. Fresh coconut milk was drawn sterilely from
a carefully opened nut and added (10 ml. per 25 ml. culture) to the
concentrated Hoagland's plus growth supplement. For comparison, old
coconut milk rendered sterile by Seitz filtration was also tested, along
with a control having only the growth supplement, and a control without
any additions. Six replicates of each treatment were inoculated with
30 fronds apiece, allowed to grow one week, then 30 fronds apiece sub-
cultured upon freshly prepared media. At the time of subculturing, all
plants which had received the filter-sterilized coconut milk were dead,
although a few new fronds were formed before death. One culture receiv-
ing fresh coconut milk was also dead. These cultures were discontinued.
Measurements were therefore made on the 7-day growth of five cultures
having fresh coconut milk plus supplement, six cultures having the
3 Concentrations in mg. per liter: glycine 3.0, thiamin 0.15, ascorbic

acid 20.0, nicotinic acid 1.0, vitamin Bg 0.2, adenine 0.2, succinic
acid 25.0, pantothenic acid 0.5.
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supplement only, and six controls. Cultures were grown at 16" distance
from the 4O-watt "White" fluorescent.

Although the supplement of growth factors caused a very slight
increase in number of fronds (Table 20) their size and weight were
diminished. The addition of coconut milk increased the frond number by
more than 20 per cent and fresh weight to an even greater degree, but
frond size was diminished. Those plants treated only with the supple-
ment of mixed growth factors were distinctly different in appearance
from the controls. The satiny gloss of the upper surface, coupled with
the diminished size, strongly suggested the effedt produced by too much
nicotinic acid. The amount present was only 1.0 mg. per liter and
previously this effect had been observed with 15.0 mg. per liter nico-
tinic acid, so that some other component of the mixture of growth
factors may have been jointly or sblely responsible.

Through the courtesy of Dr, van Overbeek several different
concentrates and purified extracts of coconut milk which had shown
activity when tested with Datura embryos were obtained. In many instances
only a few milliliters were available so-that testing in replicate was
not possible. The test was conducted using 1 per cent sucrose Hoagland's
as basal medium, so that the sugars known to be in cocomut milk could
not be credited with all the activity. The extracts tested, together
with the description furnished with them and the amounts used are
summarized in Table 21.

Thirty-frond inoculum was used. Subcultures were made after
one week and measurements made on the subsequent week's growth. Cultures

with I, II, III, and VII developed bacterial growth in this time so have
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Table 20

Effect of a mixture of growth substaences, with and without
the addition of coconut milk (10 ml./25 ml.) upon 7-day growth of
Spirodela, Initial pH 4.0, PFigures represent mesns of 5 or 6
replicates.,

Increase in Incresse in
Increase in total area totzl fresh Final
frond number (sg. mm,) weight (mg.) pH

Fresh coconut milk

plus growth supplement 68 266 Hls2 546
Growth supplement 56 225 284 4.5

Control 52 298 30.7 6.0



59

Tshle 21

Different coconut milk preparations, together with the
descriptions furnished, the amounts added to each 25 ml., culture, and
their relative equivalence in terms of milliliters of fresh coconut milk.

Ml, used Bguivalence in
per 25 ml, ml., fresh coco-
Code Description culture nut milk
I #8 1.0 1.0
II Tuller's earth treated(5 x conc.) 1.5 745
III #7 1.0 1,0
IV(a) #3 filtrate 50° 1 hr. 1.0 1.0
(b) [t} i it " 2,0 2.0
(c) ] 1 ] " 5.0 5.0
v Combined #7 end #8 2,0 250
VI Combined #7 and #8 (5 x conc.) 0.75 3.75
VII #6 (5 x conc.) 1.0 5.0
Viil Charcoal, fuller's earth treated 1.5 1.5
IX Combined #4 and #5 activated charcoal
5 hrs, 1.5 1.5



not been included in Table 22. Cultures with I and II grew very little,
while with III growth was almost exactly the same as the 1 per cent suc-
rose control. With VII growth was 50 per cent better than this contrel,
and despite bacterial contamination, was about on a par with the culture
having VI (Table 22). Preparations IV, V, VI, VIII, and IX possessed
the ability to stimulate growth in excess of that in the 1 per cent
sucrose control, the activity being proportional to the concentration.
Although frond size increased 10 per cent in cultures V and VI (con-
bined #7 and #8; 5 x concentrate of same combination) there was little
significant change in other cultures. The most siriking effect was

the great increase in frond weight which exceeded that of the 1 per

cent sucrose control by as much as 30 to 50 per cent. All treated
plants had some anthocyanin pigmentation on the underside indicating
excess carbohydrate.

The two preparations VIII and IX which had undergone a
charcoal adsorption supported the greatest amount of growth, even
though used at comparatively low concentrations (1.5 ml. for both).
Either these preparations were more active to begin with or treatment
with charcoal removed inhibitory material from them.

From analyses that have been made upon milk from ripe
coconuts, it is known that it contains sbout 4.5 per cent sugar
(almost entirely sucrose). In this experiment, then, the cultures
treated with coconut milk had added to the 1 per cent sucrose in the
basal medium an additional 0.18 to 0.90 per cent sugar, composed
largely of non-reducing sugar but with a certain small amount of

reducing sugar. If one looks back (Table 19, page 50) to the experi-
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ment on the effect of sugar concentration under the "White" lamp wupon
increase in frond number, one sees that the additional increment caused
by coconut milk is far greater than the increment that would occur if
only sugar concentration were increased from 1 to 2 or even 2.5 per
cent,

Although it did not seem very likely that the beneficial
effects of coconut milk were to be ascribed solely to its sugar content,
the possibility was tested by anslyzing a coconut milk preparation for
reducing and non-reducing sugars; then simultaneously testing this
coconut milk and a preparation of sucrose and dextrose having the same
concentration of sugars, using the ssme dilutions. For the Datura
embryo effect the coconut milk must not be sutoclaved. In this experi-
ment a series nsing autoclaved coconut milk was compared with a series
using filter-sterilized coconut milk as well as a series of the sucrose-
dextrose combination. It was thought that if part of the activity was
not caused by fhe sugars and was destroyed by heat, then the activity
of the sugars as they really are in coconut milk could be plainly
assessed.

A 4,2 times concentrated coconut milk preparation upon
analysis revealed 21.1 per cent non-reducing sugar and 5.6 per cent
reducing sugar. In terms of unconcentrated coconut milk that equalled
4.9 per cent non-reducing, 1.3 per cent reducing sugar. Twenty-five
milliliters of 21.1 per cent sucrose, 5.6 per cent dextrose were
_prepared. Expressing concentrations as milliliters unconcentrated
coconut milk per 25 ml. culture, four strengths were tested in each

of the three series. Measurements were made after seven days had been



63

given the subcultures to grow from 30-frond inocula. During that
period the "White" lamp burned out and was replaced only after twenty-
four hours or more, so that the plants actually received six days or
less of full illumination. Thus the figures in Table 23 are all
lower than normally would have been the csse.

Contrary to expectation only the lowest concentration of
coconut milk, which had been autoclaved, produced a significeant increase
in growth, None of the-cultures which'had filter-sterilized coconut
milk grew as well as the sugar controls, although frond weight practically
doubled. This increase in frond weight'was even more pronounced in
cultures with autoclaved coconut milk. Frond size was greatly increased
with the two lowest concentrations of autoclaved coconut milk.

This test gave every indication that the factor or factors
in coconut milk responsible for accelerated growth were not only heat-
steble, but in this particular preparation at least, were associated
with inhibitors partially destroyed by autoclaving. It may be argued
that this was a more active preparation than used hitherto, so that the
range of concentrations was supraoptimal. With autoclaving, the activity
was partially destroyed so that the lowest concentration tested more
nearly approached the optimum., However, the inhibitor interpretation
seems more reasonable in the light of the evidence to follow. In the
previous test (Table 22, page 61) growth was not the same when similar
concentrations of different filter-sterilized preparations were used,
indicating that activities do differ. This may be explained on the
basis of different amounts of active substance or of inhibitor being

present. More probably it represents different ratios of active



Table 23

The effect of different concentrations of Seitz-filtered or
autoclaved coconut milk when compared with similar concentrations of
a2 sucrose~dextrose mixture of the same per cent composition as the
sugars in the coconut milk., Measurements made after 7 day's growth
of subcultures from 30-frond inocula. Figures represent means of
closely agreeing duplicates. (Values smell because burned-cut lemp
not replaced for 24 hours or more.)

Ml. unconcentreted prep./25 ml,

Control 2.5 5.0 75 10.0

Increase in frond number

Sucrose~dextrose 23 90 97 104 101

Tilter-sterilized - 72 60 9 10

Autoclaved — 137 &8 12 7
Frond size (sq. mm, )

Sucrose-dextrose 4.0 5.0 5.l 4.9 L5

Pilter-sterilized ——— 5el 4,2 3.4 343

Autoclaved —— 6.1 6.5 3.6 3.0
Tresh weight ver frond (meg.)

Sucrose~dextrose 0.U7 0.79 0.84 0.76 DTl

Filter-sterilized ——— 14 1k 1.2 1.0

Autoclaved ——— 1.5 24l 1.l 1.0
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substance to inhibitor since van Overbeek (1942) has foumd that certain
treatments of coconut milk preparations may release inhibitory sub-
stances which mask the Datura embryo factor activity. He particularly
showed how ether extraction and to 2 lesser degree, autoclaving, cause
a2 release of active suxin. He concluded that auxin is responsible for
the root inhibition of the embryo cultures. Spirodela plants which
were markedly inhibited by treatment with coconut milk showed pronounced
epinasty, just as Lemna plents show with high concentrations of indole-
acetic acid (Gorham, 1941). There is 2 strong li}g‘lihood that supraoptimal
auxin concentration is at least one of the inhibiting factors for
irodela as well.

Although the active principle in coconut milk may not be the
same for Spirodela as for Q_a_}ir_g embryo, since autoclaved coconut milk
is active as regaerds the former, the difference in response is probably

a reflection of the different behavior of Spirodela and Daturas embryo

towards the concentrations and types of masking inhibitors, of which
there appears to be more than one.

Through the courtesy of Dr. D. M. Bonner a sample of pea
diffusate (70 mg. per ml. ) was obtained. Bonner, Hasgen-Smit, and
Went (1939) and Bonner (1940) have reported pea diffusate to be a
rich source of leaf growth factors. DMore recently Went and Bonner
(1943), by means of a special test with tomatoes, have shown that pea
diffusate, along with coconut milk, possesses caulocaline as well
as leaf growth activity. There was good reason, therefore, to suppose
pea diffusate would promote growth of Spirodela.

A test was made using four concentrations, 0, 0.05, 0.5, and
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5.0 mg. per ml. in four sucrose concentrations, 0, 0.01, 0.1, and 1.0
per cent. The pea diffusate was toxic at 5.0 mg. per ml, and inhibitory
at 0.5 and 0.05 mg. per ml. in all sucrose concentrations. Unfavorable
hydrogen-ion concentration was not responsible forAthe inhibitory and
toxic effects for pH was checked at the beginning and end of the ex-
periment. It is not unlikely that some inhibitor completely masked any
growth promoting activity the pea diffusate may have had, but no solvent
extractions were made to test this possibility.

In summary, therefore, it can be said that nicotinic acid
and yeast extract both diminish growth over a range of concentration
from 15 to 150 mg. per liter. Pea diffusate likewise decreases growth
at concentrations ranging from 0.05 to 5.0 mg. per ml, Coconut milk
possesses growth promoting activity, partly the result of sugars,
partly attributable to unknown materials. Too high concentrations of
coconut milk are inhibitory, autoclaving removing the inhibitory effects
somevhat. Autoclave temperatures do not destroy, or only partially
destroy growth promoting activity. The factors promoting growth of
Datura embryos may be similar to those which promote growth of Spiro-

dela, the presence of inhibitors accounting for differences in response.
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CHAPTER V

HUMUS, SPHAGNUM, AND DUNG EXTRACTS

Bottomley (1914, 1917a) was one of the earlier workers who
investigated the role of organic growth promoters as they affect higher
plants, He first reported work with wheat seedlings grown in both sand
and solution culture. A 20 to 25 per cent increase in growth (in terms
of dry weight) resulted when these seedlings were treated with an
ethanolic extrgct of peat in which certain soil microorganisms had been
growing (bacterized peat) or fractions separsted by phosphotungstic
acid or silver nitrate.

N

He used Detmer's formula, which has a very high total salt
content, as the basis for his solution culture experiments. Neither
wheat seedlings nor Qéggg;giggg would long maintain growth in a medium
having only inorganic constituents. The presence of soluble organic
matter appeared essential for their normal growth., With Lemna minor,
increase in number end size of fronds was proportional to an increase
in the amount of growth promoting substence ("auximone," as he called
it) added to the culture sclution. He suggested that some of the or-
ganic material acted directly as an orgenic nutrient, while the remainder
might be in the nature of accessory food substances.

Becsuse bacterized peat had been observed to affect nuclear’
development, Bottomley (1917b) undertook to analyze this material to
see if it contained nucleic acids. He found no nucleic acid as such,

I’ Concentrations in grams per liter: KN03 2.33, KHoPOy 0.5, MgSOu.7H20
0.5, NaCl 0.5, CaSOy.2H,0 1.67, Fe013 trace.
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but all the constituents which were present he concluded to have been
broken dovn by bacterisl activity. Derivatives from nucleic acid which
had undergone decomposition in decaying peat were tested (1913) and
found to promote the growth of Lemna minor in Detmer's solution. An

autoclaved suspension of Azotobacter chroococcum (previously grown 14

days on mennite-sgar) also promoted growth to about the same extent.

An enormously increased growth resulted when the nucleic acid derivatives
were combined with the Azotobacter preparation. This large increase

was equivalent to that obtained by the use of bacterized éeat. Neither
the ash from the nucleic acid derivatives nor that from the Azotobacter
preparetion had any activity.

The preparation of nucleic acid derivatives wzs made by
extracting peat with 1 per cent sodium bicarbonate until no longer
colored. The combined extracts were neutralized with hydrochloric
acid and concentrated. An Yadenine-uracil dinucleotide" was separated

from this which also showed activity. An autoclaved preparation of

Bacillus radicicola grown on maltose-aggar likewise showed activity.
Bottomley note& that dry weight increased 30 per cent if growth were
| promoted, but decreased 20 to 30 per cent in the controls or the ash
treatments during a growing period of 7 weeks.

In subsequent experiments (1920s, 1920b) Bottomley made a

comparison of the growth of Lemna minor and Lemns major (Spirodela

Bolyrrhiza) in Detmer's solution, Knop's solution,5 and pond water,

with and without added bacterized peat, to see if 1its promotive

5 Concentrations in grams per liter: KNOz 0.167, KHyPOy 0.167,
MgSOy . TH0 0.167, Ca(NOB)e.uﬂeo 0.5, FeCllz few drops.
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effect were only demonstrable in the presence of an unsuitable com-
bination of inorganic materials. Neither species grew normally for
any length of time on either Detmer's or Knop's solutions. L. minor
produced fewer fronds but was normal in appearance when grown on

pond water. Increased growth and healthy appearsnce occurred in cul-
tures of either Detmer's or Knop's to which bacterized peat was added.

Extracts from an autoclaved growth of Azotobacter chroococcum,

crude nucleic acid derivatives from raw peat (bicarbonate extraction),
and a water extract of bacterized peat promoted growth of Lemna major,

Salvinia natans, and Azolla filiculoides.

Bottomley's methods were used by Mockeridge (1920) to show
that agueous extracts of fresh and well-rotted stable manure, manured
soil, and leaf-mold all promoted growth of Lemna major upon Knop's
medium., Plants without additions diminished in weight and became unheal-
thy. All these extracts were found upon analysis to comtain varying
amounts of nucleic acid derivatives. The greater the effect shown,
the greater was the proportion of purine and pyrimidine bases. From

Azotobacter chroococcum Mockeridge (1924a) also obtained the essential

constituents of nucleic acid: carbohydrate, phosphoric acid, purine

and pyrimidine bases., She found(192Ub) that with varying concentrations
of crude nucleic acid derivatives from peat, growth of Lemna minor was
approximately proportional. With a preparation derived from Azotobacter
growth was promoted but the increase was not proportional to concen-

tration. An autoclaved preparation of Saccharomyces promoted growth

to a greater extent than an autolysed (35°C. for 72 hours) preparation.

This she attributed to the greater decomposition of nucleic acid which
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would occur at sutoclave temperatures (120°C. for 1 hour), for both
Mockeridge and Bottomley came to the conclusion that the growth pro-
moting effects of their different preparations were somehow connected
with the observed occurrence therein of purine and pyrimidine bases,
since both cell and nuclear size increased upon their addition.

The results obtained by Bottomley and Mockeridge and the
conclusions they drew from them were at once disputed. Criticism
centered about the use of Detmer's solution upon which Lemna failed
to grov normally. This had led Bottomley erroneously to believe
organic supplements essential for the maintenance of active, vigorous
growth., This subnormal growth of the controls made the increases re-
sulting from treatment with organic materials appear questionable.
Could not a suitable inorgenic medium be devised in which these orgenic
additions would have no effect? A further criticism was levelled at
their work, namely, that they had used frond number as a criterion of
growth., As this increases exponentially with time, the differences
between treated and untreated cultures after a long growth period
(7 to 10 weeks) became greeatly exaggerated. TFrom their data it was
observed that treated and control cultures sometimes did not differ
for several weeks, then as the controls befan to fail, the treated
cultures zppeared to be stimulated to increased multiplication.

It was not long before Clark (1924) showed that Lemna major
could be grown for a period of 5 months without the addition of any
organic materials. Throughout this period normal vigor was maintained.
He therefore concluded that Bottomley's "auximones" cannot be considered

as essentials for the growth of green plants in the sense that vitamins
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are necessary for the growth of animals, Their function must be
accessory in nature,

Using what was essentially Bottomley's technigque Saeger
(1925) found that neither Detmer's nor Knop's solution was suitable

for growth of Spirodela polyrrhiza, but in Knop's solution, diluted

one part to ten, he successfully grew S, polyrrhiza and Lemna valdiviana

Phillipi for nearly half a year. An extract of autolyzed yeast and a
preparation of "crude nucleic acid derivatives" from peat by 1 per
cent sodium bicarbonate extraction (as outlined by Bottomley) stimulated

growth of Spirodela polyrrhiza both in 1/10 Knop's solution and in pond

water, The greatest effect was caused by their addition to the 1/10
Knop's solution., Like Clark, Saeger Qoncluded that the necessity for
organic foods could not be accepted as an established fact,

Because Ashby (1929b) considered the experimental error so
great as to seriously discredit the results obtained by Bottomley
and Mockeridge, ﬁe undertook a careful investigation of the effect
of agueous extracts of both fresh and well-rotted horse dung upon
the growth of Lemna minor. He endeavored to keep bacterial contamina-
tion at a minimum by frequent changes of solution, which was sterilized
before organic materials were added. The pH was adjusted to 4.8
with sulfuric acid., The cultures were grown, under controlled con-
ditions of light and temperature for only 11 or 12 days using Clark's

6

formula” as a basal medium,

& Concentrations in grams per liter: CaHPOu.2H20 0.07, KNO3 0.80,
MgS0y, . TH,0 0,25, FeCl3.6320 0.0027,
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Unlike Mockridge, he found no difference in the activity
of extracts from fresh and from well-rotted manure. Both ceused a
pronounced growth increase. The ash of these extracts had no appreciable
activity, but the active materials withstood amtoclaving. Frond weight
was unaffected by the extracts, butfrond size increased with increasing
concentration. From a determination of the so0lid matter content of
the extracts he was able to determine that activity was maximal at
a2 concentration of approximately 2 parts per millioﬁ organic material
added. Iﬁcfease in concentration up to 20 parts per million had no
further effect., At high cbncentrations (2,000 p.p.m.) Ashby noted
some growth inhibition. He observed an 1ncf¢ase in cell size and
chloroplast number in plants whose growth rate was stimulated so he
attributed the increased growth rate to increased photosynthesis.

Olsen (1930) tested a watery extract of bacterized peat

(prepared according to Bottomley's Danish patent No. 18966) upon

Helianthus anmuus growing in solution culture! but found that growth

was not affected. He repeated the test using Lemna polyrrhiza (Spiro-

dela Bglyrrhiza),grown in Knop's solution with pH adjusted to about

6.,0. Throughout subsequent growth the pH was never permitted to ex-
ceed T7.7. Solutions were changed once a week, the experiment being
continued for about a month., Olsen compared the effect of iron
supplied as chloride (50 to 100 mg. of iron per liter) and as citrate
7 Concentrations in grams per liter: '(NHH)SSO 0.26, Ca(N05),.4H. O

0.80, KNO3 0,25, ¥gS0,.TE0 0,25, KH,PO, 0.25. (Boiled and“filfered
tap water, Iron as ferric citrate).
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(5 mg. of iron per liter), both with and without addition of bacterized
peat extract (15 mg. of dry matter per 5 ml. of extract added per
liter). Pronounced stimulation occurred when peat extract was added
to solutions having iron as ferric chloride, fo:'thé plants without
this addition soon became chlorotic and multiplied feebly. Treated
plants were twice as large and multiplied rapidly. Treated plants
upon ferric citrate medium were the same as treated plants on ferric
chloride medium, but so also were those untreated plants on ferric
citrate medium. Olsen, therefore; concluded that since the effect
of ferric citrate was quite similar to that of humus extract, the
effect of the latter is to make iron more readily available to the
plants,

Finally, Clark (1930), and Clark and Roller (1931) tested
extracts from soil, alfalfa, and manure upon Lemna major im both
sterile and non-sterile culture, using Clark's formmla for their
basal medium, and growing the plants in cotton-stoppered Erlenmeyer
flasks in sunlight. In sterile culture, the addition of organic
substences had no effect or else a depressing effect upon the rate
of reproduction, when optimal concentrations (1 to 60 p.p.m., effective
range in non-sterile culture) were tested. If non-microorganism-free
plants were introduced into sterilized medium having organic additioms,
~a stimalation in growth rate occurred. Upor inorganic medium the
growth of cultures free from microorganisms was faster than those
not so freed., Pure cultures of bacteria sometimes increased, at
other times did not increase, and sometimes decreased growth when

added to sterile inorgznic cultures. Decreased growth was not so pro-
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nounced if orgenic matter was present. They further tested a number
of recognized orgenic compounds such as ures and creatinine and found
no stimulation in either sterile or non-sterile cultures.

With so much conflicting evidence concerning the growthe
promoting properties of extracts from peat, soil, and manure, there
was clear need for a reinvestigation of the problem. First of all,
en attempt was made to decide to what extent Olsen's hypothesis was
corrects It was noticed from his date that when the cultures received
iron as ferric chloride the concentration was so high as to prove
toxic, and indeed, such cultures grew poorly. However, the pH range
at which they were grown was also so high as to have precipitated the
iron as hydroxide, thereby rendering it virtuelly unavailable to the
plants. Poor growth snd chlorotic condition was thus caused, perhaps,
by an almost complete lack of iron, which condition could be corrected
by adding extract of bacterized peat or using a medium with iron
supplied as the citrate.

Olsen used Knop's formula for his basal medium, adjusting
the pHE to 7.7. With an adequate supnly of iron, such as was furnished
by ferric citrate, an extract of bacterized peat produced no growth
stimulation., Several other investigators have found a pH of 4.8, as
used by Ashby and Clark, to be about optimal for the growth of Lemna,
Possibly Olsen's failure was occasioned by his use of such a sub-
optimal hydrogen-ion concentration,

In preliminary experiments, previously mentioned, a humus

extract was found to stimlate growth of Spirodels polyrrhiza in sterile

culture under constant illumination of moderately high intensity. Iron
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was supplied as the tartrate and as four inorgenic salts. At a pH
of about 5.0 growth was the same in all five types of cultures. A
20 per cent increase in growth attended the addition of hums extract
to all five types of cultures. Repetition of the experiment to
try and establish the optimal concentration of humus extract was not
successful. The problem was therefore dropped while the inorganic
nutrition was being studied, to be picked up when it and the effect
of other environmental factors upon the growth of Spirodela were better
understood.

Two extracts of humus, composed largely of rotting leaves of

scrub osk (Quercus dumosa), were prepered by repeated aqueous extrac-

tion of 250-gram samples until no more color remained. One extract
was made by daily replacing the colored solution with distilled water
adjusted to pH 8.5 with ammonium hydroxide. The other extract was pre-
pared under alkaline conditions achieved by the use of 5 per cent
sodium bicarbonate solution. The daily aliquots of extract were
collected over a period of nearly 3 weeks. ZNach day's aliquot
was centrifuged then added to those of previous days, and kept at
30 C. to hinder growth of microorganisms. After collection ceased,
the two extracts were concentrated to a volume of 250 ml, under
vacuum 2t a temperature which did not exceed 60° C.

The ammonium extract was tested over a wide range of
concentrations (extract from 0,001 to 20 gms. humus per liter).
Both autoclaving and Seitz filtration were employed in sterilizing

the extract. In either case, growth of Spirodela was completely
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unaffected by any concentration tested.

The sodium bicarbonate extract was similarly tested over a
range of concentrations (extract from 0,001 to 16 gms. of humus per
liter)., The test with autoclaved extract was a failure because of
neglect to neutralize its slkelinity. This was done before the test
was repeated using filter-sterilized extract. With sulfuric acid
the pH of the concentrated extract was adjusted to approximately 7.0.
The following concentrations were used: extract from 0, 0.001, 0,01,
0.1, 1.0, and 10,0 grams humus per liter, tested in two series, one
in vwhich no sucrose was a2dded to Hoagland's medium, the other in
which there was the addition of 0.5 per cent sucrose. The growth
made in the subcultures, inoculated with 25 fronds apiece, at 16"
from the "White! fluorescent lamp was measured after 7 days.

With no sddition of sucrose to the medium, the lowest con-
centrations of oek humus extract promoted an increase in frond number
(Table 24). Frond size wes somewhat increased, while frond weight was
affected but little. The highest concentration was inhibitory., In
0.5 per cent sucrose medium the beneficial effect of the extract upon
increase in frond number was no longer spparent., At concentrations
of 0.1 and 1.0 gm. per liter frond size was considerably greater, but
the extract had little or no effect upon the fresh weight per frond.
Hydrogen-ion concentration changed over a greater range where the
greater amount of growth had teken place, namely, in the 0.5 per cent
sucrose series, This experiment showed, therefore, that humus ex-
tracts can promote growth in the presence of ferric tartrate provided

the pH is not too high. It also indicated a relationship between
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Table 2L

The effect of different concentrations of Tilter-sterilized
oak humus extrrct with and without the addition of 0.5% sucrose., Growth
of subcultures measured after 7 days. 25-frond inoculum. Figures
represent means of U replicates.

Wo sucrose

Bxtract from the following
emounts of humus (gm./1.)

0 0,001  0.01 0.1 1.0 10,0
Inc. in fr. no. 38 Iy ug 4y 43 27
Frond size(sq. mm.) 4,6 L8 5.l 5.1 5.1 2
Fresh wt./fr.(mg.) 0.5% 0.63 0.56 0.53 0.60 0.62
Initial pH. 5.2 5.0 Byl 5.5 6.0 63
Tinal pH. 5.6 5.7 5.8 5.9 6.3 7.6

0.5% sucrose

Inc. in fr, 0o} 133 12h 13L 131 87 69
Pr. size (sg. mm.) 5.9 6.1 5.8 6.5 Tl 5.7
Fresh wt./fr.(mg.) 0.87 0.87  0.86 0.93 0.91 0.91
Initial pH. I8 L9 5.0 5ol 5.0 6.l
Final ph. 6.8 6.8 6.8 6.9 6.9 T+7



carbohydrate supply and the type of growth which would occur.

Five differing soil samples from locations in Maine, New
Hampshire, and Vermdnt were extracted with water by autoclaving,
centrifuging, and meking up to standard volume (extract from 50 gms.
soil per 100 ml.). Eighty-seven grams of sphagnum peat were dried,
extracted with water at pH 8.5 in a Waring blender, centrifuged, the
clear liguid concentrated, neutralized with hydrochloric acid, and
made up to 250 ml, Samples of fresh horse and cow dungs were dried,
100 grams of each autoclaved in 500 ml, of distilled water, centri-
fuged, and made up to 500 ml, volume.

These extracts were tested for activity by adding 2.5 ml.
per 25 ml, culture to medium containing 1 per cent sucroses The
tests were made using three concentrations of iron, 1, 10, and 100
parts per million, supplied in one series as the tartrate, in another
as the chloride,

Several cultures became conteminated with molds, but from
the incomplete data gathered the following observations could be made.

1. Under the experimental conditions employed, no extract
promoted growth significantly.

2o Several extracts inhibited growth to a certain extent,
3. TFerric tartrate and ferric chloride serve about equally
well as iron sources provided the concentration is not

too great.

4, An iron concentration of somewhat more than 1 part per
million may benefit growth slightly.

5. One hundred parts per millionc6f iron as chloride was
immediately toxic because the hydrogen-ion concentration

was too high. The same concentration of iron as tartrate
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produced nearly complete inhibition, although hydrogen-
ion concentration was not seriously affected,

6. In 100 parts per million of iron as tartrate the growth
inhibition was overcome to quite a degree in the presence
of all extracts. '

7o In point of increcase in frond number, and frond weight,
though not completely with respect to frond aresa,
additional iron overcame the growth inhibition caused by
sphagnum peat extract.

8. Frond size and weight were significantly increased in
the presence of extracts of horse and cow dungs.

It wes realized that in the foregoing experiment the more
or less arbitrarily chosen concentrations of extract might be too
high or too low for growth promotion to be spparent. There was also
the possibility that the preparation of the extracts by sutoclaving
was destroying substances which might have had activity. Since, as
noted, extracts of sphagnum peat, horse dung, and cow dung produced
the most unusual response, the same extracts of these materials were
next tested over a range of concentrations of 0, 0.,0%, 0.1, 0.5,
1.0, 2.5, and 5.0 ml. extract per 25 ml, culture., That additions of
sugar via the extracts might not become a complicating factor in the
analysis of any growth promotion which might occur, the test was
conducted uéing 2.5 per cent sucrose Hoagland's, An actual control
test was carried out simultaneously, using 1.0 ml. of each extract
per culture in O, 1, 2.5, 4, and 5 per cent sucrose medis, Were an
effect caused by sugar sdded via the extract, then at high sugar con-
centrations the inhibition caused by supraoptimal amounts of sugar

in the controls should be less than in the treated cultures,
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The test followed the usual patternf Growth of the sub-
cultures from inocula of 30 fronds was measured after a period of 7
days. The effect of two light intensities was compared, one series
being placed under the Cooper-Hewitt lamp, which provided spproximately
three times the intensity of the "White" fluoreécent at a distance of
16 inches,

| An exsmination of the data in Tables 25 and 26 reveals the
fact that a particular extract promotes an increase in frond number
if a) the concentration is within the proper range, b) there is sucrose
in the medium at a suitable cmcentration, and ¢) the illumination is
of sufficiently high intensity. It further shows that different
factors in different proportions control increase in frond number and
increase in frond size, for one can have increased frond number with
decreased size, or vice versa, as in the case of the sphagnum and
horse dung treatments respectively. Sometimes, as in the case of the
cow dung treatments, increased frond size accompanies increased frond
number,

The effects of extracts from cow dung and horse dung were
very similar, both differing from the effects produced by sphagnum
extract, While the medium remained essentially physiologically
alkaline with additions of extracts from cow or horse dung, over a
certain range of sphagnum extract concentrations it became physiologi-
cally acid (Tables 27, 28).

New extracts of the dried cow dung, horse dung, and sphage
num peat were prepared by grinding 50 grams of each in a Waring blender

for 20 minutes., The agueous mixtures were allowed to stand in the



Table 25

The effect of different concentrations of sphagnum, cow dung,
and horse dung extracts upon the growth of Spirodela in 2.5 per cent
sucrose Hoagland's under two light intensities. Measurements on 7-day
growth of subcultures from 30-frond inocula.

"White!

Ml. extract per 25 ml. culture
Control 0,01 0.1 0.5 1,0 2.5 5.0

Sphagnun

Inc. in fr. no. 137 11 178 189 175 126 107

Fr. size (sq. mm.) 4.2 3.9 3.3 2.9 2.6 2.8 2.8

Fresh wt,/fr. (mg.) 0.70 0.63 0.55 0.47 0.49 0.54 0.62

Sow

Inc. in fr. no. 137 130 128 118 112 T 62

Fr. size (sq. mm.) h,2 4,2 4.5 4.5 3.9 4.7 R

Tresh wt./fr. (mg.) 0.70 0.66 0.75 0.73 0.72 1.04 1.04

Horse

Inc. in fr. no. 137 138 14y 102 134 124 57

Pr. size (sq. mm.) 4.2 4,2 4.3 4.5 4.5 4,7 5.5

Fresh wt,/fr. (mg.) 0.70 0.62 0.61 0.63 0.68 0.75 1.26
Cooper-Hewitt

Sphagnum

Inc, in fr. no. 158 213 2u2 258 227 137 113

Fr. size (sq. mm.) 4.1 4.5 4,32 3.3 2.1 2.9 2.7

Fresh wt./fr. (mg.) 0.76 0.39 0.69 0.59 0.55 0.59 0.62

Sow

Inc. in fr. no. 158 187 190 191 181 126 90

Fr. size (sq. mm.) 4.1 bk 47 4,8 uh 4.z 5.5

Fresh wt./fr. (mg.) 0.76 0.77 0.90 0.87 0.86 1.01 1.23

Forse

Inc. in fr. no. 158 197 168 191 205 206 118

FPr. size (sq. mm.) 4.1 4.5 4.9 4.8 5.1 5.0 5.3

Fresh wt./fr. (mg.) 0.76 0.75 0.88 0.80 0.84 0.8 1.09



Table 26

Effect of four sucrose concentrations upon growth of
Spirodela in Hoagland's medium to which 1.0 ml. per 25 ml. culture
of sphagnum peat, cow dung, or horse dung extract has been added.
Measurements on 7-day growth under two light intensities of subcul-
tures from 30-frond inocula,

Sphagnum (1 ml./25 ml.)
Inc., in fr. no.

Fr. size (sq. mm.)
Fresh Wt./fr. (mgo)

Cow (1 ml./25 ml.)
Inc. in fr., no.

Fr. size (sq. mm.)
Fresh wt./fr. (mg.)

Horse (1 ml,/25 ml.)
Ine, in fr. no,

Pr. size (sq. mm.)
Fresh wt./fr. (mg.)

CONTROL
==

Inc. in fr. no.
Fr. size (sq. mm.)
Fresh wt./fr. (mg.)

Sphagnum (1 ml,/25 ml.)
Inc. in fr. no.

Fr. size (Sq. mm.)
Fresh wt./fr. (mg.)

Cow (1 ml,/25 ml.)

Inc. in fr. no.

Fr. size (sq. mm.)

Fresh wt./fr. (mg.)

Horse (1 ml./25 ml.)
Inc. in fr. no.

Fr. size (sg. mm.)
Fresh wt./fr. (mg.)

CONTROL
=

Inc. in fr. no.
Fr. size (sq. mm.)

Fresh wt./fr. (mg.)

UWhite"
Per cent sucrose

0 1.0 2.5 4.0 5.0
32 150 175 128 g2
3.1 3.0 2.6 2.7 2.5
0.58 0.52 0.49 0.49 0.58
33 110 112 112 110
4.0 4,7 3.9 3. 2.7
0.62 0.75 0.73 0.70 0.61
29 107 134 143 141
4.8 5.0 4.5 3.3 3.1
0.81 0.76 0.68 0.54 0.58
38 139 137 122 58
4.3 4.g 4,2 3.5 3.9
0.65 0.76 0.70 0.63 0.65
Cooper-Hewitt

67 200 227 158 100
3.9 2.9 R 2.9 2.8
0.60 0.51 0.55 0.54 0.62
55 168 181 155 158
5.1 5.1 4.4 4.1 3.5
0.82 0.80 0.86 0.71 0.70
71 157 205 222 186
5.5 4.9 5.1 3.8 3.3
0.82 0.83 0.8k 0.61 0.56
68 193 158 149 81
4,2 . 4.1 3.5 3.6
0.68 0.87 0.76 0.68 0.68

82
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Table 27

Initial and final pH of 2.5 per cent sucrose media used for
with of Spirodela in different concentrations of sphagnum, cow
1g, or horse dung exbracts.

Mhite!
Ml, extract per 25 ml. culture

0 0,01 0.1 0.5 1.0 2.5 5.0
SPHAGNUM
Initial 4.8 4.3 L7 4.2 4.g 540 540
Final 740 6.9 6.4 3.3 3.1 3,2 3.8
coir
Initial 4.8 4.5 .0 5¢5 5ol 5.7 6.5
Pinel 7.0 6.8 6.6 6.6 6.5 6.0 6.6
HORSE
Initial 4.8 Uu 4.h 5.0 5e2 545 5.6
Tinal 7.0 7.0 Tl 6.8 5e8 5+3 5e3

Cooper-Hewitt

SPHAGNUM
Initial 4.8 4.3 4,7 L2 h,8 5.0 5.0
Tinal 6.9 6ol 6okt 3.6 3.0 3.2 3.7
oo
Initial 4.8 4.5 540 5.5 5.4 5eT 6.5
Tinal 6.9 6.5 6.1 6.1 5.3 5.3 5¢3
HORSE
Initial U,8 4L L 5.0 5.2 5.5 5.6
Tinal 6.9 6.5 6.6 6.l 6.3 6.2 6.0



Table 28

Initial and final pE of media used for growth of Spirodela
in different sucrose concentrstions with and without addition of
1.0 ml. per 25 ml. culture of extracts from sphagnum, cow dung, or
horse dung.

"hite!
Per cent sucrose
0 1.0 2.5 4,0
SPHAGNUM (1 ml./25 ml.)
Initial 4,8 b7 4.8 4.6 4.6
Tinal b7 342 3.1 3.1

coW (1 ml./25 ml.)

Initial ok B.3 5ol 542 5

Pinal 6.5 5.3 6.5 5.2 6

HORSE (1ml./25 ml.)

Initial 5.3 540 5.2 5.0 Y

Tinal 6.2 Bl 5.8 " 6.5 6

CONTROL

Initial b8 4.8 b.g b.g i}

Final 5.1 BeT 1.0 6.7 6
Cooper-Hewitt

SPHAGNUM(L ml./25 ml.)

Tnitial 4.8 4.7 h.8 4.6 4.6

Pinal 3.8 3.1 %40 3.1

00 (1 ml./25 ml,)

Initial R 5.3 5.4 o2 5

Final 6.6 Bab 5.3 5.3 5

HORSE (1 ml./25 ml.)

Initial 5e3 5.0 5el 5.0 4

Pinal 6.2 6.3 6.3 6.2 6

CONTROL

Initial 4.8 4.8 Lg L.g |

Pinal 6.3 6.5 .9 6.9 6.5
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laboratory for 12 to 18 hours before centrifuging, The cow dung and
horse dung extracts were made up to 1.5 liters, while the sphagnum ex-
tract was made up to 1.0 liter, These three extracts were then tested
over a range of concentrations in 2.5 per cent sucrose Hoagland's and
in Hoagland's having no sucrose added (2 instead of 1 p.p.m. iron used
in Hoagland's henceforth), to see whether plants allowed to grow long
enough st high light intensity, manufacturing their own carhohydrate.
would respond favorably to the presence of the extracts.

Each extract was tested in concentrations of 0, 0,001, 0,01,
0.1, 1.0, and 5.0 ml, per 25 ml. culture. (5 ml. per 25 ml., culture
is equivalent to the extract from 0.167 grams dried cow or horse
dung, or from 0.25 grams dried sphagnum per liter of nutrient solution.)
Sterilization was by means of autoclaving.

The subcultures in the sucrose series from 30-frond inocula
were grown for 10 days beneath a "White" fluorescent lamp at a dis-
tance of 4 inches (giving very nearly the same light intensity as
was previously obtained with the Cooper-Hewitt lamp). Under the same
conditions the non-sucrose series required 1! days before the number
of fronds in the control cultures equalled the number attained by
the sucrose controls in 10 days.

The peculiar ability of sphagnum extract to promote an
increase in frond number at the expense of frond size and weight was
equally spparent in both the sucrose and non-sucrose series (Table 29).
In the latter this condition was somewhat accentuated. The horse dung
extract did not affect increasse in frond number except, perhaps, to

inhibit it slightly. Apparent in the sucrose series, however, was
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Table 29

Bffect of different concentrations of sphegnum, cow dung, or
horse dung extracts upon the growth of Spirodela in Hozgland's medium
with or without the addition of 2.5 per cent sucrose. Measurements
on growth of subcultures from 30-frond inccula under "White! fluores—
cent lamp at a distance of YU, Figures represent means of duplicates,
except controls which are means of 6 replicates.

No sucrose
(14-day grovth)
Ml, extrzct per 25 ml, culture

Control 0,001 0,01 Ol 1.0 540
SPHAGHUM
Inc, in fr. no. 267 263 272 258 307 329
Tr. size(sq., mm.) bl %49 4,3 b,7 b1 Bk
Fresh wt./fr.(mg.) 0.67 0.65 0.63 0,66 0,58 044
Dry wt./100 fr.(mg.) 4.5 4,6 4.8 540 4,2 3eT
COW
Inc. in fr. no. 267 263 264 255 277 289
Tr, size(sq. mm.) Lu 4l 4,2 h.7 4.3 3.6
Presh wt./fr.(mg.) 0,67 0.67 0,70 0.72 0.6u 0,54
Dry wt./100 fr.(mg.) 4.5 4,6 4.9 el 4.3 4,5
HORSE
Inc. in fr. no. 267 267 261 236 233 oul
Tr. size(sq. mm,) L 4,3 349 L h 4.5 4.6
Tresh wt./fr.(mg.) 0.67 0.75 0.63 0.72 0.71 0.70
Dry wt./100 fr.(mg.) 4.5 4.8 4.6 5.5 5.6 5.3

2.5 per cent sucrose
(10-day growth)

SPHAGHUM
Inc. in fr. no. 298 262 ork 255 335 iog
Tr, size(sq. mm.) 1,5 4.5 .5 4, IR 4.3
Fresh wt./fr.(mg.) 0.%9 0.90 0.92 0.91 0.84 0.69
Dry wt./100 fr. (mg.) 11,1 1.6 12.2 12,58 10.% 6.8
cov
Tnc. in fr. no. 29¢ o7k 288 208 364 4o1
Fr. size (sg. mm.) L5 h.6 L 4.6 5.l 5.0
Tresh wi./fr.(mg.) 0.%9 0.96 0.96 0.87 0,92 0.89
Dry wt./100 fr.(mg.) 114 11.7 11.8 10.7 9.9 8.6
HORSE
Ines in fre nos 298 291 310 29k 270 370
Tr, size(sq.mm,) L5 4,6 4,7 5.0 5.3 5e2
Tresh wt./fr.(mz,) 0.5%9 0.92 0.95 0.92 0.96 0.88
Dry wt./100 fr.(mg.) 11.4 12.0 11.9 11.9 11.1 8e5
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an increase in frond size and weight which was a function of the con-
centration, The cow dung extract showed no significant growth pro-
moting effects in the absence of sucrose, but in its presence, a2 con-
siderable increase in frond number, frond size, and to a lesser degree
frond weight occurred.

To ascertain what part the inorganic constituents of these
three extracts played in the effects produced on Spirodela, 100 ml,
of each was evaporated to dryness and the residue ashed. A few drops
of concentrated hydrochloric acid were used to dissolve the ash,
then water was added to make up to 25 ml. in each case. The following
amounts of each ash solution were added to each 25 ml, culture of
2.5 per cent sucrose Hoagland's: 0, 0.1, 1.0, and 5.0 ml, (5 ml,
being equivalent to the ash of the extract from 0,67 grams dried cow
or horse dung, or from 1.0 grem dried sphagnum)., With a few drops of
dilute sodium hydroxide the pH of the prepared media was adjusted to
5.2=H.5s After sterilization by autoclaving, each culture was inoc-
ulated with 30 fronds, then placed for 7.days at 4" distence from a
"White" fluorescent lamp.

A feature which had been noted in previous experiments was
very apperent in this test, namely, the deepened green, glossy fronds
which were always associated with the presence of one of these organic
extracts in proper concentration. In the 5.0 and 1.0 ml. treatments,
and t6 a somewhat lesser extent in the 0.1 ml, treatment, the plants
were 2 beautiful uniform green, the upper surfaces being somevwhat
glossy. Root length (10-12 mm.) was unaffected by the ash treatments,

Increase in frond number was not significantly affected by
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treatment with ashed extracts of cow or horse dung (Table 30)s The

ashed extract of sphagnum, at the lowest concentration, produced an
increase in the rate of frond multiplication which may have significancee
The inhibition produced by the highest concentratioﬁ of sphagnum ash

and of cow dung ash must have been caused by something quite toxic for
the plants so-treated looked decidedly abnormal,

Since the ash from the extract of cow dung showed no appreciable
growth promoting activity, solvent extraction of dried cow dung was
undertaken, to find out whether the material responsible could be
separated. For a period of 40 hours dried cow dung was extracted in
Soxhlets, Fifteen grams were extracted with peroxide-free ether,
another 15 grams with methanol, and another 20 grams with acetone.
After storsge in the cold room for seversl days, the solvents were dis-
tilled off under vacuum and the residues dissolved as much as possible
in water, Insoluble material was centrifuged off, and each of the
three extracts made up to 250 ml.

Meanwhile, the residues from the solvent extractions were
extracted with water in a Waring blender for 15-minute periods. ZEach
mixture of about 250 ml. then was placed in the cold room for a week,
As a control, 20 grame of dried cow dung were water-sextracted in the
same way. All four mixtures were centrifuged and the extracts made
up to 500 ml. volume.

The three solvent extracts, the three residue extracts,

plus the control were each tested immediately in concentrations of
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Table 30

Effect of different concentrations of ash from extracts of
sphagnum, cow dung, and horse dung upon growth of Spirodela for 7
days in 2.5 per cent sucrose Hosgland's, U" from "White" fluorescent
lamp, 30-frond inocula. Initial pH approx. 5.2. Figures represent
means of duplicates, except control which is mean of 6 replicates.

M1, ash solution
per 25 ml, culture

Control 0%l 1.0 540
SPHAGNUM
Inc. in fr. no. 160 191 162 134
Tresh wt./fr.(meg,) 0.69 0.67 0.6 0.60
Dry wt./100’ fr.{me.) 7.9 7.6 T+5 8.6
cow
Tnc. in fr. no. 160 175 176 107
Fresh wt./fr.(mg.) 0.69 0.65 0.6¢ 0.58
Dry wt./100 fr.(mg.) .9 7.0 Ts3 gl
HORSE
Inc., in fr. no. 160 155 181 166
Fresh wt,/fr.(me.) 0.69 0.73 0.70 0.66
Dry wt./100 fr.(mg.) 7.9 8.l 7.6 7.2
Final pH
Sphagnum 69 7.1 7.0 6.9
Cow 6.9 7.0 7.0 6.3
Horse 6.9 7.0 6.9 6.l
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0, 0.1.71.0, 5.0, and 10.0 m1 .8 per 25 ml. of 2.5 per cent sucrose
Hoagland's. Growth measurements were made upon the subcultured material
from 30-frond inocula after 2 period of & days at 4" distance from the
"White" fluorescent. The solvent extracts proved to be quite acid, so
the pH of the media having the highest concentrations had to be adjusted
to 5.3-5.5 with dilute sodium hydroxide.

The data in Table 31 reveal the fact that dried cow dung con-
tains not only materisl which promotes growth, but also material which
causes pronounced inhibition. The dats further indicate that by solvent
extraction these substances having opposite effects can be separated
from one another. In Figure 7 the values for increase in frond number
have been plotted against the amount of dried cow dung (or residue
after solvent extrasction) which must be extracted by each method to
produce the indicated effect. ZFrom this greph it can readily be seen
that acetone and methanol (solid lines) remove mostly inhibitor, while
ethyl ether removes both. The residues from the acetone and ether
extrections (broken lines) contain the promoter substance. The residue
from the acetone extraction in particular, appears to be largely freed
of inhibitor and to have lost only a small amount of promoter substance
by the extraction. A feasible method, therefore, for obtaining the
growth promoting material from éried cow dung for its isolation and

g8 Ten milliliters of extract is equivalent to the extract from the
following amounts of dried cow dungs

Solvent extracts Residue extracts
Acetone 0.8 grams 0.4 grams
Tther 0.6 0.3 *
Methanol 0.6 " 0.3 ®

Water o4
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Table 31

Assay of the ability of ethyl ether, methanol, and acetone
to serve as solvents for the growth-promoting princinle in dried cow
dung. Agueous extracts of the residues after solvent extraction,
and of dried cow dung also tested as controls. Basgl medium 2.5 per
cent sucrose Hoagland's. Initisl pH 5.0-5.5. Measurements upon 8-
day growth of subcultures at 4" distance from "White" fluorescent lamp.
Figures represent means of duplicates, except control which is mean
of 10 replicates.

Solvent extracted

Ml. agueous soln,/25 ml. culture

Control 0.1 1.0 5.0 10.0
ACETONE
Inc. in fr. no. 223 262 264 197 152
Fresh wt,/fr.(mg.) 0.79 0.76 0.78 0.77 0.72
Dry wt./100 fr.(mg.) 10.0 9.6 9.8 1,2 12.5
TTHAR
Inc. 18 fr. no. 223 270 25% 313 279
Tresh wt./fr.(mg.) 0.79 0.77 0.81 0.75 0.75
Dry wt. /100 fr.(mg.) 10.0 9.5 10.2 10.1 10.5
METHANOL
Inc. in fr. no. 227 206 209 157 0
Fresh wt./fr.(ng.) 0.79 0.89 0.81 0.77 0
Dry wt,./100 fr.(mg.) 10.0 11.8 12.0 1,5 0
WATER CONTROL
Inc. in fr. no. 223 210 275 716 237
Fresh wt./fr.(mg.) 0.79 0.81 - 0.79 0.82 0.82
Dry wt,./100 fr,(me.) 10.0 9.8 9;2 8.6 943

Residue

ACETONE
Inc, in fr. no. 22% 2lg ouy 297 320
Tresh wt./fr.(mg.) 0.79 0.77 0.85 0.72 0.78
Dry wt,/100 fr.(mg.) 10.0 9.3 9.8 7.9 8.2
TTHER
Inc. in fr. no. 223 232 23k ohg 273
Fresh wt,/fr.(me.) 0.79 0.78 0.79 0.75 0.78
Dry wt. /100 fr,(me,) 10.0 9.7 9.2 8.6 9.3
METHANOL
Inc. in fr. no. 223 219 228 265 261
Fresh wt./fr.(mg.) 0.79 0.80 0.81 0.79 0.71

Dry wt./100 fr,(mg.) 10.0 10.1 8.6 7.9 7.3
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study would be first to extract with acetone to remove the inhibitor,
then follow with an ether extraction.

Before growth measurements were mede in this experiment some
observations on the appearance of the treated plants were taken., With
a fairly high concentration of agqueous extract of cow dung it had long
been observed that the plants were very dark green in color and if the
concentration was high enough to be inhibitory to the rate of multi-
plication the tips and edges of the fronds curled up, making an angle
of as much as 30 degrees with the plane of the solution surface. This
ability to induce the formation of more chlorophyll has been mentioned
as a property of the ash., This was further confirmed by solvent ex-
traction, for in every case only the residue tests showed this phenomenon,
while plants treated with the fractions removed by the solvents had the
same rather yellowish-green color of the plants which remained untreated.

The curling phenomenon, on the other hand, appears to be
caused by some etherégbluble substance, for at no concentration tested
did the ether-soluble fraction cause the plants to display the curling
symptom. On the other hand the ether residue caused the plants to curl
as much as 30 degrees in the highest concentration tested. The material
responsible for upturned edges is almost completely removed upon ex-
traction with methanol, and partially removed with acetone, so it is
concluded that it is organic in nature.

In a 2.5 per cent sucrose culture a chance contamination (that
appeared to be a short rod type upon microscopic examination) was dis-
covered which produced a 40 per cent incresse in frond number, a 10 per

cent increase in frond size, but a 6 per cent decrease in fresh weight
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per frond and a 27 per cent decrease in dry weight per frond. The
plants were larger, greener, and less sturdy-looking than the controls.
This contaminant has been saved and cultured in the hope of investigat-
ing it further at some later date.

Asparagine (2.5 mg. per 25 ml.), when tested in conjunction
with a series of concentrations of sphagnum, horse dung, and cow dung
extracts, affected growth by increasing frond number en additional 10
to 20 per cent. However, the replicate variation was unususlly large
so that until asparegine can be tested over = range of concentrations
its growth promoting ability remains uncertain. That asparsgine should
affect the rate of frond multiplication is not surprising since it is
very active in so-doing when Spirodela is grown in the dark.

The present investigation has shown that there are substances
in sphsgnum peat, dried cow dung, and dried horse dung which are thermo-

stable and promote the growth of Spirodela polyrrhiza in sterile culture

provided conditions of illumination and carbohydrate supply are suit-
able. The substances in cow dung responsible for this effect have been
shown to be organic in nature. Ash from an extract of horce dung has
little or no activity so the substances in horse dung are presumed to
be organic compounds similar to those in cow dung. The active materials
present in sphagnum appear to be different from those in dung. An
agueous extract of oak humus showed a certain measure of growth pro-
moting activity of a distinctive nature. The type and/or amount of
growth inhibitors present in crude extracts of these materials may play
a large part in determining differences of expression. A bacterial

contaminant induced an increase in growth of a type very different from



95

that produced by the dungs, sphagnum, or oak humus.

With this information, an attempt can be made to explain Clark's
inability to demonstrate growth promotion with soil and dung extracts
when tested in sterile culture. Perhaps the illumination the cultures
received was not adequate, and since no additional carbohydrate was
furnished, the extract in sterile culture produced no effect or only
one of inhibition. The growth promotion he observed upon contaminating
an unresponsive sterile culture, or when sterile medium was inoculated
with plants not freed from microorganisms, might have been caused by
something totally different from the potential growth promoting sub-
stances supplied in the extracts. As observed here, and noted by
Clark, the presence of certain bacteria can cause a stimulation of growth
to occur., There is the possibility, therefore, that in non-sterile
culture, either the microorganisms excreted some growth substance into
the medium or else broke down some of the extract constituents to a
more readily utilizable form, or even a combination of both alternatives.
Something of this sort, incidentally, is what Bottomley and Mockeridge
believed to take place.

Ashby, on the other hand, demonstrated growth promotion by an
extract from manure, using Clark's medium without the addition of carbo-
h&drate. His culture conditions were aseptic, the complete medium being
sterile before plants not freed from microorgenisms were introduced.
Culture solutions were changed so freguently that over the short period
of an experiment contamination presumbdbly ﬁas not even apparent. Since
the cultures were not completely sterile, perhaps some such explanation

as that advanced for Clark's case is also spplicable to Ashby's. However,
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he found that growth promotion was a function of the concentration of
the extract present. At the very much higher light intensities em-
ployed by Ashby for the growth of his cultures it is quite possible that
growth promotion of the type observed in this investigation was demon-
strable in the absence of additional carbohydrate. This did not appear
to be the case in the one experiment designed to check this point which
was made during the course of the work. However, a different outcome
might have attended the use of more intense illumination. The addition-
al chlorophyll noted by Ashby in treated plants was doubtless caused

by some of the inorganic constituents of the extracts which do not
significantly promote growth. His idea that the extract promoted growth
by increasing photosynthesis is incorrect inasmuch as increased growth
was dependent on more photosynthesis as a result of there being more

chlorophyll.



7

CHAPTER VI

DARK CULTURE EXPERIMENTS

Attempts to analyze the factors which determine the growth
of green plants are beset with complications. One of the most im-
portant factors that complicates such analyses is light, whose role
in determining growth is little understood. The influence of light upon
the photosynthesis of carbohydrates and upon phototropic and photo-
periodic effects has received considerable investigation., That light
influences other reactions as well is clear from the different type
of growth one observes if, say, a potato tuber sprout or a pea seedling
grows in darkness or in light. The characteristic growth in length
which occurs in darkness is much diminished by illumination. On the
other hand a mature tomato plant when placed in darkness and fed addi-
tional carboh&drate by special means soon stops growing. Very little
is known concerning these aspects of the influence of light upon
growth.,

If it were possible to culture plants successfully in the
dark, a more rigidly controlled environment would be furnished for
evaluating the effects of other growth factors. Since indefinite growth
of higher plants in darkness has not been achieved by simply supplying
carbohydrate, investigation has first to reveal what other necessary
growth materials besides carbohydrate are produced by light, before other
factors influencing growth can be studied.

With the discovery that in light, plants of Spirodela are able

to assimilate and utilize earbohydrate supplied in the medium, a test
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was made to find out what they would do in darkness, both in the presence
and absence of sucrose or dextrose. It was not expected that growth
would occur at the same rate as in light, or that the plants would make
any apprecisble growth at all. A supplement of growth factors (cf. page
56), therefore, was tested in conjunction with the carbohydrate to find
out if any of its components might improve growth in the dark.

Test cultures were inoculated with 30 fronds each, taken from
stock cultures maintained on sucrose medium at 16" distance from &
"White" fluorescent lamp. They were placed in a darkroom used for
Avena testing for a period of 7 days, then transferred to fresh media.
After 7 more days, and again after 18 days, a count of the increase in
frond number in these subcultures was made. The dextrose subcultures
were contaminated so only the counts for the sucrose series wers record-
ed. From the growth of the cultures during the first 7 days, however,
sucrose appeared to be somewhat superior as a caibohydrate source.

The presence of adeguate amounts of sucrose proved to be
essential since the controls made no growth at all (Table 32). Further-
more, the supplement of growth factors was far from beneficial in its
effects, Besides reducing the number of fronds produced, the size of
the new fronds was much smaller than normel. ¥ronds produced in the
dark lacked chlorophyll, but the chlorophyll in fronds of the original
inoculum appeared unchanged. The plants not treated with sugar were
still capable of growth when placed on sucrose medium, and did not
seem harmed in any way by three or more weeks of comparative dormancy.

At the time of the final frond count, all cultures were trans-—

ferred to 2.5 per cent sucrose Hoagland's., After another 18 days the
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Table 32

Increase in frond number after 7 days end after 1& days in
darkness upon sucrose Hozglsnd's with and without a supnlement of

growth factors.

0.1%sucrose  l.0%sucrose

1.0%sucrose & supplement & supplement

A

1 o L0 08
Control O0.l%sucrose
e

1 2 1 2 1 2 1 2 1
3 7 5 o8 29

7 days O 0 19 13 37

18 days O o 3 32 133 123 o5  oh 121 120
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fronds which had previously had growth supplement were still multiply-
ing, while those which had had no growth supplement had virtually
ceased. At the time this was interpreted as an indication that some
vomponent of the growth supplement was usefud after all, so other
substances were tested in an endeavor to ascertain the requirements for
indefinite growth in darkness. A parallel objective was to duplicate
or surpass in darkness the growth rate which can be attained in light,

In this initial experiment, observation and transfers were
made under the red safelight used for work with etiolated Avena seed-
lings. It was soon observed, however, that red light of such low
intensity was able to stimulate growth during the relatively short periods
of time (10 to 20 minutes) neéessary for such operations. A light,
which would have to be used as little as possible, of such low intensity
and restricted transmission as to render its stimulation effect neg-
ligible was therefore sought.

Cultures of etiolated plants were placed in a light-tight box
with windows on top, 2nd glass filters transmitting bands of different
wavelength were inserted in the window frames. Over the row of filter-
windows was hung & 4O-watt "White" fluorescent lamp. The cultures were
allowed to grow for 1U days, then they were removed and the number of
fronds counted, The filters were of different thicknesses so that the
light intensities differed.

From the results obtained (Table 33) the violet filter was
indicated as best for use in the safelight. However, the necessity of
having enough light to carry out operations made even the signal blue

filter unsatisfactory. In all subsequent work, therefore, a sextant
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Table 33
Increase in frond number over a veriod of 1l days in different
sucrose concentrations, beneath filters transmitting different wave-

lengths. 30-frond inocula of etiolated nlants. Figures represent means
of duplicates.

Per cent sucrose

Tilter Trensmission(A0) 0 0.5 1.0 2.5
Dark red >6100 68 236 275 270
Sextant green U600 < 6000 56 166 186 1o
Signal blue <5800 ] 134 164 14
Sextant green &

dark blue green >4600< 5700 40 114 17 127

Violet <4700 T 124 11k 124



102

green filter was used in a safelight employing only a UO-watt Mazda lamp.
Operations were carried out at least 3 feet distant from the safelight
to one side of the direct rays, while cultures awaiting transfer were
placed 6 o away. In this way the best possible compromise was
arrived at.

The first test was of a number of pure substances and crude
extracts which are known from other work to have growth promoting pro-
perties. The concentration of each, most likely to be effective, was
deterﬁinedkby analogy with the amounts found necessary under other
circumstences. In addition, dilutions of one tenth and one hundredth
were tested. Hoagland's medium containing 2.5 per cent sucrose was
used as the basal medium. Each tube was inoculated with ten fronds
which had been in the dark on a sucrose medium for more than a month.
Cultures were allowed to grow for 53 days, while periodic counts of
frond number were made.

In the concentrations tested, glycine, vitamin Bg, vitamin
By, pantothenic acid, and adenine proved to be the most effective materials
tried (Table 34). The controls were accidentally disposed of before
the conclusion of the experiment, but comparison with the extrapolated
value and the 19-day count shows that growth was considerably better in
the presence of the materials just listed. These substances do not
appear to be too specific in their effect, but seem to function only
as sources of organic nitrogen. Of the other materials tested, some had
little or no effect, while others might have produced more of an effect
had different concentrations been employed.

Cultures removed from the light and placed in darkmess appear
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Table 34 3

Periodic frond counts of cultures conteining different growth
substences, maintesined in derlmess. Inocula of 10 frondéds from cultures
in darkness for more then a2 month.

Amount per Days
Substence 2h ml., & 15 19 h3
Vitamin B4 250 v 3l 3 Bl 201
N 25 - 26 36 Lo 189
2.5 29 39 Ll 151
Vitemin Bg 250 %0 b1 R 212
: 25 27 35 5 102
2.5 29 3l Ul 17
Nicotinic acid 250 vy 18 20 22 h3
o5 20 ol 30 105
2.5 19 33 33 132
Pantothenic acid 250 v 28 39 bl 135
25 32 ] ug 201
2.5 o8 26 I3 169
Indoleacetic acid 250 18 28 41 100
' o5 19 35 uy 1lLg
2.5 27 36 46 162
Adenine 250 v 30 %3 Lg* 200
25 31 o 38 194
2.5 21 26 32 1l
Glycine 2500 25 75 KO* 282
: 250 31 37 4o 128
_ , 25 27 31 3% 116
Yeast extract 1,0 ml, 30 b 58 183
(from 10 gm./1.) 6.4 26 31 38 136
0.01 32 36 11 112
Coconut milk 1,0 ml, 18 contb, — ——
(10xconcentrated) 0.1 36 * * 188
0,01 27 51 56 152
Sphagnum extract 1.0 ml. 79 50 63 176
(from 348 gm./L.) 0.1 28 36 - ho Th
' 0.01 25 B2 cont. ——
Cow dung extract 1.0 ml. 25 25 26 3N
(from 200 gm./1.) 0.1 26 30 31 78
0,01 19 19 19 23
Horse dung extract 1.0 ml. 21 23 25 76
(from 200 gm./1.) 0.1 30 32 %5 91
0,01 35 L0 L6 107
(1TH), ) oS0y 26l  mg. 11 12 12 13
132 13 14 1k 19
_ 66 15 15 15 20
CONTROLS (a) 25 32 1o
(v) 25 31 34
(e) 29 32 73 120 **
(a) 25 70 32
(e) 31 3 37

cont. = contaminated

*  TFronds so clumped together as to meke accurate count impossible
while plants remained in culture tube.

*¥  Tgtimated by extrapolation of growth curve.
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to possess enough reserve materials essential for growth to grow very
slowly for quite some time as long as they are supplied with carbohyd-
rate. Plants on sucrose medium tend to clump, i.e., they fail to
absciss from one another. Subculturing, where a2 definite number of
fronds has to be introduced into each tube, is next to impossible under
conditions of dim green light if the fronds are clumped. For this
reason the following change in procedure was adopted. Plants taken
from the light were placed, 30 fronds per tube, on sucrose medium in
the dark for a period of two weeks in order to deplete their reserves
of growth materials. During this time some growth occurred. All the
fronds (not just 30) in each tube were then transferred to tubes con-
taining test media and allowed to grow for 2 to 3 weeks, after which
measurements were made.

Using this method, the effect of a numbef of growth substances
in different combinations was investigated. The concentrations used in
milligrams per liter were: vitamin Bl 0.1, vitamin B, 0.1, vitamin Bg
0.1, p-aminobenzoic acid 0.1, calcium pantothenate 0.1, adenine 0.1,
inositol 10.0, asparsgine 100.0, glycine 3.0, biotin 0.0004., The increase
in frond number and in dry weight was measured after three weeks on the
test media. Table 35, in the form of a checkerboard, gives the data
for increase in frond number. -

All cultures containing asparsgine had nearly twice as many
fronds as had the controls. Total dry weight was likewise doubled.

All cultures containing p-aminobenzoic acid (except those with asparagine)
grew less well than the controls. Cultures containing biotin, inositoel,

glycine, or adenine averaged about the same as the controls, while those
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Table 35

Five week's (2 without treatment) increase in frond number,
as a result of treatment with ten growth substances in various com-
binations. Control (mean of 5 replicates) = 79. (Means exclude those
with asparagine or p-aminobenzoic acid.)

By 3Bo BA Pab. Inos. Pant.Bio., Asp. Glyc.Aden. MEAN

B1Bo -- - 93 70 105 100 109 156 72 92 95
BoBg 93 - - 58 90 &4 64 146 gy 73 g1

BgPab., 41 K8 ~- - 57 64 52 164 60 80
Peb.Inos. 67 73 57 - -~ 73 38 149 70 T4

Inos.Pant. 85 68 102 7% - -— 72 163 83 79 82
Pant.Bio. 96 87 &5 59 72 = == 158 83 98 36
Bio.Asp., 216 140 152 169 150 158 -- - 169 166
Asp.Blye., 181 180 170 162 175 195 169 - - 137
Glyc.Aden., 75 126 88 66 72 108 73 137 R — 90
Aden.B] -- 92 100 L5 77 8 95 183 75 -- 88

MEAW &7 93 o g3 94 83 79 85
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having vitamins B, Bg, or pantothenic acid showed small effects of
growth promotion of possible significance.

Although it looked as though one master reaction, such as
the response to asparagine, could largely obscure others, interaction
effects were tested further with asparagine, pantothenic acid, the
vitemin B complex (Bj, 32' 36), indoleacetic acid, and biotin. . Two
concentrations of each substance were used and all possidble combinations
of concentrations of the five materials tested. Without presenting the
actual data the outcome was as follows:

1. Pantothenic acid (1.0, 4.0 mg. per 1.), the B complex
(1.0, 4.0 mg. per 1. each constituent), and indoleacetic acid (0.2, 2.0
mg. per 1.) showed no promotive or inhibitory effects at the concen-
trations tested.

2. Biotin at 0.0004 mg. per liter was slightly inhibitory,
while a2t 0,002 mg. per liter inhibition was pronounced, largely over-
coning the effects of asparsgine,

3. Asparsgine at 100, 400, and 1000 mg. per liter produced
a2 stimlation of frond production which was proportional to concentration
(Table 36).

Aspartic and succinic acids were also tested to see if they
would replace asparagine. Nitrogen metabolism in plants is believed
by many to follow the course indicated in the accompanying schéme? in
which aspartic acid occupies a key position, and asparsgine serves as
a storsge compound.
§_~§§E£i§fied from scheme presented by P. W. Wilson in The Biochemistry

of Symbiotic Nitrogen Fixation. Madison: The University of Wisconsin
Press. 1940. p. 167.
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Table 36

The effect of different concentrations of asparagine, aspartic
acid, or succinic acid upon frond multiplication. Inoculation with aspproxi-
mately 75 fronds. Test period 14 days. (Number of replicates in parentheses.)

Aspersgine(mg./1.) Aspartic(mg./1.) Succiniﬁ(()gg. J1.)

Control 100 k400 1000 100 1400 100
(3 (3) () (2) (1) () (1) (1)
Final fr., no. 97 201 367 Ll 73 145 72 717
Fresh wt./fr.  O0.J% 0.85 0.7% 0.80 0.68 0.52 0.60 0.71
Dry i:%]ioo 19.6 18.1 13.%  15.6 22.6 13.1 2.6 23k

fronds (mg.)
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Protein

N

Amino acids

L1

Asparagine —— Aspartic acid

: LT

Nitrate reduction —NH), + Organic acids<— Carbohydrate or other
(Succinic) respirable substrate
(Fumaric )
(Malic, etc.)

Both concentrations of succinic and the lower concentration
of aspartic inhibited growth completely (Table 36), while the higher
concentration of aspartic acid produced a significant increase in
number of fronds which were, however, abnormal in appearance. It
would be of interest to test aspartic acid in lower concentrations
which the plant would be more likely to tolerate. It should then be
possible to duplicaste the asparagine effect if the proposed mechanism
is essentially correct.

With the higher concentrations of asparagine the fronds most
recently formed tended to become successively smeller and less vigorous
in appearance. In Table 36, the figures showing a general decrease
in dry weight give some indication of this as they are averasges
of the dry weights of the many normal and increasing numbers of sub-
normal fronds. In comparison with the greatest rate of growth ever
achieved when the plants were grown in the light upon sucrose medium
with accessory growth promoters, the rate attained with 1000 mg. per
liter asparagine is about one half to two thirds as great. A search

for still other factors influencing growth in darkness, particularly
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frond growth, was therefore carried on.

Another test was made in an endeavor to find out if any
other amino acid might replace asparagine. Concentrations of 10,

100, 2nd 1000 mg. per liter were used in testing 16 amino acids in
groups rather than individually. To gain some idea of the size of
inocula being trensferred to test media two stock cultures were saved
and measurements made upon them.

Although several of the combinations of amino acids slightly
promoted the rate of frond multiplication at the lower concentrations,
they were either toxic, inhibitory, or without effect at fhe highest
concentration tested (Table 37). In no case did they behave as sub-
stitutes for asparagine. The series of dilutions of cystine-methio-
nine looked the most promising inasmuch as the lowest concentration
produced the greatest increase in frond number, Lower concentrations
o ‘either or both of the consituents may prove more effective. Combined
with asparagine still greater increases in frond number may result.

Glutemic acid and glutaric acid are not substitutes for
asperagine, either, which suggests that Spirodele is an "asparsgine
plant" like the legumes, grasses, and asparagus. The death of the
plants at the highest concentration of glutamic acid was partly the
result of hyperacidity because of failure to properly adjust the initial
pH.

Because thus far it appeared that asparsgine was a specific
requirement for increase in frond number, a test was begun to determing

how long cultures could be mainteined with successive transfers on
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Final frond counts and pH measurements (parentheses) of cul-
tures grown for 17 days on sucrose medium to which various grouns of

amino acids have been added.
Initial pH approximately 5.0.

Initisl inoculum approximately 205 fronds.

Amounts of each acid present(mg./l.)

Amino scid 10 100 1000
Cystine Lgg 376 280
Methionine (6.6) (3.5) (4.3)
Serine
Phenylalanine
Tyrosine 370 349 210
Histidine (7.0) (6.6) (5.0
Trypntoohane
Valine
Leucine 311 387 256
iso-Leucine (7.0) (5.9) (5.2)
nor-Leucine
Ornithine 383% h11 379
Lysine (6.8) (6.6) (5.3)
Proline u3g U5 261
Hydroxyproline (6.8) (6.6) (6.1)
Glutamic acid 401 103 200(dead)

(6.6) (6.1) (2.9)
Glutaric acid —— 288 —
(5.6)
Asparagine 1500 mg./1. pl2 CONTROL: 373 Zol*
(5.9) (6.8) (6.7)
" 500 M 561
(6.5) * Of this number 37 were
" 20 " 413 dead, thus the count
(6.6) is low.
L 10 406

(6.7)
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medium having only sucrose and asparagine added to it. Not being con-
vinced as to just what was the optimal asparaginé concentration, 2
series containing O, 0.4, 1.0, 2.0, and 3.0 grams per liter was prepared.
A comparable series with controls contained vitamin B, (1 mg./1.).

The anthocysnin observed in asparagine-treated plants clearly indicated
that carbohydrate was being accumulated, perhaps because of a lack of
vitamin Bl for its utilization.

Plants were taken from non-sucrose medium in the light,,inoc~
ulated directly into the test media and placed in darkness, This was
because such plants are less clumped together than are those growing
on sucrose mediuvm. Since weekly subcultures, entailing the counting
of an exact number of fronds, haed to be made in dim green light, it
was desired to have the initial inocula contain as few clumped fronds
as poscible.

The cultures were examined after one week, but practically
no growth had occurred, so they were put back and not subcultured
until the end of the following week. At that time the growth made
in two weeks was measured. The subsequent week's growth of the sub-
cultures was also measured, then the test was discontinued.

Instead of producing meny times the number of fronds formed
in the control cultures (Table 38), both asparagine series (the presence
of vitemin By made no difference) made one or two normal fronds,
followed by very tiny fronds which separated from the parent plant and
rapidly became necrotic. Both controls sppeared normsl, growing slowly,
so that the behavior was not traceable to some error made in the prep-

aretion of the basal medium.
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Table 38

Incresse in frond number in the presence and absence of
asparagine and vitamin By, Initial inoculum 30 fronds from the
light where they had been on Hoeglend's medium without sucrose.
Figures represent means of duplicates.

Asparszine(em, /1)

Control 0.4 1.0 2.0 3,0

After 2 weeks
No By 30 39 52 18 6
By (Img./1.) 31 50 %8 12 3

After 1 weeks
growth of subculture
Wo By 14 16 6 1 1
1

B, (1'mg./1.) 13 6
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The experiment differed from preceding ones in that the
inoculum was derived from illuminated cultures having no sucrose., It
also differed in having the inoculum come directly from the light to
darkness, where it was placed immediately upon asparagine-sucrose
medium without first growing for some time in darkness on just a
sucrose medium. The asparagine with which 2ll these tests were con-
ducted was known to have impurities. By way of comparison a samplé
of much higher purity was tested (1.0 gm./1.) in this last experiment.
Hﬁwever, it too produced exactly the same results,

This experiment provides convincing proof that more than
asparsgine is needed for growth in darkness on a sucrose medium if
growth is to be maintained for an indefinite period of time, The
effect of asparagine is to accelerate meristematic activity and thus
the rate of frond multiplication. If, as in this experiment, the fronds
lack the necessary materizls for growth in size, successively smalle?
fronds are produced which are so lacking in vigor that necrosis socon
sets in.

In view of the fact that frond size increases considerably
when plants are transferred to sucrose medium in the light, one must
conclude that such plants possess quite a reserve of frond growth
materials which is gradually used up in the dark. Depletion is hastened
by asparagine treztment (note reduction in dry weight, Table 36, and
the mention that fronds tended to become smaller and less vigorous in
appearance). Only when there is a very low reserve, as in plants

without previous sucrose treatment in the light, do the plants multiply
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themselves to death in a very short space of time.

The fact that the controls are able to grow slowly, but
normally, irrespective of whether or not they have a previous history
of sucrose treatment suggests that frond growth materisls can be made
by the plants in darkness. Such plants, however, may well have suf=-
ficient reserves accumulated while in the light with which they con-
tinue to grow., Since they multiply so slowly, a critical shortage would
not become apparent except over a longer period of culture then has
thus far been observed.

Barker (1935, 1936) has studied the metabolism of the color-

less alga Prototheca zopfii Kriger. This organism, unlike Spirodela

grown in darkness, was unable to develop in the absence of complex
organic materials such as are present in yeast autolysate. Although
glucose and other monosaccharides, as well as fatty acids and certain
alcohols could be utilized, sucrose, or other di- and polysaccharides
could not serve as a source of carbon., Neither were any of the keto-,
hydroxy-, or dibasic acids tested assimilable. He concluded that the
assimilation of these compounds proceeds in two experimentszlly dis-
tinct steges. The primary process is the oxidative conversion of the
substrate into a cerbohydrate which is stored in the cell as glycogen.
The formation of this carbohydrate is repid compared to its sub-
sequent decomposition in the process of cell synthesis, which consti-
tutes the second stage of assimilation. He tested a number of nitro-
genous compounds, including asparagine, which were without effect.

Experimental culture of Spirodela in darkness has not been
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extensive, but there are clear indications that its metebolism differs
from that of the colorless algsa, Prétotheca. The only parallel lies
in the ability of the two organisms tc store reserves which are slowly
used up in the process of cell formation. Further experiments may

be able to reveal the nature of these reserves in the case of Spiro-

dela,
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CHAPTER VII

FLOWER INDUCTION

Flowering in the family Lemnaceze is very rare, and the
factors which influence the vegetative form to undergo sexual reproduction
are little investigated and very imperfectly understood. For a long
time it was believed that only three of the four genera comprising the
family still retained the capacity for flower production, species of
the genus Wolffiella never having been ﬁnown to flower., However, Mason

(1938) reported the flowering of Wolffiella lingulata (Hegelm.) Hegelm.

found at Roberts Island in the delita of the San Joaguin River, Cali-
fornia. In June, 1937, he discovered flowering plants in the marshes.

In January, 1938, he brought some of the plants that were not then flower-
ing into the laboratory and put them into an agquarium, ‘These flowered
after three weeks snd continued doing so for six weeks. In June, 1938,
the plants at Roberts Island flowered egain and produced germinable

seeds, Since that time no flowers have been observed at that place,

nor has the aguarium material flowered in subsequent years. This case

history is typical of others reported when Lemna, Spirodela, or Wolffia

have been found flowering.

Hicks (1930, 1932) has investigated the question of flowering
in the Lemnaceae most thoroughly to date, actually succeeding in ex~
perimentally inducing some of the species to flower. Saeger (1929)
found that Lemna minor growing in dilute Knop's solution sometimes
produced flowers while other species of lLemna never did so. Hicks,

however, was the first to undertake the problem of flower induction
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experimentally. He conducted several surveys of duckweed populations
throughout the state of Ohio in the summers of 1928-1931. With the
exception of 1930, the annual surveys revealed only a few scattered
instances of flowering, and then the number of plants which did so

was small. During the months of May to September, 1930, an unususl
drouth occurred and many small bodies of water supporting duckweed
populations were greatly decreased in size or dried up completely.

All aguatic vegetation was subjected to most unusual growth conditions.
In many cases duckweeds were left stranded with a steady but limited
water supply upon mud flats or draped about stems of other aguatic plants.
Lemna minor and L. trisulce were found in abundant flower in numerous
localities during this unususl season.

Following are statements made by Hicks describing his obser-

vations:

"Flowering plants, without exception, were never found in
shaded areas, even though abundant flowering material might be
found in better illuminated areas a few feet distant. Ia most
cases, flowers were most abundant in areas most exposed to sun-
light. Correlated with this was the observation that flowering
plants were invariably found abundantly only in water areas of
unusually high temperatures and were absent in colder portions.
In addition, since Lemna minor flowered in only about S% of all
of the localities visited, and since the visible environmental
characteristics of many localities eppeared to be almost the
same, it was suggested that the chemical nature or mineral
content of the water medium might inhibit or be an important
factor in promoting flower production.'

Hicks succeeded in experimentally inducing flowering in four

species and one variety of the genus Lemna end in Wolffia columbiana.

He outlines the following conditions as being necessary for flower
production:

"Healthy mature plants making good vegetative growth and with
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an accumlation of a food reserve,

Some environmental influence which will rather suddenly
check normal vegetative growth with the possible diversion of the
accunulated reserve to flower production.

In some species, such as Lemna trisulcs,which undergo a
marked trensformation of the vegetative form at the time of bloom-
ing, plants should be selected for treatment which are as near as
possible in appearance to the flowering form as such transfor-
mations do not come about repidly. Not all growth forms are
equally responsive to experimental treatments.!

No success attended Hicks' experiments to induce flowering
by means of various nutrient salt combinations or deficiencies. Different
photoperiods or different light intensities likewise were ineffective,
Approximately 60 common chemical substances were added to the media in
varying quantities. Only with dilute sodium hydroxide were flowers of

Lemna minor and Lemna trisulca produced in abundance. None of the other

species studied flowered under such treatment, and these species often
failed to produce flowers when the experiment was repeated. Dilute
sodium hydroxide was added only until signs of injury were noted, then
treatment was stopped and the cultures allowed to grow. The medium be-
came gradually less alkaline, and at the time of flowering the pH was
between 7.2 and 7.4. With this treatment from 10 to 30 per cent of the
plants flowered. The controls never flowered.

By the use of ultraviolet rays from a 110-volt quartz mercury
vepor lamp at 30-inch distance, for varying lengths of time, four species

of Lemns were made to flower. Spirodela polyrrhiza, Wolffia columbiana,

Wolffia punctata, and Wolffiella floridana failed to flower, although

vegetative growth was checked. Spirodela was severely burned by the
rays and gradually died after production of normal vigorous fronds which

carried on. The time of treatment which would cause the greatest number
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of plants to flower varied with the different Lemma species. He was
able to make up to 55 per cent of the plants of responsive species
flover, while the controls remained vegetative. A repetition of the
experiment using the ultraviolet lamp at 38-centimeter distence so that
the plants received 105 ergs per second per square millimeter, was not
quite so successful from the standpoint of numbers of plants induced

to flower. Destructive effects were more apparent than in the previous
experiment. Hicks was still unsuccessful in inducing Spirodela

polyrrhiza, Wolffia punctata, and Wolffiella floridana to flower, but

did make four Lemna species flower, as well as two plants of Wolffia
columbiana which received the treatment for 15 minutes.

With the co-operation of Dr. G. F. Smith and Dr. H. Kersten
of the departments of botany and physics, University of Cincinnati, a
further attempt to induce Spirodela polyrrhiza to flower was made along
the lines suggested by Hicks' investigations.

Single plants of U fronds, selected for uniformity, were placed
upon agar slants beneath the specially constructed window of cellophane
in the wall of small culture tubes (Fig. 8). The inoculated tubes were
packed and mailed by air to the University of Cincinnati for ray treat-
ment. Three deys later, raying completed, the cultures were returned,
but were delayed in transit for several days for plant inspection. As
a result the plants were under adverse conditions for a week. At the
time of receipt the plants were immediately removed from the already
drying agar and placed upon sterile Hoagland's medium under the "White"
fluorescent at a distance of 16 inches.

This test was intended as a preliminary one to ascertain



Figure 8. Single plant of four fronds upon agar slant, rayed
through cellophane window of modified culture tuve.

120
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whether soft X ray (30-k.v., 10-m.a., 5 cm.) or ultraviolet ray (110-v.,
20 cm.) would induce flowering and, if so, the approximate dosage
necessary. Treatment with ultraviolet was given for 1, 2, 3, 4, 5, 6,
7+ &, 9, 10, 11, 12, 13, 14, 15,.32, 45, 60, 70, 92, 100, 107, :120,
150, and 175 minutes. Treatment with X ray was given for 1, 2, 3, 5,
6, 7, 9, 10, 13, 15, 20, 25, 30, 35, 40, 45, 60, and 180 minutes.
There were five untreated controls,

After three weeks the controls were growing normally, those
treated with ultraviolet up to 32 minutes grew less well, while those
treated longer failed to survive. X-rayed plants receiving up to 10
to 15 minutes exposure grew a small amount, while those having longer
treatments did not survive. In no case was flowering observed at this
time or 6 to 8 weeks later.

Because of the small amount of material receiving each ray
treatment one might not have obtained any plant which flowered, even
though some of the treatments might have been effective in inducing
flowering in a small percentage of plants. Also, the plants' food
reserves were doubtless lowered while being shipped in darkness to
Cincinnati. It does not sppear that ultraviolet and soft X-ray treat-
ments offer too much promise as agents for inducing Spirodela to flower,
but this one experiment with its attendant adversities is insufficient
evidence for complete condemnation.

The conditions which Hicks has described as correlated with
occurrence of flowering plants of Lemna sp. suggested the following
experiment, namely, to try the combined effects of very high light

intensity, high temperature, varying amounts of additional carbohydrate,
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and hydrogen-ion concentrations of pH 5, 6, and 7. Two sets of cultures
of 12 tubes each were suspended in a waterbath about a 1000-watt Mazda
lamp, controlled by a timeclock to provide illumination 16 hours per
day. Thé water in the batﬁ was heated by the lamp and the rate of
flow through the bath controlled so that with the light on the tempera-
ture was approximately 32°C, and with it off from 15 to 20°C. Sucrose
was supplied in concentrations of O, 3, 6, and 8 per cent. Hoagland's
medium with a pH of 4.8 was adjusted by addition of dilute sodium hyd-
roxide to about pH 5 and pH 6., However, upon sterilization the pH
range instead of being approximately 5, 6, and 7, was 4.8, 5.2, and
5.4, so that hydrogen-ion concentration was scarcely a variable at all.

Fach set of 12 tubes consisted of the four sugar concentrations
at the three pH's. Bach tube was inoculated with 20 fronds. The inocula
for one set of cultures was derived from the X-rayed material from the
preceding experiment, while the inocula for the other set came from
normal stock cultures.

The cultures were observed over a period of more then 8 weeks
but no flowering was induced. The tubes became completely choked with
small, light-green fronds with purple margins and undersides (antho-
cyanin) which had long roots. The test was then discontinued. Apparent-
ly the combination of environmental conditions provided, which might
have induced flowering of Lemna, had only the effect upon Spirodela
of changing its morphology somewhat. Spirodela plants are known to
flower naturally upon occasion, but what environmental changes induce

this response still remeins undisclosed.
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CHAPTER VIII

CONCLUSIONS AND SUMMARY

The foregoing chapters have considered a number of factors

which influence the growth of Spirodela polyrrhiza (L.) Schleid. Many

of these factors undoubtedly influence the growth of other more typical
higher plants in much the same manner, although their relative im-
portance and degree of influence probably differs from plant to plant,
Conclusions drawn concerning the growth of Spirodela are only to be taken
as indications, therefore, of what one might expect when dealing with
other higher plants. Particular attention is called to the important
role that the supply of carbohydrate pleys in the expression of the
effects of most other factors influencing growth,

Spirodela plants upon an inorganic medium balenced for optimal
growth, when receiving moderate light intensity, are limited in their
growth by carbohydrate supply. When this "deficiency" is corrected by
the addition of sucrose, some other product of photosynthesis than
sucrose then limits the growth. Aeration, by making a better supply of
carbon dioxide available, causes an increase in growth rate, A carbon
dioxide concentration of no more than 5 per cent is effective in promoting
growth, This it can do even when growth is presumably no longer limited
by the amounf of carbohydrate available. Just how the additional carbon
dioxide is utilized is not clear, except that the process is dependent
on light.

When grown in the dark, Spirodela plants are able to multiply

slowly if only they are supplied with carbohydrate. Supplements of
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asparagine greatly increase the rate of frond multiplication but the
new fronds produced soon become necrotic, indicating that factors pro-
duced in the light (in seemingly greater smount if additional carbo-
hydrate has been supplied) which are necessary for normal frond develop-
ment become depleted. Dark culture experiments offer a promising means
for the study of these factors.

Yhen plants are grown.at a particular light intensity and
are no longer limited by available carbohydrate, the addition of pre-~
parations from coconut milk stimilates growth. Inhibition attends the
use of too much coconut milk. The presence of growth inhibitors is
suspected, but perhaps the active material which is wholly or at least
partially heat stable, becomes inhibitory at high concentrations., Nico-
tinic acid and yesst extract both cause roots to become elongated in
concentrations which are inhibitory to frond growth.

Crude agueous extracts from humus, sphagnum, cow dung, and
horse dung can be shown to promote growth if light intensity and
carbohydrate supply are suitably adjusted. Extracts from cow dung and
horse dung demonstrate their grestest effect when carbohydrate supply
is not a limiting factor. By solvent extraction of cow dung the
presence of organic growth inhibitors as well as growth promoters can
be clearly demonstrated. Because the ash of the extracts from cow
dung and horse dung has no growth promoting activity and the two ex-
tracts produce similar effects, it is presumed that the active growth
promoting substance in horse dung is quite similar to that in cow dung.
Observation of the effect of crude extracts of humus or sphagnum suggest:

that different substances are responsible for their growth promoting



125

activity. A rod-shaped bacterial contaminant has been discovered which
produces still another distinct type of growth promotion.

Finally, the inebility to induce Spirodela to flower experi-
mentally is probebly the result of ineffective treatments, although the

manner in which they were applied may be partially responsible.

SUMMARY

Growth of Spirodela polyrrhiza (L.) Schleid. upon inorganic

medium balanced for optimal growth is limited at moderate light inten-
sities by carbohydrafe supply. A supplement of sucrose in the medium
helps to correct this deficiency.

Some product of photosynthesis other than sucrose limits
growth when sucrose is supplied in the optimal range of 1 to Y per cent.

Aeration promotes increased growth, as does an additional
supply of carbon dioxide. Carbon dioxide treatment even promotes
increased growth of cultures treated with 1 to U4 per cent sucrose pro-
vided the light intensity is sufficiently high.

Slow growth for quite long periods can take place in darkness
if carbohydrate is supplied in the medium, but no growth occurs without
it.

Asparagine greatly accelerates frond multiplication in dark-
ness, but rapid depletion of reserves of frond growth materials formed
in thé light then occurs.

With adequate carbohydrate supply growth is stimulated by some

relatively heat stable substance present in coconut milk.
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Agueous extracts of humus, sphagnum, horse dung, and cow
dung promote growith under suitable conditions of light intensity and
carbohydrate supply.

Extracts of cow dung and horse dung are similer in their
effects, whiéh differ from those produced by extrscts from humus or
sphegnum, or by a rod-shaped bacterium.

The active material in horse dung is presumed to be similar
to that in cow dung, shown by solvent extraction to be organic in
nature. An organic growth inhibitor substance also occurs in cow dung
which can be removed by solvent extraction.

Means of experimentally inducing Spirodela to flower have

yet to be discovered.
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