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GENERAL SUMMARY

Fart |

Chlorella vulgaries of & re-isoleted clcme was cultured in
Knop's solution to which different amounts of pure heteroauxin
were added. The results show that auxin promotes the enlarge-
moent of the.individual cells. Particularly in the young cultures
the cell volume ie proportional to the logarithm of the auxin
concentration. In older cultures the matter is complicated by
the shortage of another factor, presumebly feod., At high con-
centrations auxin retards cell division. Thig is probably due
1o a decreased smount of chlorophyll and a decreased photosyn-
thetie activity.

In agar medium heterosuxin in very low concenfrations gtimu-
lates growth, but at high concentretions inhibits growth of the
alge.

Auxin does not effect respiration but it markedly affects
the rate of photosynthesis. The effeet is indirect through the
changes in the chlorophyll content end the cell size. 1In the
young cultures the rete of photosynthesis is properticnal to
the chlorophyll concentration, while in the old cultures it is
propertional to both the chlorophyll concentration and the ex-
tent of the cell surfece.
favt 2 ‘ ‘

T Malve leaves are diesphototropicelly sensitive, i.e. the
leaves orieni themsgelves trensversely to the sun's rays. They
follow the sun's course during the day and return to their
original position at night. No such movement can be observed

in diffuse light or in darkness. lLight is perceived by the
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lamina. Tﬁe movement consists of & curvature of the laminar
joint which is capable of reversible coniraction and extension.
A difference in osmétic pressures on the two sides of the petiole
ie found to be responsible for the curvature,

The leaves of Carica papsye assume & horizontsl positien
in the day énd droop sbaxislly at night. The movement has &
normal periedicity of twenty four hours due to some internal
cause (aﬁtenomic).

The mechenism of the movement has been shown to be of the
following sequences

(1) There is a differentisl distribution (or pr@ductien) of
suxin on the apical and basal lobes ¢f the leaf blade.

(2) Because of its specisl vesicular structure the suxin
from the apical lobe goes to the lower (abaxiel) side of the
petiole, while that from the basal lobe goes to the upper (adaxial)
side of the peticle. | ‘

(3) Because of the differential supply of auxin, the two
gsides of the petiole grow unequally and give rise to nyctinastiec

curvature.
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Effect of Auxin on the Growth of Chlorslla vulgaris

in Liquid Medium.

I. Introduction.

Within the last ten years ihe literature om auxin, %he plant growth
hormone, has piled up with amazing repidity. The general resulis have
‘been recently summarized in a number of reviews (Went 1935, Thimann 1935)
and a book bearing that title (Boysem-Jemsen 1936). Surveying this field
one will find that by far the greater part of the wofk on auxin hes been
done with higher plants. Very little =& is yot known as to its relation
in lower plants. A few papers have reported the occurrence of auxin in
fungi (Nielsen 1930, 1932) and algae (Van der Weij 1933), but its effect
‘in these groups of plants is almost unknown. In fungi it appears to be
inﬁeffective (Boysen-Jensen 1932). In some algae (Buglena) it seems to
stimulate cell-division and germination of cysts (poéS??ﬁigééi. In a re-
cent abstract (1936) Elliot reported some experiments with auxin on the
growth of protozoa. He found that auxin promotes the growth of chloro-
phyllous protozoa (protophyta) but is without effect in the colorless
speeiose. A few papers‘have also been put out by Leonian and others (1935,
1936, 1937) but their data are too crude to be of any value. Fﬁrthermore
the authors appear to have a rather insufficient knowledge of the question
and have drawm quite erroneous amd—ridieulous. conclusions. It seems to be
important therefore to make a careful study of the subject. This is the
purpose of the present study,

The unicellular green alga Chlorella vulgaris hes been chosen as material
because the physiology of this form is well known. The growth cycle of the

species has been recently studied by Pearsall and Loose (1937). The metabo-
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lism (Beckwith 1929), respiration (French, Kohn, and Tang 1934), photo-
synthesis (Emerson 1936) and nitrate reduction (Warburg 1928) of this
and other species (C. pyrenoidosa) of Chlorella have been iniestigated.

Because of this it is a suitable object for the study of the effect of

auxin and the mechanism of the processes of growth.

II.

Material and methods.
A. Isolation of material.

A pure strain of Chlorella vulgaris that had been ecultured in
the laboratory for more than ten years was kindly supplied by R.
Emerson. Prsliminary examination of the culture showed that the
size of the individual cells varied considerably. The frequency
distribution curves of the measured diemeters were not symmetrieal
end had two to three indistinct peaks. See figure 1.

Table I. Distribution of cell size in the original culiure.

Size class

Frequency

0 14 20 35 79 109 97 105 82 84 65 21 7 1 1

This was probably due to the occurrence of mutations which arose
during long cultivation. In order to get a more uniform strain the

4 and 105 times and spread on nutrient

culture was diluted 102. 193, 10
agar plates. In a month smell colonies appeared which wers probably
derived from the division of single cells. The colonies were selected
and transferred to agar slants in test tubes, and allowed to grow for
about two weeks. A total of fifty-four slants was thus obtained from
which nine were selected and transferred to liquid media. One of

these cultures (A-152) was chosen as the inﬁoculum for all the experi-

ments in the present invegstigation. The cell size in this clone (A-15a)

fell on a normel distribution curve as shown in table II and figure 2.

M XE PULLoT 0 ! B S ¢ lone A= Ele .
ige class | O-1 1-2 2-3 3-4 4-5 5-6 6-7 | Total --- 988 cellas )
Frequency | 4 204 5132138113 | Average diame its.

0-1 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 10-11 11-12 12-13 13-14 14-15




Table II. Cell size distribution in clone A-1Sa.

Units in micrometer divisions.
Ocular 10x

Objective 40x

| 8526 class ~=-=|| Oel 1-2 2-3 34 4-5

5-6 6«7 | Total | Average
diam,
Frequency =--==
1st Eﬁgﬁgdi-- 1 119 342 137 1% 7 3 624 3.13
ond gods"Z~- || 3 85 171 8¢ 17 4 © 364 3.10
Totgl =wcr=ccas 4 204 513 221 32 11 3 988 3.12
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B. Method of culture.
The culture medium described by Warburg and Negelein (1922)
was used. Four stock solutions wers prepared from "Kahlbaum"

chemicals in redistilled water from & Pyrex still.

(1) Mgso,.7H,0 50 gm. per liter
(2) Kﬁcs 25 = v "
(3) K32P34 25 v ?

(4) Fez(so4)3.7H20 2,8" " "
The solid medium used in the plates and slants wes made according

t0 a modified formula of Benecke which consisted of:

(1) KH, PO, 14 c.c. of stock
(2) Ko, 6 » ® "
(3) wgso, 4 n m m
(4) F82(304)3 trace

(5) ] H20 (disto) 1000 ceco

(6) agar 2 7
The liquid medium consisted ofs

(1) ¥gso, 10 c.c. of stock
(2) xwo, 10 " » w
(3) KiPo, 10 % v w
(4) sz(so4)3 0.2 c.c. of stock

Distilled water was added in ammounts to make up the volumes
shown in column 2 of table III for the different eultures. The
medium was placed in 300 é.c. Erlenmeyer flasks with entrance and
exit tubes for gas as described by Emerson (1929) and sterilized
in an autoclave for fifteen minutes under eighteen pounds of pressure.

A stock solution of 0.2 mge. pPOr c.c. pure crystalline heterocauxin
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{betarinéale-acetic acid Merck) was made up fresh for each experi-
ment. This auxin stock was sterilized separately, and then added
to the culture flasks in agmounts given in column 3 oi Table III.
This brought the total volume of sach culture to 200 c¢.c. of approxi-

metely equal osmotic pressure (concentration).

Teble III. Auxin concentrations of diffsrent culiurese.

Culture Media Auxin So0l.| Resulting auxin
~ No. Ce.Co CeCo conce. mg./cece
-—'—# ettt

1 200 0 0

2 199 1 0,001

3 195 5 0,005

4 190 10 0,010

5 180 20 0.920

6 160 40 0,040

The media were then %}heculated with one c.c. (3=4 mm% of cells)
of the original stock cultures (A-15a) by means of sterile pipettes.
The cultures were grown in a glass-bottom water bath and illuminated
from below with a series of internally frosted filament lamps. A con-

tinuous siream of air containing 5 % 002 was passed tarouga whe cul-

tures. The culture conditions of the different experiments are given

below.

Table IV.e DExperimental conditions.

Exper. Date Days of |Culiure| Lighting | Temperature | Remarks on

No. culture.| No. conds. of tank. growth.

———i 8/14-10/28| 175 14 |9x40 wetts warm very slow
2 11/12-11/27| 16 9 " medium fair
3 12/20-1/12 | 25 7 " cold slow
4 2/1-2/16 | 15 7 |9x60 watts cold feir
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Exper. Date Days of |Culture| Lighting |Temperature | Remarks on
Noe. ealtnreti’ No. conds. jg;?ank- growth.
5 2/24-3/11 16 7 |9x60 watts cold good
6 3/18-3/25 7 6 B cold good
8 3/29-4/13 15 6 " cold good

It can be seen from the table that the externsl conditions were
not at all the same in the different expesriments. The first thres
experiments had a lower light intensity and a much more varied en-
vironment than the last three experiments. Therefors the different
cultures of each experiment were strictly comparable ounly within each
other and only e rough comparison was allowable with the last thres
experiments where the conditioas were more uniform.

At the end of the experiment the cultures were harvested and
determinations were made of the volume coucentration, dry weight,
average cell diameter, cell number, and the auxin concentration.
For convenience these determinations will be discussed separately
in the following sections.

III. Determination of volume concentration.

The volume concentration, expressed in mm? of cells per c.c. of
culture, was datermin;d by centrifuging the cells from a known volume of
vne culiture in a gradusted hematoecrit. The eentrifuge was rua at full
apeed (greater than 3000 r.p.m.) for twelve minutes, a time previously
found to give a constant reading. At least two determinations were made
for each culture. An example oi such a deiermination is shown in table V.
A summary of the resulis of different experiments is found in table VI.

It will be seen that the deviation for duplicate readings (table V)

was about 2 - 3 7 although it might be higher for more dilute cultures.

The deviation between two duplicate cultures was higher (5 #) especially



Teble V. Volume determinetion by centrifuging. (Exper. 5, Merch 11, 193?).

Culture|l Auxin |Hematocrit | Culture taken mm% cell mm? cell mm% cell |Average
Ko. CeCe reed correct.| /e.c. culd

J 6 15.7 2748 4,63
| 0 8 6 28.0 2743 4,55 4,59

ib 0 I 6 14.8 25.8 4.30
c | 8 6 27.0 2642 4,37 | 4.33

2 0,001 13 6 26,0 24.7 4.12
0.001 14 6 25.5 24.6 4.10 4.11

3 0.005 | 6 14.7 2546 4,27
0.0C5 13 6 27.0 25.8 4.30 4,28

4 0.010 8 6 24.9 23.8 3.97
0.010 14 6 24.0 23.0 3.83 3.90

5 0,020 13 7 18.5 1649 2041
0.020 14 7 18.0 16.8 2.40 2.41
6 0.040 14 100 26,0 24.8 0.25 025

Teble VI, Volume determinstions by centrifuging -- summary of experimenis.

Expere == 6 4 8 5 2 3 1

Deys == 7 15 . 15 16 16 25 75

Oult&rJ Auxiﬂ mm? cells per c.c. culture
Ko« | conec,

1la 0 [LeR2 | 3,55 | 4441 | 4,59 | 1.09 | 3.13 | 3.71

1b 0 Pedz| - - 4.33 - 2,93 | 3,50

2 Pe001 R,51| 3.8C | 4427 | 4411 | 0.87 | 5.05 | 4.32

3 [0.005 025 | 2e24 | 3440 | 4428 | 0e64 | 4,44 | 3.65

4 [0.010 [0.16 | 2,67 | 3.41 | 3.90 | 0.54 | 4.88 | 3.70

5 [0.0200.16] -~ 0.0 | 2.41 | 0.11 | 4.74 | 3.98

6 040 | =~ 0.27 - 0¢25 | C.16 | 0.15 | 3.90
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for the young rapidly-growing culitures, which was probably due to
the slightly different ammount of in}eculation.
A general conclusion can be drawn from these results. This is
that in low concentrations of auxin (0.001 mg./c.c.), tne hormone does
not affect the‘grewth of the culiures but in higher concentrations
(0,010 to 0.020 mg./c.c.) it progressively retards the growth of the
cultures, s0 that at the highest conceairation (0.040 mg./c.c.) the
culture faiis to grow at all. Experiments 1 and 3 were exceptional
(section VIII, vable XVI) in that auxin had disappeared by the end of
the experiment. Experiment 2 wes also abnormal in this respecij the
cultures were dilute and the destruction of auxin was high. These
three sexperiments had difierent culture conditions (table IV) and also
a different source of heterosuxin (prepared by the chemical laboratory
of the institute). Culture 6 presented a pathological condition, due
to an overdose of auxin. The cells were brownish red and disintegrating.
It 1s known that the growth of Chlorella in culture slackens after
the conceniration reaches a stage of saturation. This phenomenon is not
fue to the sxhaustion of the mineral supply of the medium (Pearsall and
Loose 1937) (Sargent, unpublished result) but is perhaps a result of de-
croase in photosynthetie activity, the only meens by which the plant can
obtain its food in the inorgenic medium. At this stage there is a decrease
in hexose content and protein synthesis with an sccumulation of well
meteriel, comparable to the phenomenon of senescence of the cells of the
higher plents (Pesrsell and Loose 1937). On account of this lower rete
of growth, the high concentration suxin cultures reached saturation con-

siderably later than the controls (table VI). 1In this respect auxin may
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be regerded as.abla—tofﬁgggaihe celle longer in the juvenile state s&

discussion of this will be givern later.

Iv.

Dry weight determinations were masde on 100 to 200

Determinetion of dry weight.

3

mns of cells

from each culturé. The cells were centrifuged out of the culture medium,

washed in distilled weter, transferred to e weighing bottle eand dried in

an electric ovem at 60 - 70°C.

Teble VII gives an example of such a de-

terminetion and tebles VIII end IX give the summary of the results of

three experiments in which the dry weight is expressed respectively as

mge. per c.c. culture or mg. per mm? cells.

11, 1937)

Teble VII. Dry weight of cells. (Exper. 5, Merch
cultureﬂAnxin Weighing | Culture | Cells | Tare wt. Wt. of bot. Dry weight
|_Ro. [cone.| bot. Ne. | teken cc mm3 | of bot. | plus cells. | cells mg./c.c.
1b 2 50 21645 | 42218.1 | 42255.1 0.740
2 0.001 31 50 20565 | 41397.5 | 41434.4 0.738
3 0,005 30 50 214.0 | 40496.2 | 40534.0 0.756
4 0.010 8 50 195.,0 | 37865.6 | 37898.7 0662
5 0.020 23 70 168,7 | 39973.4 | 40004.4 0.443
Table IX. Dry weight per mn® cells. Teble XIII., Dry weight per c.c. culture.
Exper. — | 8 5 1 | Exper. -= 8 5 1
Deyg «=-= |16 16 75 Days e~--- 15 16 75
Culture| Auxin
No. | conc.
la 0,174 | 0.171| 0,194 0.766 | 0.740 | 0.720
ib - - 0.182 - - C.639
2 0,001 (0.181 | 0.180| 0.173 0.774 | 0.738 | 0.743
3 0.005 0,207 | 0.177| 0.182 0.705 | 0,756 | 0.667
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Teble IX (Con.) Teble VIII (Con.)
Expers == | 8 5 1 Expere -~ {6 | 5 1
Deys ==== |15 16 75 Deyg ===~ |15 16 75
Cult. Auxir Cultd Auxin
No. | conc. No. | conce.
4 0,010 [0.196] 0.170; 0.171 4 [0.010 (0,669 | 0,662 0,633
5 0,020 - C.183 | 0.17C 5 10.020 - 0.443| 0.676
6 0,040 - - 0.172 6 10.040 - - 0.670

A study of the tables shows thet the dry weight, i.e. the amount of
dry metter per c.c. of culture decreases with the increasingly high concen-
tretion of auxin (table VIII), ec thet the dry weight per mn’ of cells is
epproximately constent within the limits of experimental error (teble IX).
This result indicetes thet suxin does not affect the water content of the
cells and the increase in cell volume csused by auxin (see next section)
is not exclusively due to the abserptien of water. This may be due to en
immediate increese in wall meteriel efter expansion (SWding 1934). Or
more probably because in Chlorella, wkich is suwtotrophie, anvinerease in
cell volume by weter aﬁaorbtien is quickly followed by en incresse in
essimilation as will be shown in a later chepter (Chepter II).

V. Determination of cell size.
A. Method of memsurement.

Cell size was determined by measuring the diemeters of e large
number of cells with the sid of en ocular micrometer under high mag-
nificetion (880x). A preliminery experiment (table II, figure 2)
showed thet one sample in which 300 cells were measured wes enough
to give a good distribution curve end a reliesble average. The seme

procedure was therefore followed in 211 the later experimenté%

Several precautions were cbserved in the measurement:

E 3
"In experiment 2, 1000 cells were measured.



9.

(1) Measurement wes mede as soon as possible after the cultures
were harvested.

(2) A thin slide preparation was useé se'fhat ;11 the cells could
be seen at the same focus.

(3) seversl spots were teken at rendom on the slides end all the
cells et thet spot were measured.

(4) The rare ellipsoidal cells were measured along whetever diemeter
in line with the micrometer.

(5) Cell clusters were measured as one single cell if the enclosing
wall was present, snd as separate cells if the wall no longer
existed.

After measurement a frequency teble and a distribution curve
were constructed for each culture. An example is given in table X
end figure §. The mean dismeter wes then calculsted from the frequen-
cy table. The probable error of the mean was very smell, sbout
+ 0,05 = 0,10 A or less than 2 %. The difference between the mesens
obtained from two measurements wes sbout 1 % end the difference be~
tween the mean diemeters of two duplicate cultures was 1 £ for the
meture cultures snd sbout 5 ¥ for the young developing cultures.
The diemeter of the cells was therefore a much better criterion for
& culture than the volume concentretion or the dry weight measure-
ments for the study of auxin effects.

The surface area end the volume of the cells were celculated
from the meen diemeter, assuming the cells to be spherical.

B. Results end discussions.

The aversge diemeter, surfece and volume of the celle in four

experiments are summerized below (table XI).
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meble X. Measurement of cell diemeters. (Exper. 6, T-day old culture.)
Culture Nop, 1la 1b 2 3 4 5
Auxin concp © 0 0,001 0.0C5 0,010 0.020
Size classh £ % t 4 £t 4 1¢ 4 1t 21t &
— e — e ;ﬁ
0-1 0 o© 0 0 o o0 /0 o0 [0 o0 o o
1-2 4 1.1/ 5 1.4/ 0 0 lo o jo o jo o
2-3 34 9.5[30 8.4/ 7 2.0/ 2 0.8/2 070 ©
3-4 |67 18,758 16.2]/ 25 T7.1{10 3.8|/8 2.7/ 5 1.9
4-5 103 28.8 101 28.2| 62 17.5(22 B8.4[22  T7.4[17 6.3
5-6 89 24.8|75 20.9/102 28.8/36  13.8 37 12.4{29 10.8
67 39 10.9| 54 15.1| 84 23,757 21.8 66 22.1143 16.0
7-8 17 4.7[22 6.1| 48 13.6/47 18,057 19,148 17.9
8-9 3 0,8/10 2.8| 16 4.5/30 11.5[36 12.1(38 14.2
9-10 1 0.3] 4 1.1 4 1.1{20  7.6[21  T.0{27 10.1
10-11 1 0.3 2 0,611  4.2[6  5.4]17 6.3
11-12 1 0.3] 7 270 3.4[17 6.3
12-13 1 0.3{5 1.9({8 2,713 4.8
13-14 6 2305 1.7/ 6 2.2
14-15 5 1.9(6 2.0/ 5 1.0
15~36 1 042 0.7] 2 0.7
16-17 0 0 (0 0 |1 0.
17-18 2 0.8|0 0
18-19 1 0.3
19-20 1 0.3
Total -~ [358 359 352 261 298 268
Av. diem. .77 4,99 5.87 7.54 b.7a 8.21 "eale
.34 6462 7.80 10,05 10.30 10.95 mu
Volume  [133.5 151.9 248.5 533.2 57242 689.5 muS
Surfece (L2643 137.7 191.2 318.1 33342 377.5 mu?




11.

Table XI. Avérage cell diemeter, surfece end volume of cells measured
by micrometer. Suwmary of experiments.

Expere=== 6 2 8 S
Days ==== 7 16 15 16
¥o. Auxini Diam.| Surf.|Vol. Diem.|Surf.|Vol. Diam. |Surf.|Vol. Diem.|Surf.|Vol.
comeo||l 4 | M* | 4° L A A N W e
 la (4] 6634 112643[133.5 5.34 Bg:; 7947 k.44 13044{140,0] 6.55/|134.61146.8
ib 0 6662 |137,7|151.9] - - - - - = | 6448/131.9/142,3
|2 0.001] 7480 |19862]24845| 7+41|17245]213.0] 633 126601329 7e46]175.0 /2177
[ 3 0.005/110.05 | 3184153342 7e48|1757!219.1] 7032 (1684220540 7e37|171.3!210.7
_5;4,0.010410.30 3332|5722 7031167820040 7.99]20045|26645 8.36/220.11306.8
5 0.020//10.95 | 3775|6895 8.45/224.4]316.0] - - = |1 9.52|285.,0/452.4
6 0.940" - - = | 6,71|141.4/158.Y - - - | 8.58|231.4]330.9

In all experimenis the cells in the auxin cultures were much larger then
the controls. The average volume &gleomatimes a8 great as four times end
gient cells 50 ~ 60 times that of normel cells.

In figure 4 the average cell volume is plotted against the logarithmof
the suxin concentretion. It is seen that in young culturee (curves A and
B) the cell volume is a linear function of the logarithmic auxin concen-
tretions In this respect Chlorells is compareble to the cells of higher
plents. Leibach (1935) found that the size of swellings or 22%229;n de~
cepitated Vicia faba epicotyl increases proportionally to the logarithm of
the auxin concentration applied.

In the older cultures (curve C) this reletion between cell volume
and auxin concentretion is more compliceted. First, the cell volumes
are in generel smeller than those of young cultures. Second, while in

the high auxin concentretion cultures (0.0l - 0.02 mg./c.c.) the logarith~

miec relation is retained, in the low auxin concentretion cultures (0.0C1 -

0.005 mg./c.c.) the cell volume sppears to be constent, elthough still




ebove the controls.

It has been seid in comnection with volume concentretion (section III)
thet the high auxin cultures grew more slowly and reached saturation later
then the controls. By referring to teble VI it is seen that while the con-
trols end the low suxin cultures had reached the saturetion point in 15 or
16 days (Exper. 2 wes abnormal, see below) the higher suxin cultures were
still well below that stege. It has also beemn suggested that the slackening
of growth at saturation was probably due to a shortege of the food factor
caused by a lower rate of photosynthesis. Teking these things intc consifera-
tion, it is at once evident that the growth in cell volume depends noit only
on auxin concentretion but also on the amount of enether factor, presumebly
food. In the low euxin cultures the food factor was lirking, while in the
high auxin cultures this stage had not yet been reached. Here sgain Chlorells
growth is compareble to that of higher plents. The importance of the food
fector in the latter has been studied by Went (1935) and Schneider (unpub-
lished results).

The results of experiment 2 require some explanation. Referring to
table XVII one cen see that the destruction of suxin in all the cultures
of this experiment wes sbnormally high (50 - 60 %). The reason for thie
hes been suggested before (section III). Now if one tekes the final auxin
concentration instead of the initiel and shifts the points correspondingly
(indicated by arrows on curve C) it can be shown that they agree completely
with the results of other experiments. A similar explenation aspplies to
the first point (lowest auxin culture) of experiment 8. In this culture
auxin had disappeared completely (teble XVII) and the cell volume was there-

fore equal to the control.
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VI. Determination of cell number.

In three experiments cell counts were made with a hemacytometer.

Two semples were used for each culture and 500 - 1000 cells were counted
in each sample. In experiments 5 and 6 the whole hemacytometer chamber
including the grooves was filled, while in experiment & only the plateeus
were filled with the culture. With the former method the deviation of

the duplicete countings amounted to as much as 20 ¥, while with the latter
method the meximum deviation was around 7 Z.

Table XII gives an exsmple of such an experiment end table XIII
gives the results of three experiments. (See next page).

It is seen that with lower suxin concentration cultures the number
of cells per c.c. of culture was compareble to the controls, but in the
higher suxin concentretion cultures the number was consideresbly smeller.
Therefore suxir in high concentretions, while it promotes the growth of
cell volume, retards the growth by divieion. The latter effect was more
pronounced then the former, resulting in a lower volume concentration
determined by centrifuging.

Table XIV shows a comperison between the volume concentiration
calculated from diemeter measurements and that determined by centrifuging.
In this celculation the cells were assumed tc errange themselves in the
menner of clesest packing, so instead of the ordinary formule for the
volume of e sphere (4.189 r3), the formule 5.66 r° was used to allow for
the spaces between the packed cells (Bragg and Bragg 1933).

It can be seen that the observed (centrifuged) volume concentrations
are much larger than the calculated ones, sctually sbout two times in
case of small cells (cultures 1 and 2) and 1.5 times for the larger cells

(cultures 3 end 4). As the discrepancy exceeded the maximum error of



Teble XII. Cell counts. (Exper. 8, 15-day culture, April 13, 1937).
Culture| Auxin| Cell no./0.lmm> | Average| ¥ | No. cells No._cells per
No. conce | A B C devwger ecs cule me 0f cells.
1. 0 {1155 1155 = 1155 0 | 1l.55 x 106 2461 x 106
2o 0.,0C111043 1138 1177 1119 7 111.19 2462
3. 0,005| 819 814 - 816 3 8.16 2040
4. 0.010| 614 653 =~ 634 3 6034 1.86
Teble XITII. Number of celle per c.c. culture. Summary of experiments.
Exper. L 6 5 8
Days =w=- 7 16 15
M
Cult.|| Auxin| A B A B A B
_No. || conc.
le 0 3,61 2.96 | 6,40 1.40 | 11,55 2461
1b 0 3453 245 | TJ10 1.64 - -
2+ || 0,001 | 3,41 226 | 5,929 1.46 | 11.19 2462
3e | 0,005 0,24 0,96 | 6,01 1,40 | 8.16 240
4, || 0,010 0,16 1.00 | 5,18 1.33 | 6034 1.86
5. 00020 0014 0.88 2.76 1014 - ad
A == number of cells per e.g. eulture x 192
B wa ¥ " " " mms of ecells x 107,
Teble XIV. Compariscn of cell volume determined by cell measurement and
by centrifuging. (Exper. 8, 15-day culture, April, 13, 193%).
Gultur;!] Auxin | Average | Cell vol.|Calc. vol.|Observed (No. of | Comparison
No. |lcone. | cell closest cnc. vel, conc.|cells/ observed
mg./ rediug | packigg mue/ecce | mms/cece [e.c. of, calce
‘il: _ i‘”‘“ - - = = — ,.g. i e e 1
’ 2.18
1, 0 3622 189.2 3¢686 4.41 11,58 240
2+ 110,001 | 3.17 179.,5 2.01 4.27 11,19 2e1
3s [10.005 | 3466 27649 2085 3440 8,16 1.5
4. «010 | 3,99 360.6 2430 3.41 6.34 1.5
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the three determinations by almest ten times, evidently it could net

be due to the ineccuracies of the measurements. It is probable that
the centrifuged cells had not approasched the condition of closesi
packing. The fact that the two values of volume concentration came
closer to esch other for larger cells indicated that capillary phenomenea
perhaps pxlayed an importent role in the centrifuging.

VII. Determination of the auxin content of the cultures.

In experiments 1 and 2 the Avena test method (Went 1928) was used
to determine the asuxin concentration in the culture media. In later
experiments (experiments 3 to 8) the pea test method (Went 1934) was
chosen because of its ease of menipulation and its applicability to a
wide renge of concentretions. The sterile stock solution of auxin weas
first tested in severel different.soluliens~ef—verieus dilutions. The
pea curvatures obtained were plotted against the legarithms of the auxin
concentration in mg. per 10 liters. (J«/l XU, 7 5)

Table XV. Activity of sterilized stock solutions of G.S. determined by
the pea test method.

Dilutions | Concentration| Log of | Exper. 3 | Exper. 4| Exper. 5 6 Exper. 6| Exper.
tested. | mg./10 1, conce 8
oo == T
10 200 - 203 - 497 472 - 570
20 100 20 - - 383 478 -
40 50 1.7 - - - 320 -
50 40 1.6 - 394 300 - -
100 20 1.3 333 298 - 302 345
200 10 1.0 261 - 224 203 -
e
400 5 0.7 - - - 115 -
500 4 0.6 152 - - - 155
1000 2 0.3 - - 82 66 70
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The culture media were centrifuged from the cells and tested either as

such or in different dilutions. Their euxin concentrations (in mg. per

10 liters) were obteained from their pea curvatures by interpolation

from the graph (figure 5). From these results the percentage of auxin\dﬂ¢kﬁnd
disappeared was calculated.

Table XVI. Auxin destruction in cultures.

Exper. -= 6 4 8 5 3 2 1

Dayg ==v= 7 15 15 16 25 15 75

4 of auxin disappeared

0 ‘)iQO 0 100 726 | 100

¢] 0 0 100 56.2 | 100

[¢] 0 .t 0 100 53 100

5| 0,020 O 0 85 0 94 66 100
6| 0.,040| ‘= 85 - 95 99.5 56,5 | 100

Table XVI gives the results of seven experiments. In the first three
experiments the destruction of auxin was 50 - 100 % in all cultures. But
in later experiments no spprecieble destruction was observed except in a
few cultures. This was becsuse of the different conditions of the experi-
ments or more probably because of the differences in the sources of the
auxin used (section III). In this respect the first three experiments
may be regarded as abnormal.

The fect that in normal cultures no detecteble emount of suxin
diseppeared suggests that the amount of euxin actually used up in growth
was very smell., The disappearance of suxin must be largely due to de-
struction. The highest auxin cultures (culture 6) in all the experi-

ments showed considersble destruction. The ecells in these cultures were
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brownish and éisintegrating and had probably & high oxidation activity.
Some destruction was slso found in the lowest auxin culture of experi-
mont 8, due possibly to infection, eslthough no bacterial or fungal
growth had ever been noted,

An experiment was conducted to ascertein the desiruction of auxin
by sterilizatioé. The results ere given in table XVII. It is seen
that the destruction is about 28 %.

Teble XVII. ILoss of activity of auxin by sterilizatiomn.
(Exper. 3, Jen. 12, 1937, stock C.2 mg./ c.c.}.

Dilution||Cone, |Log Curvature®| xp | Log Co=| C, |G = Co| £  Av.
mg./10 2 unster. sterq —- E2)og 2 2 “"‘5;‘2' des.
liters x X X |n 1
A ol s
b =
100 20 1.3 377 333 10,863 1.148 14,0/ 0.30 | 30
' 28
200 10 1.0 261
500 || 5 | o0.7 | 186 | 152 |o.818] 0.573 3.7/ 0.26 | 26

It may be of interest here tc compere the range of auxin used in this
inbestigetion to those used in studies om higher plents. Such & comparison
is given in table XVIII.

Teble XVIII. Comparison of ranges of auxin concentration.

Plent Effective range of auxin conc. Author
mg./liter N
Chlorelle cult 0,66 ~ 13.30 "
Avena test 0,01 ~ 0,04 Went 1935
Pee test 1,00 ~ 10,00 Went 1935
Been swellings 23 ~ 1165.0 Laibech 1935

* luuﬂ wdo aanmflh.bw<6 Abd%d&w
It is seen thet the range of concentration used is comparable to

that in the pea test; smaller then in the bean swellings and larger then

in the Avena test. In this range we have geen that auxin, while it
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promotss'thé growth of cell volume, has slsc begun to inhibit division.
A lower concentration has been tried in agar medium and the results will
be given in Chepter III.

The question arose as to whether Chlorelle cells could produce auxin
by themselves. Several tests were made on the media and on the cells
themselves by chloroform extraction. The results were ell megative.
However, this fact does not necessarily mean thaet this alge is completely
unable to synthesize auxin for it is possible that it produces auxin in
very small quantities so that it is undetectable by the ordinery Avena
test method without preliminery concentretion. Ven der Weij (1933) found
the presence of auxin in the cell sep end cell wall of Valonie by concen~
trating the extract 10 - 100 times.

VIII. General discussion.
A. Cell enlargement.

Since the growth of Chlorelle cells consists of cell division and
cell enlargement, it seems profitable to discuss them separmtely,

The feact thet euxin promoies cell enlargement in Chlorelle has
been definitely showm by the sbove experiments. It remeins to consider:
the actusl mechenism. by which this tekes place. It is well known thst in
higher plents the auxin causes an increesse im the plasticity of the cell
wall which favors the absorbtion of water and causes the cell to elongate.
Increase of wall material and dry weight oceurs in a later stege. The
seme mechenism probebly exists in algae.‘lthough there is no direct proof
for this conception, the circumstantial evidence however supporting this
view,

| First, we have seen the general course of the growth cycle in both

algee and higher plants is approximately the seme and the chemicel changes
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invelved in Seth ceses ere slso strikingly similer (Pearsel and
Loose 1935). BSecond, unlike fungi end bacteria, slgee have the seme
cellulose well as higher plants. In a recent paper thegufcreaeopie
structure of the cell wall of Velonia has been investigated (Preston
and Astbury 1937) and it was found that the micellar arrangement is
comparable andbtraceable to thet in wall of fibers in higher plents.
Since the action of muxin is primerily on the miceller units (Bonner

1935) and

rg, there is very little doubt
that it hes shown the seme activity here. Third, our dete show thet
the same logarithmic relation exists between the auxin concentretion
and the cell size as in higher plants (section V). And finally, as
will be shown later (Chapter IT), auxin does not affect respiratien
in Chlorella. This indicates its action is primarily on the cell well
es in the case of the higher plents (Bonner 1936, Heyn 1931,1934).

Just as in higher plente auxin is not the only factor that limits
the i:::;;;u;;m:;;Ik;;gggzgggzigigggEEb It has been shown that (section V)
while in young cultures the cell size ig sirictly proportional to theﬂq%vdﬂ3“4>
auxin concentration, ir ocld cultures, especially et low auxin concentreticns,
this is no longer true. This fact suggests the presence of another factor
which is uwnimportant in the young cultures buit becomes limiting in the old
ones. The exact nature of this factor is not known. That ib ie perhaps
a question of food has been discussed (section V end section III). Food
fector or factors have already been known in the higher plants (Went 1935).
Whether these factors are of the same neture remesins to be investigated.

Summing up, it may be concluded thet as far as cell exiension is

concerned suxin hes the seme effect on Chlorelle as in the higher plants.
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It may prevé to be a better objeet for the study of the auxin
mechenism and growth, since it eliminetes completely the question
of trensport (Went 1935) and because of its unicelluler nature it
furnishes & good object for the study of penetration and acecumulation
of auxin in cells.
B. Cell multiplication.
We have seen that while auxin promotes the growth in cell volume,
e psomen o . . : Lioriaeral Fnd
in higher concenirations it inhibits cell division. s that
the a&xin cultures at a given age are ealways more dilute than the con-
trols (section ITI) and contain & smeller number of cells (sectionVI).
(in ghis i/spééf’”EZEn dszera44;9gLEEi§5?:éﬁgfgii:ghssgjif}fﬁﬁiE—7é i
Lg&gﬁggzi;dzvision in_ygggg,//The slowing down of the growth rate by
auxin leads to a leter saturation end a longer period of growth of the
culiture. In this sense it mey be considered to have a reojuvenating
effecte The inhibition of cell division with inereasing conceniration,
snd especially in high concentretions, ig very well merked. In solid
medié the effect is even more pronounced (see Chapter IITI). This phen-
omenon has lead Leonian (1937) to consider that auxin is an inhibiting,
rather then a promoting, substance., His conclusion is, however, not
true as we shall see in a later chapber (Chapter III).

Since very little is known as yet about the physiology of cell
division, it seems premature to give any explanation of this inhibition
by auxin. Nevertheless, there are some points in this connection worth
mentioning. As will be shown later (Chapter II) in the cese of young
cultures the rate of photosynthesis of the auxin cells is lower than the
controls and this lowering of photosynthesis is quantitatively related

t0 a smeller chlorophyll content. Correlating these facts, it seems
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reasonsble to think of the inhibition process as consisting of the
following steps:
auxin —» chlorophyll ——> photésynthesis —> goll division

In the first step just how auxin inhibits chlorophyll formetion
is unknown, and will not be discussed here (Chapter II). The second
step, coneernihg the relation between cﬁlorephyll and photosynthesis,
has been worked out by Emerson (1929), Fleischer (1935) and the experi-
ments presented in Chepter IXI. The last step, however, may comsist of
several short steps at present unknown. Since photosynthesis is the
only source of food there in the eultures, it is not unreamsonable to
believe that it is related to cell multiplication through the food
supply. Furthermore, recent works on cell division hormones, e.ge
viteamine B, phytosterols, bean hormone, ete. have shown them to be
lergely found in the green parts of the plent, end so probably of
photosynthetic origin., It is possible that a lower rete of photosyn-
thesis decreases the supply of such fectors or hormones, this then
limiting cell division. A more direct connection between chlorophyll
and the growth factors (vitamines) has been suggested in the litere-
ture (Schertz 1928). This, hewever, seems to the writer to be improb-
eble.

In the older cultures the seme thing appears to be truwe. In thie
case the suxin culiures have & higher photosynthetic activity then the
controls and correspondingly they continue to incresse in cell number
while the control cultures have reached ssturation and have practically
ceased to multiply. The relation between chlorophyll and photosynthe-
sis here is not so simple as in the young cultures and this will be dis-

cussed in a leter chepter (Chepter II). It must be edmitted in conclusion
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that this seheme is of & tentative and hypothetical nature. It
only gives a possible, perheps quite probable, mechanism of euxin in-
hibition of cell division in the case of Chlorella. It also must
be emphasized here that such irnhibition, which eppears only in com-
paratively high concentration of auxin, cen therefore not be regarded
as a normal axiribute of euxin. Misteke in this regerd has lead to
quite erroneous conclusions.
IX. iSummarya
(1)
Chlorelle vulgaris and—it wes cultured in inorgenic liquid medid

> A single-cell clone of

with and without esuxin (beta-indole-acetic acid). Cultures were
grown for 7 to 15 days or longer. The various determinations were
then -mede -on them. |

(2) The auxin cultures were found tc be always more dilute then the
cultures without suxin. They grew comparatively slower and there-
fore reached satur#tien later than the controls. This effect in-
creased with the concentration of suxin. At very high euxin concen-
trations the cultures became iﬁ}ured and feiled to grow.

(3) The dry weight of the eultures follow§ the seme course as the
volume concentration, i.e. it decreased with increasing coﬁcentratien
of auxin. The amowlit of dry matter per unit volume of cells wes -
epproximetely constant,

(4) Meamsurement 6f cell diesmeters showsd thet auxin stimuleted the
growth in cell size. In young cultures the aversge volume of cells
was directly proportionel to the logarithmof the concentration of
the auxin. In older cultures this gg‘net 8o apperent owing to the

presence of enother factor.
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(5) The number of cells per unit volume of the culture decreased

>with inereesing auxin concentretion, indiceting that auxin inhibited
or slowsd up the rate of cell division.

(6) Under normal conditions no apprecieble decrease of auxin could
be found in the cultures for 7 - 15 deys. No detectable amount of
auxin was produced by Chlorelle cells themselves.

(7 Diseaseions were given concerning the mechaniem of growth of
Chlorelle and on the effects of auxin. Conclusions were reached
that (a) the same mechenism exists in Chlorelle ae in higher plents
in the process of cell enlargement brought about by suxin and (b) in-
hibition of cell divieion by auxin in high conceniretions could be

expleined by a decreased smount of chlerophyll and photosynthesis.



Effect of Auxin on the Pigment Contents, Respirastion and

Photosynthesis of Chlorelle vulgaris.

I, Introduction.

It has been shown in the foregoing chapter that the effect of
hetercauxin on Chlorelle vulgaris is two-fold: In the concentrations
used (0.001 - 0.020 mg./ce.c.) it stimuletes the growth of cell size
but inhibits multiplicetion of cells by division. It was the purpose
of the following experiments to find out whether the effects could be
correleted with any change in the metabolic activities.

Four experiments were mede in this investigetion, the meteriel used
being Chlorelle cells cultured in experiments 4, 5, 6, and 8 of the
last chapter., Detailed information on the methed of culturing and the
results of growth measurement are found in section II, Chapter I. De~
terminations were maﬁe of the pigment content, respirstion end photo-
gynthesis. The method used and the results obtained will be described
separately in the following sections.

II. Determination of chlorophyll concentration.

The pigments present in the chloroplasts of the cells comprise the
chlorophylls, carotin, end xanthophyll. The concentration of chloro-
phyll per unit volume of cells was determined by washing e known volume
of cells with hot water, end extracting two or more times with methyl
alcohol until no color was left in the cells. The total extraset was mede
up to a known volume (10, 25, er 35 GeCe) in volumetric flasks. The
extinction coefficient € of a semple of the sclution containing all the

pigments was determined for the wave~length 6598 £. from a neon tube.
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This point has been found to lie completely outside the abaorption
curve for the carotenoids and is approximately at the peak of the
chlorophyll absorption band in the red (Emerson 1929). The value €
was then transformed into absolute units, i.e. moles of chlorophyll
per m> of cells by the following expression (Emerson and Arnold 1932):

n=___€|£€_x _E_L

Ve m 10004

where n is the number of moles of chlorophyll per mm§ of cells.
€;§3 the extinction coefficient for 10 mg. of chlorophyll/liter (0.476)
m is the moleculsr weight of chlerophyll (906.6)
v is the mm¢ of cells used in the extract.
V is the volume of the methyl alcohol solutien.
and.gzga the observed extinction coefficient.

Table XIX. Determinations of chlorophyll. (Exper. 5, March 14, 1937).

Culture ==- 1 3 4 5 6
Auxin conc. 0 0.005 0,010 0,020 0.040
| fflagk ==~ 11163 325 326 927 3

C.c. CH,OH 25 25 35 10
86,6 85.6 9745 96.4 29.7
6leS 62+2 64.2 60.3 50,3
38.0 37.5 34.7 39.3 50.0

0.3724 0.3930 0.4753 0.3308 0.0046

2048 2469 2.82 278 0.0¢

1.52 1.92 2012 2442 0.084

Teble XIX gives an illustration of a chlorophyll determination
and teble XX gives the results of four experiments, in which the
concentration of chlorephyll is exﬁressed in moles per mm? cells

and per single cell, together with the average volume of the cells
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for comparison. Since in experiment 4 the cell number was not
measured only moles of chlorophyll per mm% of cells is given.

Table XX. Chlorcephyll content.

EXper. se-=ew= 6 8 S 4

Dayps ~==ve==o=| 7 15 16 15

3 3 I
Culture| Auxin n/eell cell In/mmS|n/cell cell in/mm3i n/cell cell| n/mps
1015 | vol. | 109 10881 vor. |"4o¥ | "1ot5 ] ver.| "1c%

N =S |

Re97 1,19 [15149]2+28 |0.87 (14040 2,49 {1.52 [142.3] 1,73
(1e64 [248,5i2,13 0,81 132,98 - - - 1.76

3047 53362 (2,76 |1.15 ‘%05.012.69 1,82 1210.7] 2046 |
2661 [572.23.03 {1,633 26649 [2.82 | 2.12 |306.8] 2.24

104’8 §8905 hd = - 2078 2;43 15_&04 -
- - |- - - lo.04]| - - 5

% Owing to the inﬁgcaracies of cell counting, these values are not
Y r (see Chapter I, section 6).

It is seen that in the older cultures (experiments 5 and 8) the
amount of e¢hlorophyll per mm§ of cells is about the same in both auxin
and control cultures. This mesns that the amount of chlorophyll per
unit quantity of cell materiasl or protoplasm is constent, if we comsider
the volume concentration as a measure of the cell materiale The slight~
ly higher values for the auxin cultures are due to the fact that the cells
in these cultures ere larger and are packed tighter in the determinatiom
of the volume comcentrations by centrifuging (see Chapter I, section 6).
The seme fect can also be observed in the values given for the amount
of chlorophyll per single cell. These values are higher, the higher

the concentration of suxin, i.e. the larger the volume of a single cell.

Therefore under these conditions e eLoegﬁ;2§2§§zgrexists between the
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developmenﬁ of chlorophyll and the growth in cell volume.

In the young cultures this is, hoﬁever. not sirictly true.
While in low auxin concentraiioﬂ eultures (cultures 1, 2, and 3)
the chlorophyll centent increases with cell volume, in the high
auxin concentration cultures it falls behind the cell volume.

The axplanatien for this is perhaps as follows: First, the growth
in cell volume in the presence of a high auxin concentration is

so much qaieker than the formation of chlerophyll that the latter
is left behind; second, that in high concentretions of suxin, the
chlerephyll formetion may be actually retarded, as we have shown

in very high auxin concentration (0.040 mg./c.c.) the cells fail
completely to develep* any chlorophyll and become brownish red in
colors It is possible that in comperatively high concentrations
guxin may in some way interfere with the~absorpﬁion of such iené

as Mg, Fe, or NOg, which have been found to be very important in
the chlorophyll development in Chlorelle (Fleisecher 1935, Emerson
1929). On the other hand it mey be comnected with some destructive
mechenism of chlorephyll, the nature of which is net yet well known.
It is importent to emphesize here that the destruction er inhibition
of development of chlorophyll is by no means a normal accompahiment
of auxin, as the concentration concerned with here is quite high.

On account of the low chlorophyll content, the young auxin
cultures have a lower photosynthetic rate than the corresponding
controls (section VI) and this may consequently be the cause of

the slow rate of growth in these cultures (Chapter I).
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IV, Determination of the carotenoids.

The same methyl alechol solutions were used in the carot~
enoid determinations. The precedure was alsc the same except a
different wave-length 4359,8 L. trom a mercury source was used.
At this wave-length the carotenoide have approximately their mexi-
mum absorption and the chlorophyll sbsorbs about the same amount
as at the other wave-length. Therefore, by comparing the extinec-
tion coefficients of the solution at the two wave-lengths the
emount of carotenoids relative to ehlorophyll can be obtained. The -

values & are given in the following table. They cen be translated

€prz
into absolute wnits when the extinetion coefficient for a standard
solution is known for this new weve-length.

Teble XXI. Cerotenoids in the cells.

EXpores =~e=ecow= 4 ' 5

Days =-emw=emee i5 16

el ﬁ:; € | €oe |l ol e :’?;_a;,
1 0 0.9869 | 0,2684| 3.7 || 1.1859 | 0.3724 | 3.4
2 0,001 || 1.2035 | 02992 4.0 - - -
3 0,005 || 0.,8408 | 042407 | 3.5 1.2560 | 0,3930 | 3.2 |
2 0,010 || 049506 | 0.2570! 3.7 | 1.4193 | 0,4753 | 3,0
5 0,020 - - - |l 1,1238|0,3308 | 3.4
6 0,040 || 0.1771| T.,9924 -J 0+4179 | 0.0046 | 90,9

From the teble it is seen that the valueeeaﬂ}s epproximetely a
constant for the different cultures. Since the chlerophyll con-
tent of these cultures (experimenits 4 and 5) has been shown in the

ebove paragreph to be nearly constent, the carotencid contents of
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of these culiures are alsc approximately the seme. Unfortunate-

1y no determinetion of the carotenoids had heen made in the young
cultures (experiment 6) where es shown above, the chlorophyll concen-
tretion varied with that of the suxin,.

In the cultures of highest auxin concentratien (0.040 mg./c.c.,
culture 6, experiment 5) the ratio-é%i;is abnormally high. This is
due to the exiremely small amount of chlorophyll (teble XX). The
cells have a brownish red color to the naked eye., The red pigments
ir these cells are probably not all cerotencids. They are not easily
extroeted with methyl slcohol or petroleum ether, and do not give the
microchemicel tests of the cerotins (Kohl 1902). They are probebly
decomposition products of some cell constituents, ss the cells are
apparently disintegrating.

V. Respiration.

Respiration was measured manometricelly along with photosynthesis
as described by Warburg (1926) and Emerson (1929). About 10 mnS of
cells were teken for emch culture. They were weshed and suspended
in Knop's solution previously seturated with eir containing 5 % co, .
7 co.ce of this suspension was placed in each vessel. A current (34
5% 002 in air wes allowed to pass through the vessel and the manometer
for two minutes. The vessels were then placed in s thermostat at 25°C.
where they were constantly shaken by means of en electriec motor. The
respiretion readings were mede in darkness st intervels of 30 minutes.
The rate of respiretion, R, in mm? of 02 ebsorbed per mm§ of cells
per hour wes celculated from the change of pressure (A h), the vessel

constant (Ki) end the number of S of cells used by the reletion:



A typical determination of respireti

Teble XXIXI. Respiration measurements.

29,

W Shom ac

enA;ellowsz

(Exper. 5, March 12, 1937).

Culturel|Auxin mu® cells| no. of men. Ki Change in 3R 3
used vessel. pressure. | mm:0,/mmecells
9.1 7 1.27 265 0,70
8.99 8 0,73 4,8 C.78
10,92 9 1,37 3.2 0.80
11.81 10 0,74 S.8 0,73
17.36 12 1.34 0.5 G:ZZ__
The next table gives the results of four experiments:
Table XXIIX. Summery of experiments on respiration.
Expers =e=-=- 6 4 8 5
Days ======= 7 15 15 16
Culture| Auxin : R
Fo. | conee (m® of 0,/ mm.3 of cells/hr.)
1 0 0.86 0.70C 0.81 0.70
2 0,001 || 1.14 0642 0.87 -
3 0,005 0,82 0,73 0.94 0.78
4 0,010 0.95 0.30 0.92 0.80
5 0,020 0.84 - - 0.73
6 0.040 - 0.03 - 0.77

hes no influence on respirestion.

The seme phencme-

non has been observed im Avena coleotiles (Bonner 1936). This gives

enother indirect piece of evidence for the same mechanism of cell

enlargement in Chlorelle and in higher plants (see Chapter I).
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VI. Photosynthesis.

The light source used in photosynthesis measurements consisted

of a series of four to seven 100-wett internelly frosted incandescent

lemps placed below the thermostet.

to0 give a saturating (non-limiting) light intensity.

This arrangement hesg been found

Readings were

teken at five‘minute intervels and results were caleulated in the

seme manney a8 for respiration.

. The results of three experiments on photosynthesie are given in

tables XXIV to XXVI, in which column 8 gives the rate of photosynthe=-

3

gkes in mm¥ 02

produced per

3

mme of cells per hour corrected for respira-

3

tion. Column 9 gives the seme quentity in mm? x 1@-9 of 02 per cell

per hour.

Teble XXIV. Photosynthesis. (Exper. 5, 15-day cultﬁre, Feb, 24 - HMarchl2)
Tllumination 7 x 100 wetis.

Temp. 25°C.

, 3
Cultd| Auxin | rms of | No. of Change in Q.+ R + Rfcell_
colls. | vessel Ki pressure mggz 62mm. Qaz mm x 10 6
%1 7 1.27] 2.9 4.86 5456 3439
8.99 ] 0.,73] 661 5,94 6.7 4.80
10,92 9 1.37| 5.6 8444 9.24 6.95
11.81 | 10 0.74| 22,8 17,17 | 17,94 15.74
17.36 | 12 1.34| =06l 0 0.77 -
Table XXV. Photosynthesis. (Exper. 8, l5-day culture, Mar. 29 - Apr. 13).
Temp. 25°C, Illumination 6 x 100 watts.
Cult Auxin| mm® of|No. of K, | Change of Qez Qoo+ R Q02+-R/éell -6
No. |l conee | cellse|vessel _| pressure | mii mme mne x 10
1 o 10028 7 1.27 2049 3469 4,50 1.72
2 [10.,001L] 9,96 ¢ 1.37 1.97 3426 4.13 1.58
3 110,005, 9.52 | 10 0.74 6034 5,91 6485 2.85
41[0.010 9,55 | 12 1.34 4,45 74950 8.42 4,53
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Unlike }espiratien, the role of photosynthesis is merkedly
affected by auxine. In the older cultures especielly (experiment 8
end 5) the higher the auxin eoncehtraﬁion the higher is the rate of
photosynthesis. In the young cultures (experiment 6) the seme thing
is true for the lower auxin cencentraiieﬁs (0,001 - C.005 mg./cecs)
but in the higher concentrations (0.010 - 0.020 mg./cecs) the photo-
synthetic rate drops off agein, slthough still sbove the controls.

Table XXVI. Fhotosynthesis. (Exper. 6, T-day culture, March 18, 1937).
Temp. 25°C.  Illumination 7 x 100 watts.

Cult.|| Auxin| mn® of|no. of K, |Change in Qo Q.+ R | Qo+ R/cell
2 2 2
No« jjconce | collse] vessel Prospures| mm. | e i,
:=r
1 0 8.54 7 1.27F 10.9 19.4 20426 8,14
2 110,001 9.06 8 1,10 17.5 252 26634 11.66
3 110,005 9.09 9 1,37 9,5 17.2 18;62 18.77
4 [10.,010] 8.40 10 0.,74) 10.6 11,2 12,15 12,15
5 |l0.020| 8.46 11 0,99 5.3 Ted 8.34 9.48

If the corresponding cultures of two different ages be compared,
it will be seen that the photosynthetic activity tends to decrease with
age, although the decrease in the auxin cultures is smeller than in the
eontrols. In this respect it sppears thet the suxin cultureg are physio-
logicelly younger then the contrels of the seme chronological age (see
Chepter I).

To find out whether suxin has & direct effect on photosynthesis the
following experiment was undertzken., Three samples of cells were taken
from a culture without auxin, washed, and suspended in (1) Gaz-Knep's,
(2) Gog-Knop's plus auxin to give = concentratidn of 0.0C5 mg./é.e. end

(3) COg-Enop's plus auxin to give a concentration of 0.010 mg./cece
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The rate of photosynthesis of these three samples wes messured mano-
metrically at 1, 7, 25, and 32 hours after they were put in the suxin
solutions. The results are giveh in the following table:

Table XXVII. Immediste effect of auxin on photosynthesie snd respiration.
(Exper. 7, March 31 - April 2, 1937)

r

Auxin|mm® of|No. of K Photosynthetic Qo Respiration R
=:fnc. fflls’ vessel I 1l 7 25 3@ hours { 1 7 hours
0 [9.45 8 10.73115.2 ] 19.1 | 19.3 21.5 0.49 0.51
| 0,005/9.45 | 10 0,74 113.6 | 157 | 1447 17.2 0.46 0055
1.0.010{9.45 11 0.99!}1;.? 1660 | 14.4 16.0 0.43 0.54

No significent difference in the photosynthetic rates is observed, the
slight difference in the ng ugn probably due to the error in the measure-
ment end preparation of the cell semples. From this it may be concluded
that this effect of suxin on photosynthesis is not direct but is due perQ
heps to some change in the cell during e comparatively long period of
cultivetion.

ViI‘ The relation between photosynthesis, chlorophyll, end surfacee.

" Emerson (1929) end Fleischer (1935) have both shown thet in young
cells (5 teo 7vdays 0ld) cultured in Fe or N deficient media a linear
relatibn exists between the rate of photosynthesis and the concentretion
of the chlorophyll. The seme thing is observed here in the 7-day cul-
tures (experiment 6&. Teble XXVIII shows that the ratio of the photo-
synthetic rate per cell to the chlorophyll per cell is approximately
constent for the different cultures, with and without suxin. Single
cells, instead of mm? of cells, ere used here as a unit beoause%iwbe-
lieveithet volume concentration or mm% of cells determined by centrifug-

YNLatUNL
ing is not a very setisfactory quendidy for cells of different sizes
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(Chapter I). The iﬁﬁaccuraey of cell counting does not affect the

result here, for in the calculation of Q/chl from Q/cell and chl/cell

it is cancelled out.

In the lest column of table XXVIII the average cell surfasce is

given.

photosynthedis in these young cultures.

suggested by Fleischer (1935).

Teble XXVIII.

It cen be geen that cell surface has nothing to do with the

The seme thing has been

Photosynthesis and chlorophyll in young cultures.
(Exper. 6, T-dey culture)

Auxin
eonce.

Culture
Ko

02 produced
per cell_per
hour. mm$ 10

-6

Chl/cel
nx 10

s

-

0, produced

per mole of

+ per heur.
x 10-9

Cell surface
mm? x 107

1 0 8.14 1.19 648 1.263
2 0,001 11,66 1.64 Tel 1.912
3 0,065 18,77 3.47 5.4 3.181
4 0,010 12.15 261 4.7 3.332
5 0.020 9.48 1.48 6.4 3.775

In the old cultures (15 - 16 days) the linear relation between the

rete of photosynthesis and chlorophyll content no longer holds.

Column

5 of teble XXIX shows that the ratio Q (cell)/ehl (cell) is not constent

but increesing steadily with the incresse in cell surface (column 6) so

that if Q (cell)/ chl (cell) is plotted against the aversge cell surface

e straight line is obtained (figure 6),

One remarkable thing is seen in this treatment.

In the two experi-

ments performed at different times the individual quantities (photo-

synthesis, chlorophyll and cell surface) varied comsiderebly (see

columns 3, 4, and 6), yet the relatienrQ/éhl 40 cell surface falls

exactly on the seme streight line.’

This fect seems to exclude any
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possibility that the relatien is an eccidental cne.

Teble XXIX. Relstion between photosynthedis, chlorophyll end cell surface.
(Mature cultures.)

Cult .Fmaxin 0, produced| Chl/cell | Q (cell) | Cell surf,| K
No. |l conce|per eellpeg n x 10~15|¢hl (cell) | mm% x 10™% x 107°
hour. 10~
Exper. 5 1 0 | 3.39 1,52 225 1,319 .7
3 0.005] 4.80 1.92 2450 1.711 1.5
4 0,010/ 6495 2.12 3.28 20201 1.5
=====5=£=115|=_°f_4_—_= 2.44 6.45 2.850 (2.3)
e e e e e
Exper. & 1 0 1.72 0.87 1.98 1.304 1.5
2 0,001 1.58 0.81 1.94 1.260 1.5
3 0.,005] 2.85 1,15 2448 1.682 1.5
4 0.,010{ 4,53 1.63 2.78 2,005 l.4

{experiment 5 was 18-day culture, 8 was i5-day culture).

The only culture in which Q/chl to surface does not fall in line

is culture 5 in experiment 5.

This is understandable if we examine its

Q/chl value which is much larger then the rest end is comparsble to the

velues obtained in the young cultures (column 5, teble XXVIII).

The

culture is, as before said, physiologically young (Chapter I) and there-

fore not comparable with the rest.

To summarize,the results of the present experiments indiceste that

mbmal hot
at least three factors are involvednin photosynthesiss age, chlorophyll,

end cell surface.
upon the concentration of chlerophyll.

both chlerophyll concentration and the extent of cell surface.

effect of auxin is indirect through the increese in cell surface.

The

In young cultures the rete of photosynthesis depends

In old cultures it depends upon

The literature on this phase of photesynthesie is rether limited.
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Prectically nothing is yet known about the age fector. The relation
between chlorophyll and photosynthesis has recently been discussed by
Emerson (1936) who ceme to the conclusion that it is not the chlore-
phyll that actually limits the rate but a substence combining with 662
and whose concentratio;tzgri3§ linearly with the chlorophyll. The
importence of surface in photosynthesis has been repeatedly suggested
altho&gh without any evidence (Warburg 1928, Baly 1927)., From the

. results obtained here it seems that photosynthesis is related somehow

to a surface reaction or a factor which varies with the extent of the
surface of the cell.

Recently it has been shown by Emerson (1935) that Chlorella cells,
exposed to strong light for several hours, show a large incresse in the
rate of photosynthesis without any increase in the chlorophyll content.
Since no measurement of the cell dismeter is available detailed treatment
cen not be given., However, it can be shown to fit quite well with the
present scheme if a suitable increase in surface is assumed. Experi-
ments of this nature, it seems to the writer, may lead to some elucidation
of the complex process of photosynthesis.

VIII. Summary.
(1) chlorella cells cultivated with and without auxin were used.
Their growth charectersvere described in chapter I.
(2) Determinations were made of the chlorophyll content, carotenoid
content, respiretion and photosynthesis.
(3) Chlorophyll was found to very directly with the quantity of cell
materiel. In young cultures high auxin concentrations seemed to
retard chlorophyll foermation.

(4) Cerotenoids veried in the seame menner s the chlorophyll.
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(5) Respiration was not affected by auxin in all concentrations, e
condition comparsble to that in the higher plents.

(6) Photosynthesis was markedly affected by auxin. In old cultures
photosynthetic activity increased with auxin concentretion. In young
cultures the gsame was true for low auxin concentretions, but in high
auxin concentrations the rste of photosynthesis dropgdoff, due to =
low content of chlorophyll.

(7) In young cultures photosynthesis weas shown to be a linear funection

of chlerophyll concentration, end in old cultures photosynthesis was
8 linear function of the product of chlerophyll concentration end the

cell surfaces
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Effect of Auxin on the Growth of Chlorella vulgeris

in Agar Medium.

I. Introduction.

The following experiment is of a preliminary neture. Its pur-

pose is three-fold.

(1) To find the effect of hetercauxin on Chlorella on solid
media.

(2) To test the activities of the substances chemicelly re-
lated to auxin.

(3) To test the amctivity of vitamine B, on Chlorella.

Special interest was given to the action of hetercauxin itself. The .
reasonswire: first, to compare the effect of heteroauxin on Chlorelle
on solid medis with the results obtained in liquid cultures (Chepter I),
end second,eﬁa.repeat more carefully the results of Leonisn (1937) on
the inhibitory action of heterceauxin on a very similar species of algse
(Chlorelle pyrenoi&eaa) in solid medigfv

Previous experiments slong these lines of study are varied and
scattered., They will be discussed separately in a lester section.

IZ. Materisls and method.

The pure clone (AlS5a) of Chlorelle vulgaris isolated in the former
experiments (Chapter I) was used. The ager media were mede according
to the modified Benecke formule, described in Chepter I, section II.
Fifty-two clean and dry petri dishes were used, 20 c.c. of the medium
being poured into each. They were sterilized in an autoclave at eighteen

pounds pressure for twenty minutes.
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Ten stock solutions of the different substances were made.
They had the following concentrationss

Table XXX, Concenirations of various test substances used.

No. of stock Substance Conc. mg./cece
L=aoluti on. _

1 | &=indole acetic acid g.2

2 i " " ® " 0.02

3 " om w e | 0,002

4 benzoic acid 10.0

5 phenyl-acetic acid T 1.0

6 phenyl-propfionic acid 10.0

7 phenyl-butyric acid 10.C

8 cig-cinnemic acid 1.0

9 treng-cinnemic acid 10.0
10 vitemine By 0.01

Both vitemine Bi and heteroauxin were obtained as pure crystsls from
Merck. The rest of the chemicals were synthesized in the chemical
leboretory of this institwute.

The stock solutions were separately sterilized, cooled, and added
to the sterile media before the agar began te¢ set, Each medium was
then in}oculaxed with one c.c. of a dilute sterile solution of Chlerella.
Each was throughly shsken to ensure e uniform disiribution of celle.
The whole operation was carefully carried out under aseptic conditions.
S8ix cultures were used as controls end all the other cultures were
mede in duplicate.

The culture dishes were then placed upside down on large pieces

of filter paper which served as a white background. They were covered
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first with a transperent sheet of cellophane and then with = glass
hood to protect them from conteminetion. The whole set was put
under e Northern window.

III. Results.

The green color was first discernible about one weck after the
cultures were injfioculated. The growth was comperatively slow on
account of the preveiling low tempereture during the experiments.
After a period of 38 days the cultures were removed and studied.

Since no satisfactorily quantitative method of measurement could be
used here, they were compared on the gross appeasrence of the culture,
i.e. the area and the thickness of the growth. As the control cul-
tures had the largest areas and the thinnest growth, sll the other
cultures could be eagily compared with them. Their aress end thick-
nesses were rated in artificial units referring to the controls es
unity. The product, aree X thickness, was then used es en index of
the extent of the growthe A substance wes considered to have & stimu-
lating effect (+) when A X T wes grester than 1, and an inhibiting (-)
effect when A X T was less than 1. Small differences (less than 0.5)
from the control were not counted. The results sre summarized in
table XXXI and photographs of the cultures are given in plates 1 - 3,
figurés A - B. (See next page for teble XXXI.)

Vicroscopicel examinations were meade ot/the cultures. It wes
found thet the thinnest cultures (comtrols) consisted of smell, widely
scattered colonies, eech colony comprised Uf a clusiter of sbout 8 to
128 cellssy the thicker cultures (IIa) contained larger colonies of

over 200 cells generally; and the thickest cultures (IIb, etc.) con-
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JAuxin-like substances and growth of Chlerella vulgaris on sgar

Table XXXI.
“media containing these substances. (Exper. 9, Feb. 6, 1237).
Culture Substance Conc. Ne. of| Remarks on growth Activity
Noe tested mg./c.c.| cult. chaeracteristics. (Chlorella Pea
1 ereg thickness A x T _
I conbtrol 0 6 1 1 1l
| = s i |
II a heteroauxin 0,00001 2 % 3 1.5 ? 0
b " 0.0001 2 1 4 4 + 0
c " 0,001 2 1 4 4 + +
d " 0.01 2 4 4 1 0 +
e " 0.04 2 0 0 ) - <»
==
III o benzoic egid 0,05 2 3 3 1.5 ? 0
b " 0,1 2 11/6 4 0.7 - 0
c " 0.5 g 10 0 0 -0
IVa | phenyl-scetic 0,005 2 = 6 1.5 14 +
b " 0,01 2 |3 4 1 0 +
| SR — - 0.05 2 0 0 0 = +
Va phenyl—prop?»ien:;c 0,05 2 0=0,2 0-1 0=Cel - +
b " 0.1 2 0 0 0 - +
¢ " 0.5 2 0 0 0 - -+
==:ﬁ::;
VI & | phenyl-butyric 0.05 2 % 3 0.8 ? ¢
b " 0.5 2 0-0,1 0-3 0=~0e3 - o)
VII & | ecis-cinnamic 0,005 2 1 2 2 + -
b . 0,01 2 1 1 1 0 +
c " 0,85 2 3+ 1 045 - +
]
VIIT & [trens-cinnemic 0405 2 + 5 1,3 ? [+]
b " 0.5 1 0 0 0 - 0
IX e |vitemine By 0.0005 2 |1/ 6 2 +
b " 0.001 2 [1/3 5 1.7 -+
e 1l " 0.005 1 Ji/3 5 171 +
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teining closélg packed clusters of over 1000 cells eech. These
facts sre shown in plates 3 end 4, figures F to H.

Before going into a discussiéu several things should be first
mentioned. First, the observationsl error waes much smaller then it
might sppear to be. The differences between the cultures (especially
of series I, I; end IX) were so striking that very much the same
rating was given by several observers consulted. Second, the warias-
tion between the duplicete cultures was egein very small se that it
was possible to give one reting for them. So far only two exceptioms
were observed; these were the culiures V, end VI, where one culture
of the duplicete gave & very small growth while the other culture
failed to develop\ completely.

Other possible sources of error may be cited: slight differences
(1) in the amount of igfécula, (2) in the osmotic concentration of the
medie due to the addition of the test solutioms (0.1 - 1.0 c.c. in the
20 c.c.), end (3) in light conditions due to differences in positien.
All these errors were smell compared to that of observation and were
therefore negligible. The possibility of infection was excluded here
o8 it was found st the end of the experiment only one culture out of
the fifty-two showed e feint sign of fungal growth (II ).

IV. Conclusions and discussion.
(1) Heteroauxin.

Teble XXXI end plate 1A show that hetercauxin (bete-indole
acetic acid) is active in stimulating growth in very low concentrations
(0.00001L - 0,0001 mg./ cece}. At higher concentretions (0.0l mg./c.c.)
its stimulating effect diseppeardd end et still higher concentrations

(0.04 mg./coc.) it inhibitdd growth completely.
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The optimum renge of concentration was therefore lower then that
found for cell enlargement in liquid cultures (0.C01 - 0.02 mg./b.c.).
This suggests thet a different phase of growth, perheps cell division,
was mainly concerned here. This suggestion was borne out by micrescopic
7 examinetions, which show that the cell clusters derived presumebly from
single cells conteined a larger number of cells in the suxin cultures
than in the controls (plates 3 end 4, figures F to H).

In the case of liquid cultures (Chapter I) the lowest auxin concen-
tration (culture 2, 0,001 mg./c.c.) compared with the controls always
had the seme or even a higher volume concentration. They hed approxi-
mately the seme number of cells per c.ce (Chapter I). A similar (eor
slightly better) effect was observed heres Algo the highest concenira-
tion of suxim produced the same effect im both liquid end solid media,
i.e. complete inhibition of growth. It seems, therefore, that auxin
has & dual effect on Chlorells: in low concentrations it stimulates
cell division, while in high concentrations it reterds diwision but
promotes the incresse in volume of the csll.

In the last two columns of table XXXI the activity of hetercauxin
on Chlorelle and in the pee test were compared. It can be seen that
the optimum éoneentration for promoting Chlorella growth isrléwer than
that for the pea test. In the latter case, cwing to the,presenee of
cut surfaces, the destruction is probably high. A higher ccncentratien
of auxin (0.04 mg./c.c.}, while producing nc injury to the pea seedlings,
is slready inhibitory to Chlorelle growth. This fact indicates thet
the optimal renge of concentretion for Chlorelle is comparatively nar-
row, end that cere must be exercised in the choice of concentrations

to be used (see next section).
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A recent paper by Leonisn and Lilly (1937) is of intemst. These
authors cultured seven species of algse, including two Chlorella-(ﬁ.
pyrenoidose end C. viscosa), cn dextrose agar plus 1@'6 to 16-5 pérta
(0,001 - 0,01 mg./é.c.) of heterosuxin. There resulis showed that in
the low concentrations the growth was the same in auxin and contrel
culturesg, but in the higher concentretions the growth wes retarded by
auxin. While the concentration of auxin used by Leonian and Lilly
was comparsble to those in cultures II, end IIé of our experiments
(table XXXI), their results were nearer to those of cultures II; and
IIge This discrepancy was perheps due to the difference in the sengi-
tivity to esuxin of the different species or to & difference in experi-
mentel technicue or the source and purity of the heterosuxin whichrhej
feiled to mention. Unfortunately Leonien and Lilly did not use any
lower concentretions of heterocauxin. This was probably the reason
for their feilure to obtain the stimulsting effect. Indeed, the con-
centrations of heteroauxin they used appear{ to be very low to—the
ordimary-mind, yet it must be remembered thet one~-hundredth of their
lowest concentration (0;00001 mg./c.c.) has been shown to be effective
to promote growth in some plents (Avena). It seems rether hasty, there-
fcref for them to draw from limited data the conclusion on thg general
rature of heterosuxin.

(2) Auxin-like substances,

The concentretions of the substences used in these experiments
were chosen on the basis of their activities in the pes test. They
were spparently tco high for Chlorelle for the reasons given above.

No definite conclusien can therefore be drawn from these results.

Only a few remarks can be made. At higher concentrations all the
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substences were inhibitory. At lower concentrations slightly better
growth was observed in cig-cinnemic acid, end less in phemyl-ecetic
acid, benzoic acid, end trens-cinnsmic scid. Inhibition was observed
in phenyl-butyric acid and phenyl-prop?ﬁon&c acids Recently Elliot
(1936) reported an experiment on protozoé. He used heteroauxin and
also gamma-s-indole butyric ecid and beta-3-indole propfionic acid
and found all the compounds stimulatedthe growth of the chlorophyllous
forms of the protozoa.

(3) vVitemine B;.

Noticeable increase in growlth was observed in culiures containing
crystelline vitemine By (0.0005 = 0.005 mg./c.c.) (table XXXI, IX a,b,end
¢, end plete 3E). Microscopic examination revealed that the increase
in growth wes probably due to an increase in cell division (plate 4H).

The growth stimuleting effect of vitamines has been reported re-
cently for a number of plants, e.g. fungus (Schopfer 1936) and the boot
of higher plents (Bonner 1937)., In algae Leonian (1937) found no stimu-
lation. The concentration he used was high (1@'5 parts or 0.01 mg./c.c.)e.
The results were therefore not comparsble with those presented here.
V. Summary.

(1) Chlorella vulgaeris was grown in ager medium with the addition
of heteroauxin, vitemine B;, and several cther compounds chemi-
cally related to hetercauxin.

(2)» Heterosuxin was found to stimulete growth at very low concen-
tretions (0.,0001 - 0.COl mg./ce.c.) and inhibit growth at higher
concentrations (0.04 mg./c.c.)s The incremse in growth was per-
heps due to en incresse in cell di#isien.

(3) Vitemine B, was found to stimulate growth in low concentretions

(0.0C05 = 0,005 mg./ceca)e



44.

(4) No definite conclusion can be drewn concerning the activi-
ties of the verious auxin-like compounds because the cencentra-

tion renges that were chosen were comparastively high.



IV

Disphototropic Movement of the Leaves

of Malve neglecta

I. Introduction,

The fect thet the leaves of some plents orientets themselves
perpendicularly to the incident light has been known for e long
time. Among the first who observed the phenomenon were Bonnet (1754)
end Dutrochét (1833). Later it was studied by Frank (1870) who gave
it the neme "Trensverse'heliotropism“. Frank thoughl(that light was
the causstive agent for the movement but de Vries believed that a
veriety of feactors were responsible, e.g. geotropism, epinasty, end
hyponasty and weight of the leaves. The question was settled in favor
of Frenk's hypothesis by the work of Darwin (1881) and V8chting (1888).
Darwin also proposed the name "Diephototropism" which has since been
in genersl use.

In the beginning of the present century attention was directed
to the question of the perceptiom of light by leaves., Haberlandt (1905)
founded the lens-action hypothesis which was later disproved by the
work of Kniep.

Disphototropic movements cen be observed in the lesmves of many
plants, chiefly Leguminosae and in flower heeds (du Buy eand Nuernbergk
1932) such as the sunflower. They are often mentioned in connectionm
with ecological considerations. The physiological side of the questioen
has not been studied except by VBchting and Denecke (1924). As far es
is known by the writer the movement has not been carefully analyzed
end its mechenism remasins obscure.

In the present study the leaves of Malve neglecta were used.



Bepide exhibiting the daily diaphototropic movemeni, these leaves
also showed a number of other movements such as epinasty, geotropism
end phototropisms of the peticle and sometimes sleeping movements.

To avoid confusion it seems necessary at the outset to define the
diephototropic movement: it is the orientetion of leaves in such a
wey that the upper feces of the leminae plece themselves perpendicu-
ler to the incident light. In fect, the leaves are so sensitive that
they, as described by Bomnet, "suivent en quelque sorte le cours du
soleil: en sorte que le metin ces feuilles regardent le levant; vers
le milieu du jour, le midi; le soir, le couchant" (VBchting 1888).

It is aimed in the present paper: (1) to determine the directive
action of light, (2) to differentiate the organs of perception end
reection, snd (3) to discover the mechaniem of the movement.

IXI. Effect of light on the movement.

A. Observations under normel light conditions.

Young Melve plants grown in the field were transplanted inio
the greenhouse. Two or four weeks efter transplentation, when the
plent had three or four leaves, experiments were started. The move=-
ments of the leaves were photographed with a Zeiss cinematographic
cemere which autometically made an exposure every six minutes for
twenty four hours. The film was then developed, projected, and the
meesuremente were made.

Figure 7 shows the results of such an experiment. The absecissa
represents the time in hours starting from midnight. The ordinates
give the degrees in angles that the leaf planes made with the hori-
zontel, the angle being zero when the leaf faced upward, negative

when it faced east and positive when it faced west., The three curves
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give the movements of three leaves during the whole day. It is
clear from the curves that during the night all the leaves faced
east and remained in that position until dawn. As the sun rose
they turned upward gredually reaching a horizontsl position at
noone They then turred further toward the west with the sun and
after the sun had set, gradually turnedigﬁ that they feced east
before midnight. The straight line represents the change of the
hour engle of the sun celculated on the basis that the sun moves
15% en hour frém 6 em. to 6 pm. It is seen that the leaves erientﬂi
teted themselves towards the sun, elways keeping their leaf blades
perpendicular to the sun's reys. The oldest leaf (lowest curve)
however was less sensitive.

The fact that the leaves returned to face east in the night
is particularly interesting. This phenomenon hes never been report-
ed before although it appears quite important in understanding the
mechanism of the whole movement. It can not be considered as a
sleeping movement since it bears no relatien to the insertien of
the leaves and depends only upon the geographic directions. Thus ,
leaves joined te the stem on the aaat gide of the plant bend a&axlally

and leaves on the north and south sidesturn sideways.

A
The returning of the lesves after sunset is autonomous and inde=-
pendent of external conditions. Severel experiments have been made by
turning the plants through 180° just before sun down so that the leaves
were now facing east instead of west. After severael hours it was ob-
served that the leaves, instead of staying where they were, had turned

toward the west, f.e. their original moving position with respect to

the plent. In other experiments the plants were turned 90° end the



same result was obtained. This character lasted for several days
before the plent was "adepted" to its new direction of movement.
A condition, however, has been found necessary for this returning
movement: the plants must have "morning light", i.e. they must be
placed in such a position as to receive direct light from the sun
in the early morning. If this condition £5'not satisfied, €ege if
the plants were grown against en eastern wall where they could not
get direct sunlight until noon, then in the night their leaves would
not turn towerd the east but drop down abexially as in ordinary epi-~
nastic movement.

B. Observations in diffuse light.

To find out whether sunlight hes a directive influence on the
movement 2 similar experiment was performed on a rainy day when the
sky was overcest and the position of the sun could not be determined.
The results are given in figure 8. Throughout the whole day the leaves
remained in & more or less horizontal position. In the morning and in
the night they turned slightly east.

Experiments were also carried out with plants emclosed in a tall
eardboard screen, which allowed light to fall only from above. An
electric light wes sometimes used to supplement the daylight intensity.
Here again the lesves assumed a horizontel position. It is evident
therefore the movement is not eutonomous and is dependent on the direc~
tion of the incident light.

C. Obgervations in derkness.

Seversl experiments were done in an underground darkroom

where the temperature and humidity were regulated at 24°C. end 85 yA

respectively. The movements were meassured by means of a protractor



49,

et intervals under an orange light.

The results were not uniform, s the plants showed nutations
end nastic movements. Few leaves, however, did show more or less
periodical movements, but they were not disphototropic orientations
in the sense that they were not regularly in the east-west direction
and that the curvatures were not limited to the upper end of the
petioles. They were, therefore, comparable to sleeping movement.

On account of the irregular end compound nature of these dark
movements, they cen not be easily analyzed. The same thing was
observed by Denecke in his work. This charactqugtic seems to be
quite genersl in plants having variation joints.

D. Observations under colored light,

In several experiments carried out in the greenhouse, plents
were placed under two Senebier jars filled respectively with solutions
of Cuso4 and,K§8r207. For three consecutive days the plants were ex-
changed daily from the bell jars end the movements of the leaves were
carefully followed. The results of one such experiment are shown in
table XXXII. (See next pege.)

Except the first two leaves of plant 1, which were dying and
therefore did not move, 8ll the leaves showed good movements in the
white light and under the blue filter, but none under the red filter.
The intensities under the two bell jars might be different, but since
this does not constitute an important factor in this movement (VBchting
1888) it is justifieble to conclude that the red light is inactive

diaphototropicelly
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Teble XXXII. Disphototropic movemenis in colored light.

Dete === April 30 May 1 May 2
Color === Blue Red Blue
Plent 1 -
leaf 1 - dropped off
leaf 2 ? - -
leaf 3 + - +
leaf 4 + ? +
leaf 5 + - K
leaf 6 + - +
Colef —— White Blue Red
Plent 2 -
leaf 1 + + H
leaf 2 + + -
leaf 3 + +- -

IXI. Anelysis of the meovement.
4. The orgen of perception.

To find out whether the lemina or the petiole is responsible
for the perception of light, experiments were made as follows. Active
leaves were chosen on several plants end their laminee er petioles
(including the laminar joints) were shaded from light by meeng of
black paper, rubber tubing, or Indie ink. Bleck peper was found %o
be the most satisfactory. The movements of these leeves were then
observed for three consecutive deys. The resulis es summerized in
table XXXIIT indicate thet the laminee are the perceptive organs.

Sheding of the petioles dees not stop the movement.
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Teble XXXIII. Diephototropic movements of leaves with petioles or
laminse sheded.

Total no. of No. of leaves No. of leaves not
leaves obser. showing diaph. showing diaphoto.
E=“ : movement. movement.
Controls «=~~wrewe 12 | 11 1
Petiole shaded =- i1 10 1
Lemine shaded == 9 4] 9
Both petiole and
lamine shaded ---| 2 0 2

ﬁér;;g.known in some plantsg that the center of the leaf bleds,

i.es the part just sbove the insertion of the petiole, is especially

sensitive to light. This is, however, not true for Melva. In three

experiments fifteen lesves were partially sheded either in the cenber
or in the margin by means of black pa?er end India ink. All of them

showed good movement, Therefore the whole blade is equally sensitive
to light; as long as & part is exposed to light movement cen be ob-

served. The same results hed been cbtained by Denscke (1924).

B. The orgen of reaction. '

During the deily movement of the leaves the majority of the
petioles remeined streight and the engles they made with the stem were
constant. This fact is clearly shown by figure 9. The curves repre-
sent the varistions of the sngles between the stem and the petiocles of
three leaves whose movemenis were given in figure 7.

In several other experimente the petioles were marked intc sectionms
and the movements were photogrsphed and measured. Figure 10 shows
the resultsxcf such en experiment vsing ertificisl light. The curve

Py represents the rate of change of the angle between the lamine and
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the peticle, P, the reate of change of curvature of the distel 5 mm.
Zone, P3 that of the next 15 mm. zone, Py the next 20 mm. zone, and
-PS the last 20 mm. zone. It is evident from these curves that the
upper.E mm. section of the petiole which curved most is responsible
for the movement. The next section curved very slightly and proba-
bly represents the phototropism of the petiole itse%f.

The active part of the petiole has been regsrded ws the laminar
joint (Pfeffer 1903). It is thicker then the rest of the petiole and
has a peculiar anatomicel structure in having only one central vascular
bundle, while the petiole hes six or seven strands arranged on the
periphery. The chenge in the structure is graduel. At five to six
millimeters below the lamina the petioler bundles begin to fuse inioc
a hollew ringe. The centrel pith is then gredually eliminated until
at about 2 mm. from the lamine it disappears, resulting in a single
solid bundle. On entering the lemine the bundle first becomes horse-
shoe shaped eand separates into seven strands which emerge into the
mein veins of the lemina. A joint having a central bundle surrounded
by parenchyma is, teleologically spesking, very well adapted to the
movement. Serial sections were mede from this part of the petiole
and are shown in figure 1l. The structure of the variatiog,jeint
hes been studied by VBchting (1888) end Pfeffer (1903).

IV. The mechanism of the movement.
A. Pelation to growth,.
The next phese of the problem that ﬁas underteken wes to
find out whether the curvature movement is e result of growth or a
variétion in turgor. Experimental evidences indicate thet this is |

not a growth movement, because:
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(1) There is no relation between the grand period of growth

end the activily of the disphototropic movement. Very young leaves

do not show this movement despite the rapid growth of their petiolses.

The nearly meature leaves show the most active movement. Mature

leaves, which practically cease to grow, still show distinct movement

for several days before they are shed (table XXXIV).

Table XXXIV. Movement after cessation of growth.

Leaf number| Date of

cessetion of

Deys of movement

growth | movement after growth ceased.
,ﬂ::; 2o mwww— 1 3,19 3,24 5
2 3,22 3,24 2
3 3,30 4,1 2
4 3,31 4,2 2
Eﬁ?f'a. ————— 1 3,18 3,22 4
2 3,1¢ 3,32 3
3 3,20 3,24 4
4 3,31 4,1 2
5 3,3 4,2 3
6 3,30 4,2 3

(2) There is also no relation between the growing zones snd the

movement zones. We have seen that the curvature tskes place only in

the leminar joint, but the zone of repid growth is slways below the

frwey
joint; in young leaves it is in the beeed part end it moves upward

as the leaves grow older but never reaches the jojnt (figure 12).

B. Extension and contraction of the moving leminar joint.

To verify thet the movement is not due to growth, the varia-

tionsin the lengths of the two sides and the medien line of the jojnt
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were messured during the movement. The messurements were made by
means of a micrometer. The joint was sbout 4 mm. long, the accuracy
of the measuremenis being within 0.5 micrometer divisions (1/30 mm.) .

The results are shown in figure 13. While the length of the
east side of the joint (upper curve) increesed steadily from morning
until 4 pm., the west side (lower curve) cohtracted proportionally,
end conseqguently the joint curved toward the west. After sunset the
phenomenon was reversed, both sides quickly regaining their original
lengths, and the leaf faced east sgain. During the whole movement
the length of the middle line of the joint remasined unchenged. It
is evident, therefore, that the curvature is not due to e differential
growth, but to the reversible expsnsion and contraction of the two
sides of the joint (Pfeffer 1903),

Cs OCsmotic relations in the joint.

To get a complete picture of the turgor releations between the
two sides of the joint, it would be necessary to determine both the
suction force and the osmotic pressure of the cells (Weidlick 1930).
Both determinations, however, were found to be unsatisfactory and
not aseﬁrate enough for this purpose. Therefore only the osmotiec
pressure at incipient plasmolysis (05) was measured. The plesmo~
lytic method of H8fler (Breuner 1932) was used instead of the ordi-
naery method of determining 0g beceause the cells were coclorless and
thus the plasmolytie condition could only be ascerteined in its ad-
venced stage (Ernest 1935), Each experiment consisted of several
determinations of OS at different times of the dey. The same pleant

was used in one experiment and one jeint was used for each determination.
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The joint was sectioned and placed in sucrose solutions previously

found to be isotonic or slightly hypertonic by the method of cell

counting. A group of ten plesmolyzed cells in the cortex was drawn

with the aid of & cemere lucida. The area of the protoplest (Ap)

end that exclosed by the cell wall (Ac) were measured with & planimeter.

The value of 0g was then calculeted by means of the expression:

These values were transformed inte atmospheres according to the table

0 =M-—P- M(—AIL)

given by Molz (1926). The results of two experiments are given below:

Table XXXV. Osmotic pressure at incipient plasmolysis.

Time Buorase Ap/ Vp/v aWp/V agﬁ. Sucrosei! Ap/ac! v/ ?MVP/VGI agg Déff
| i East‘aide i Eﬁéi side i 5 .8
Exper. 1. Greenhouse plant. f
9 245 AoiO.QO 0-87210.814!0.733 22481l Ce85 ‘0.880i 0.826 %0.702 % 21e6] 1e2
| 12 ¢00 N. 0.8 0 0.860 0.798 | 0.718 2242 085 ?0.845 0.777 O 6€1 ? 20.,0! 2.2
3:00 P.10.95 0.921 0.884 0.840 [27.2] 0,90 i0.8935 0.844 :00760 i R3.8! 3.4
6:00 P. 0.95 0.852 0.801 0,761 [23.8]] 0.95 ;0.900% 0.8544i0oSIl g 2640! =242
9 300 E. 0,§5 0.898 O. 851 0.724 22451 0.85 ‘0.880§ 0.826 ?0.702 E 21.6! 0.9
11-15 P. 0.90 O, 8?3 0.81650.734 22.91 0.50 50.871; 0.813 ;0.732 é 22.8! 0.1
Expere. 2. Field plent, ;
930 é, Q. 9g*.0.789!0o701I0.666 20.2|l 0.85 300842 i0.773 }0-657 2 19,9 0.3
1230 Po 0.80 0.840 0.770 0.616 18.3]l 0.80 %0.740 %0.637 %0.509 ; 14.61 3.7
6 :00 P.EO.SG ‘0.845{0.77?§0.622 18.6]f 0.80 ; 0.893 ;0-844 29.576 § 2066 =2,0!
10230 P.§0.85§ 0.860§0.798;0.678 20.6]l 0.85 ;0.847 %0.780 ;0-633 | 20.11 0.5

% Concentration too high, cells reached "Ball" e%age of plesmolysise.

Since here we are dealing with only the undifferentiated, thin-
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walled cortical cells in the close vicinity of vascular tissue, it
seems reasonable to consider that the suction force is the same in
the two sides and that the Og is the primary fector determining the
turgor pressure of the cell. If this is true, the mechanism of the
movement becomes explicable. It can be seen from table XXXV that
during the day the 08 of the cells in the east side of the joint was
always higher then that in the west side, end eaased the joint to
curve towrd the west. At sunset the difference in O, was reversed

g
end so was the returning movement. Finally at night the Og‘s were
equal and the movement stopped,

Perhaps some idea as to the nature of the osmotie changes can be
obtained if the values of 0s at different times of the day are com-
pered. At midnight the Os of the two sides g::'the semés In the morn-
ing, while the O_ in the east side remsined constant, it decreased

g
in the west side, indicating a loss in osmoticelly active substance.
In the afternocon the Og increased in both sides, the increase being
more at first in the east side and then in the west side. 1In the
night the 0g dropped off again.
V. Conclusions and discussion.

In the first part of the investigation it has been shown that light
is the causative factor for the diaphototropic movement of tée leaves
of Melva. These results confirm the hypothesis proposed by Franck (1870)
end experimentelly esteblished by Darwin (1881) and V8chting (1888).

By the use of & clinostat these authors proved that geotropism, epi-
nesty, ete. heve nothing to do with the movement and light alone is
important. The present investigation further shows the direction of

the light thet is essential for the orientatien.
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For the perception of light the leaf blade is responsible.

In this respeet Malva is comparable with such plents a8 Tropaeolum
(Denecke 1924) and unlike Fueggia and Phaseolus (Pfeffer 1903).

No attémpt has been made to stﬁdy the mechanism of percepticn4as
the knowledge in this field is far too scenty. The only theories
known are those of Haberlandt (1905) and Wager (1909). Since both
of them have been found to be unsetisfsctory they will not be dis-
cugssed here.

The mechanism of thekreactien is of particuler interest to us.
Both V8chting and the present paper showed that the laminer joint
is alone concerned in the movement. The bending of the joint during
movement is not due to growth because, while one side extendy the
other side contrects. It is due to a reversible change in turgor
on the two sides es shown by osmotic pressure measurements. The
change in osmotic pressure may be due to either & chenge in permea-
bility of the protoplesm or the fermation and precipitation of the
‘osmotically active substences (e.g. starch=> sugar). The permea-
bility change is probebly the cause of the guick mo#ements, e.ge in
Mimosa (Pfeffer 1903) and in Sparmennia (Binning 1930); the anatonosis
end precipitation of the osmotic substances are probably ma%ﬁly reg-
ponsible for the slow movement, such as we have here in Malve.

Recent work on the mechanism of ig%ég; movements has been chiefly
done on Phagseolus. The primary leaves of this plent exhibit both
photonastic and sleeping movements. Unlike Malve the leminar joints
of Phaseolus are found to be dorsoventrelly dissimilar (Weidlich 1930,
Brauner 1932). The osmotic changes during the nygtinastie move=-

ment have been studied by Weidlich (1930) who found that the movement
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is due to the elternaste increases and decreases of osmotically
active substances in the upper and lower sides of the joint,.

These results are therefore comparable to that those we have

found in Malva. Leter work by Brauner (1932) and Binning (1935),
however, inclined them to explain such changes on the basis of
changes in the water permeability. Thus Brauner believed that

the photonastic movement is due to the increase in permeability

of the upper gide of the joint and ﬁ%ning congiders that the nycti-
nastic movement is caused by the diffxrences in the permeability on
the two sides of the joint. Since no conclusive data have ever
been presented, the permeability hypothesis can not be regarded as
established. No metnion has been mede in this discussion about
the elesticity of the cell wall, although it has been suggested
that the change in wall elasticity may play s role in turgor move=-
ments (Zollikofer 1935).

As to how the stimulus is conducted from the lemina that per-
celives the light to the joint which gives the reaction, nothing is
as yet known. That the conduction is through the veins has been
shown by Denecke (1926). In our experiments with artifieial light
we found the reaction time was long (more than half an honr}. This
suggests that the rate §f~eenductien is rether low. In this respect
it differs from the seismonestic turgor movements of Mimosa or Spar-
mennia, the resction time of which is a matter of & few seconds.
Perhaps the conduction here is of a chemieal nature comparable to
the slow conduction of Mimosa (Fitting 1930) or in floral stalks

(auxin, Zollikofer 1935).
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VI. Summary.

(1) The deily diaphototropic orientation of the leaves of Malva
neglecta wes studied with the eid of a motion picture camere.
'The leaves were round to follow closely the course of the sun,
with their facee always perpendicular to the incident rays.
After sunset they turned back to their original position (facing
east).

{2) No such orientetions of leaves have been found in evenly
diffused light and in continuous darkness. The direction of the
incident light is therefore important.

(3) Plents kept under red light showed no diephototropic movement,
but they showed such & movement under blue light.

(4) Leaf-laminae were found to be the orgams of perception for Him-
light,

(5) Diephototropic movement (curvature) has been found to be
limited to the upper 4 or 5 mm. of the petiole. This part (lemi-
ner joint) possesses different properties (structural) than the
rest of the petiocle. It has a central bundle instead of seversl
peripheral ones.

(6) The curvature is not due to growth because: )

2. KO re{lation exists between grend perioed of growth and
movement activitj.

b. no relation exists betwsen the growing zones and the
movable part (laminar joint).

(7) The curvature has been found to be ghe result of extension

and contraction of the two sides of the joint. These changes

in length are completely reversible and therefore do not
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result in growth.

(8) By measuring the osmotic pressure (05) of the cells at
different times of the day, it cen be shown thet the move-

ment is due to & difference in turgor between the two sides

of the joint.

(9) The results were discussed in connection with the literature

on turgor movements.



Nyctinastic Movement of Leaves

of Carice papaye -

X. iﬁtroductiono

Nyetinastic or sleeping movement of the lesves and flowers of
plants constitutes one of the cldest problems in boteny. It was
first observed in some plent by Pliny (23 - 79 A.D.) end then by
Albertus Magnus (1200 - 1280). The common occurrence of these move-
ments in plents wes shown by Linnaeus. Subsequent resesrches were
mainly concerned with the nature of the mechenism of the movement.
A.P. de Candolle wes sble at first to shift the normal course of
flower movement by the use of artificisl light, whieh lead him te¢
believe the movement wes paratonie. Lester, hewever, he failed to
obtain the seme results in other plants end esccordingly changed his
view so that he gg;vbelieved the movement was autonomic in nelure.
The later view of de Candolle was adopted by Dutrechet, Sechs, and
Hofmeister. Sechs said "Die periodische Bewegungen an sgich ist un-
ebhangig von dem Wechsel der Beleuchtung, aber die periodische Be~-

wogung in dem Zeitmedz wie sie unter gewBhnlichen Verh#ltnissen suf-

tritt wird durch den Lichireiz bestimmt" (Stoppel 1910). The concep=-
tiom of sleeping movement preveiled for several years until Pfeffer
(1875) , who did the most extensive work on the subject, concluded
that the movement was e direct after-effect of the normal slternation
of external conditions end thet autonomic periodicity, if it existed,
was ef secondary importance. Leter, partislly through the influence
of Semon, Pfeffer (1907 - 1915) reinvestigated the question and modi-

fied his view to one that was somewhat similar to thet of Sachs.
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Pfeffer considered thet, while in some plants {flower of‘Tuliépa)

the movement wes ceused by external veriations, in others (Phaseélns)

it was a2 combination of en autonomic periodicity and & paratonic
reection to the deily veristion of environmeht, After Pfeffer the
question was continued by Stoppel (1910 - 1933), 825339;4(1926), end
Cremer (1923) who atiached more importance to the external conditions
and Kleinhoonte (1929), Schmitz (1934), and Binning (1932) who be-
lieved in the existence of a "tagesautonomer" pericdicity. The question
up to the present is still unsolved.

Parallel with the study on the nature or cause of the periocdicity
numerous investigetions were done on the mechanism of the movement,
The first important work was done by Pfeffer who showed by microscopi-
cel measurement that in "jointless" leaves the movement wes due to the
unequal growth of the two sides of the petiecle, while in the leaves
with moveble joints the movement wes & result of turgor change. Later
work extended these results to e number of different plants. Thus in
most Oxalidaceae end Leguminosae, e.g. Phaseolus, the movement was
definitely shown to be due to the difference in turgor on the two
sides of the joint (Blinning 1934, Weidlich 1930, and Breuner 1932).

In Coleus the movement wes found to be & result of differential growth
of the petiole (ngig;ﬁ%f1934). And finelly in some tropicel plents
the movement could be resolved into two components, one due to turgor
and the other to growth (Metzner 1934).

Various teleological suggestions were given as to the possible
biologicel significance of the sleeping movements. At first they were

compared to the fatigue reaction in animals, a centention removed by
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Jost. Protection from cold or frost by reduction of the exposed
surface was suggested by Darwin (188l), and a reduction of trans-
piration was suggested by Stahl (Pfeffer 1903). Speculations of
this nature were, hewever, cutside the scope of the present in-
vostigation.

Sleeping movements mre known in a large number of plants
belonging to verious families, e.g. Amarantaceae, Balgaminacease,
Solanacese, Leguminosse, Oxalidacese, Marantacese, etc (Kostychew
end Went 1931)., In the present investigation & species of Cari-
cacene (Carice papaya) was used. The purpose wae to find out the
nature and the mechanism of the sleeping movement in thisg form and
compare them with the resulis obtained with other plants in the
literature.

IT, Meterisl and metheod.

Pepaya plants {Carica papaye) of e pure strain, kindly supplied
by Dr. Marshall of La Jolla, were used throughout. The seeds were
germinated in sand, trensplented into flewer pots and fed deily with

nutrient solution of the following composition:

Ga(Neg)z 0.00 5 ™
1gs0, 0.005 M
KH2P04 0.003 M
Feg(C4H406) 1,0 Froce
HCL 2.8 x15% M
}%O } ©o0 CC

. Experiments were made with plants when they were sbout six to
ten inches high.

In the first few experiments the movement of the leaves was
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followed by measuring the angle between the leaf lemina end thé
petiole with & protractor. Leter = self-recording device of Pfeffer
(1915) and Kleinhoonte (1932), with suiteble modifications, wss used.

' am 2lechic Lotk A
The appg??tus consisted of, a rotating drum mouwbted-on—ameleciric
e%vmbiﬁzg}mde epproximately one revolutieniin one week. A glass
capillery filled with glycerine ink was used as a stylus. It wes
fastened to the mid-rib of the leaf with silk thread over & pulley.
This method hes the adventages over the lever siylus me%hadég;i%ka
smoked peper method in that it goes vertically up end down, instead
of describing an arc, and that seversl records can be made simulteneous-
ly on the same drum by using different colors of ink.

To check the results obtained on the kymograph the movement of
3§§;f:géiﬁgg?recerded by means of a cinemetographic cemere, which
automatically made one exposure every fifteain minutes. The results
are plotted in the figure. é?@ i5)

III. The normal course of the movement.

The course of the diurnsl movement of leavee under normal con-
ditions in the green house was recorded. The resultis are given in
figureld in which the pesks of the curve represent the day position
and the velleys the night position of the leaves. (Plate VA and VB).

A cinemetogrephic record hes also been made. It is found in
figure 15,

Several facts were observed in these figures: (1) The peried of
the movement was constantly 24 hours in all experimenits. The leaves

gredually rose from the night positien at or before midright and

ettained the day position in the morming. In the evening they dropped
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rather quickly and reached the night position in less than three
houre. The riging of the leaves before midnight indicated that
the movement was not a result of the variation in illuminaticn.
(2) The emplitude of movement was, cn the other hand, varisble.

It was different for leaves of different ages (Chepter VI) end
under different external conditions. Figures 14, experiment 1
serves to illustrate this point. The movement hed & smeller am-
plitude in rainy and cloudy days. A similar decrease was observed
in the winter. In extreme cases the plant ceased to move at all.
The decressed activity was probably due to & lower rete of growth
(Chapter VI). (3) In some leaves a slight drooping reaction was
observed at noon (figure 14, leaf 11 - 22). Similar phenomens had
been observed in other plants, e.g. Oxalis, Mimosa, espeeislly in
the tropics (Ewart 1894)., Such movements commonly called “middaey
sleep" are probebly due to the high light intensity et noon.

IV. HMovemeni under constent illuminstion.

To fiﬁd out whether the movementi Qﬁ induced by the normel el-
ternation of day and night, observations were made on plents in a
constent light and constant darkness,

A. Leaves grewn in the green house.

For the light experiments plents were broﬁght from the green
house to an underground reom and constantly illuminated with 200 watt
incandescent lights. The room tempersture was feirly constent at
23 - 25%, Seversl experiments were mede in which the movement was
either recorded autometically or followed with a protrector. The
results (figures 16 and 1%) show that: (1) In general the leaves

remeined ective several days after being brought under comstant light.
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Individual leaves differed in this respect (Kleinhoonﬁe«lgsa).
Less active leaves usually showed movement for three to six éays
(experiment 3), but the most active leaf (experiment 2 not shown)
continued to move regularly for more than fenty deys. The final
cessation of movement in this case was due toc the stoppage of the
growthe It is difficult to say whether the movement should be con-
sidered as autonomous or as an after-effect (Nachwirkung) of the
environment (Pfeffer 1907). (2) The period of the movement was ap-
proximetely twenty four hours. In some the period was slightly longer.
This resulted in the day and night positions being shifted after a
period of time so that they did not coincide with the sctual dey and
night. (Figure 16 shows this.) (3) The amplitude of the movement
was always smaller than that under normel conditions, although in the
most active leaves the emplitude wes as large as the normal in the
first two or three deys under constent illuminstion (figure 16)., The
decrease in amplitude was due to a decreased tendency of the leaves te
sleep. They then remeined more or less in the horizontal position.
(4) Yhen the leaves were brought back to the green house they quickly
reéumed their sctive movement. The amplitude inecreased due to the
more pronounced sleeping reactions (figure 16).

Be. Leswes grown in consiant illumination.

Observations were also mede on leaves that developed frem buds
under constent light (figure 18) and no distinet pericdicel movement
could be noticed. Vhen these leaves were brought into the green house
the sleeping action at once appearsd. This indicates that the diurnel

alternation of external conditions, e.g. light, temperature, etc., acts
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as a stimulus to the leaf movement, elthough it is perhaps not
the sole cause of the periodicity (section VI).
It is well to mention thet papasya leaves are slso found to
be diaphototropically sensitive. The leaves that had been grown
in constant illumination, er had been ihere e sufficient length
of time, esrranged themselves perpendiculerly to the indidkent
rediation (Chapter IV). This phenomenon will not be inclfued in
the present investigation.
V. Movemeni in derkness.
Plants which showed active movement in the green house were
brought into the darkroom, the temperature of which was regulated
at 24°C, end the humidity et 80 #%. They were kept in complete dark-
ness, except at the time of wetering when they received orange light
for two or three minutes (marked by arrows in figure 19). Since the
leaves when brought into darkness showed strong epinastic curveture
at the base of the peticle, the lower part of the petiole was fastened
to a glass rod. This procedure did not interfere with the normal
sleeping movement which was limited to the upper g;ﬁ of the petiole.
The results (figure 19, experiments 12 and 13) show: (1) That
the leaves reteined their activity in the darkness for six to seven
days. An examination of these leaves showed that, after the movement
stopped, the leaves were etidated and fequently abscissed. The loss
of sotivity wes therefore due to the death of the leaves. Such move-
ments are perheps not an after-effect of the enviromment. (R) The
pariod of the dark movement wes in generel shorter than the normal.

It was around twenty one hours instead of twenty four (figure 19).
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Similer results were found in Pheseolus by Bfinning (1932) who
suggested the rise in temperature as the cause of the accelerated
movement. (3) The amplitude of the movement was comparsble to the
normel &t first but decreased someéyat efter several days. (4) The
smell exposure to orange light had no influence on the movement.
It cen be seen from the curves thet these light periecds had no re=-
lation with the subsequent rising or lowering movement of the leaves.
And in one experiment two lemves which were left in complete darknegs
for three days showed no decrease in activity (figure 19, experiment
12). It seems unlikely that the movement was stimulated by the small
exposure to light (Blnning). (5) Apparently no relation existed be-
tween the movement and the time at which the plants were brought into
the derkness, i.e., the rising or sinking reactions were not shifted
if the plents were darkened at noon or at night (experiment 3 not
shown). In this respect the movement of papeya differed from thet
of the primery leaves of Canavelis. It was found that in the latter
cese the course of the movement was shifted according to the time at
which the plants were brought into darkness (Kleirhoonte 1932).
VI. Experiments on the clinostat. |

© In several sxperiments the plants were mounted on = c;inoétat
which turned slowly around a horizontel eaxis. Under this condition
the leaves did not show the normal sleeping movement but gave sirong
epinastic curveture at the base of the petioles. Similar phenomena
have been observed in Phaseolus, Canavalis (Kostychew and Went 1931)
and Coleus (Schmitz 1934). These curvatures are not releted to the
- normel nyctinastic movements and therefore will not be discussed in

detail.
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VII. Discussion on the nature of the movement.

The question, whether the sleeping movement of papeye is
autonomous or aitliogenic can not be easily esnswered. A dilemma
hes existed between these two terms since the time of de Candolle.

No clarification has es yet been found after égéfcenturijq of research.
As Stoppel had pleinly remarked, we are at present not much further

in our knowledge of the nature of this movement than we were in the
year 1759 (Btinning 1932).

According to Pfeffer, autonomic movement is that "bei voller
Konstenz der Ansség;erhaltnisse durch ein selbstregulat&%QQEZhes
YWalten veranli;st und dirigiert werden" (Pfeffer 1907 and page 40l.).
As long as all the external factors and the internal regulatory mech-
anism are not completely known, it seems to the writer impossible to
assign to any movementfiutohomi@ eccording to this definition. Be-
ceuse, ro matter how many factors are known and%%rought under control,
there will always be the possibility of some uncontrollable factor,
e.g. etmosphermic conditions (electricity) (Stoppel 1920, 1933) or
an imaginary factor desigmmbie<by X Gﬁgé%gggfi%32).

Another thing that adds confusion %o the problem is the sfter-
effeet (Nechwirkung) (Pfeffer 1903) of the enviromment. According
to this view the movements of leaves under constant cofditioms is
due to the cumulati;e effect of the normel daily alteé?tién beiween

light and dark to which the rlante are sunjected previously. Ixﬂéome

P o /

h/plants Which only show movement for one er two days after being breught}

R

o ,_/’/

*1nto constant condit;on, tbe after-effect can perhaps be defzned. Here

it seems difficult to define a limit to this after-effect, i.e. one may
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regard the movements that last for ore or twe days as due ito the
efter-effect or mey as well regerd movements of seven or eight days
(which is already the whole lifetime of some leaves) as due to the
after-effect. The only criterion that can be used then is the in-
heratibility of such movement, but experimenits of this neture are

not slways eesily done with any plant and the results are net ale-
weys convincing (Semon 1$08). Another objection to this sfter-effect
seems to be reasonsble, Pfeffer compared the building up of the res-
ponse tc the oselillation of a pendulum induced by a series of rhyth-
micelly repeated impulses. If this is true we would expect the move-
ment to build itself up greduslly when an &nactive plant is brought
to the rhythmic alternation of illuminetion. This, however, is not
the case as we hove showm {sectior IV) for as scon ss the inective
plant is moved to the green house the movement starts immediately
end has the game smplitude as the normel movement.

Birning in his work on Phaseolus (1932} has given encther eri-
terion or interpretetion of autonomous movement. He censiders the
movement eutonomous when "Dieﬁ§iriodizit§£ wird nicht durch einen
elissepen Fekior mit tagesperiodischer Schwankung verursachit”. In
this way he showed the sutonomous neture of the movements of the
primery lesaves of Phaseolus because the pericd of the movement wes
not elways twenty four hours in the derkroom at a slightly higher
temperature, and in fact could be varied with the temperature. Since
we have shown that pspeye leaves have s period of less then twenty-
four hours in the derkroom at 24°C. (section V), we cen on the geme
grounds regard this movement as esutonomic in neture, whereas accord-

ing to Pfeffer the moé?ent would perheps be considered as aitiogenic
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end the movemenits under constent illuminetion or darkness ss the
simple expressionsz of the after-effect,

Three recent works on sutonomic movement of leeves were found
in the literature. Blnning (1932) proved the sutonomic nature of
nyctinsstic movement of the primery leaves of Phaseolus end (1922)
also showed thet the pericdiecity wes heriteble, Kleinhoonte (1932)
found the seme conditions in the leef movements of Canavelie. Fin-
2lly Sehmitz (1934), with similar methods, found that while the
twenty four hour periodicity of the movement of the leaves of Coleus
was autonomic, the time of the rising end drooping of the leaves de=-
pended upon an unknown "Steusrungsfekitor", e contention resembling
that of Sechs. Schmitz's work is of speciel interest to us becauss
in Colsus, just as in pepaye, the movement is due to differential
growth (Chapter VI).

VIII. Summarye.

(1) A short historical sketch of the study on the nyctinastic
movement is given,

(2) The method of awtomatic recording of leaf movements is
described.

{(3) The normel nyctinsstic movement of pepays leaves hes a period
of sbout twenty four hours. The leaves rise st abouf(midnight and
reeach tﬁe horizontal position in the morninge. They dropp in the
evening and become verticel at night.

(4) The amplitude of the movement depends on external conditions.
Some leaves show midday sleep at high noon.

(5) 1In constant light the movement persists for three to six or

eben to twenly days. The period of the movement remains twenty four
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hcurs but the amplitude is slweys smaller.

(6) Leaves grown in congtent illuminstion do not show periocdie
movement, but @s soon as they are brought into the normel daily
elternation of illuminetion the movement commences.

(7) The movement continues in the dark. The period is epproxi-
rmately ¥enty one instesd of twenty four hours, perheps due to
the higher tempersture of the darkrocm.

(8) The question of autonomic or aitiogenic periodicity of leaf
movement is discussed. The conclusion is resched thet the nycti-
nastic movement of Papays negleedte leaves is of an autonomic

nature.



Kyctinastic Movement of Leaves
of Cerica papaye

Mechenism of HMovement

I. Reletior of growth to movement.

It hes been said in the foregoing chepter thet nyctinastic
movements in plantevare either brought sbout by the turgor changes
in, or the unequal growth of, the two sides of the petiole (Pfeffer
1903). To find out which of these mechanisms is responsible for
the nyctinastic movement in pepays, experiments have been made
slong three lines:

(1) By studying the movement of leeves of different ages,iie.
leaves of different growth rates.

(2) By comparing the location of the movement with the growing
zones of the petiole,

(3) By direct measurement of the changes in length of the two
sides (abaxial znd adexiel) of the petiole during the move-
ment,

A. Wovement of leaves of different ages.

Observetions were made on the movements of all the leaves
of a single plant. The leaves were numbered according to the order
of their emergence from the buds. The smallest number therefors rep-
resented the oldest leaf end the largest number the youngest leaf.
The age difference between two consecutive leaves was about = week.
The results are plotted in figure 20 and for convenience only the

elternatime leaves are givene The figures show clearly that the
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cldest leaf (No. 7) wes insctive, the youngest leaf was fairly active,
end the leaves intermediate belween these ages were the most active
in nyctinestic movement.

In figure 21 the growth curves of the petiocles of two leaves i:%u
given. The curves were not extrapcleted to the origin because the
definite time of the emergence of the leaves could not be eesily
ascerteined. It is seen from the curves that the petioclesshows a
distinet grand period of growth from approximetely the time they
emerged until they were five or six weeks old. After that they
ceased to grow and somewhet later abscissed.

A comparison of figure 20 and figure 21 shows that there is &
close parsllelism between thg activity of moé?ent and the activity
of growth of the leaves., The rapidly grcwingvleaves showed the
most active movement, while the mature and non-grewing leaves hed
ﬁi%%?ﬁﬁ to move., This fact gives the first evidence that the move-
ment ig caused by growth (compare Malva, Chapter IV).

B. Locelization of movement in the growing zones.

It hes been observed thet the nyctinastic movement, i.e.
curveture, is confined to the upper third, ecr fourth, cf the petiocle
(thpter V, plate V). Tt remeins to find out whether this bears any
reletion to the growing zone of the peticle. The petiocles were
marked into one or two millimeter sections with Indie ink end the
growth of these sections wes measured weekly with & pair of calipers.
The results are shown in figure 22. It is seen that at the very young
stage the whole length of the petiole grew. Later two growing zones

eppeared and greduelly moved toward the two ends of the peticle, the
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cne st the laminar end being more sctive than the one et the stem
end. Careful observetion revealed that the movemenit zone coincides
with the leminar growing zone of the petiole. This gives a second
evidence for the growth mechenism of this movement,

The growing zone et the stem end of the petiole is not concerned
in the nyctinastic movement as the lower part of the petiole remains
stationary during the diurnal movement. When the planits are brought
into darkness, or on o horizontal clinostedt, this lewer zone is stimu~
lated and gives rise to a pronounced epinastie curveture.

C. Differential growth of the two sides of the petiole.

Final proof of the growth nature of the nyctinastic movement
waé obtained by direct measurement of the lengths of the upper (ad-
exiel) and the lower (abexisl) sides of the petiole during movement.
For this purpose the digtal third of the petiole was marked into sec-
tions on both sides and measurements were made with the sid of & hori-
zontal microscope at different times of the day. The results are
given in table XXXVI and plotted in figure 23.

It is seen (figure 23, curves A and B) that the upper (adaxial)
side of the petiole grew only during the later part of the day (from
noon to midnight) and did not grow at all in the earlier half of the
dey (from midnight until noon). The reverse was true of the lower
(abaxisl) side, but to a less marked degree, i.e. the growth slowed
down in the afternoon and evening, but never completely stopped.

If the differences in lengths of the two sides of the peticle
at different times of the day is plotted against time, e curve is

obtained (figure 23, curve C) which is almost exactly superimposable
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Teble XXXVI. Differential growth of the upper and lower sides of petiole.

“Time Lengths in mm.
upper lower upper minus
side side lower
]
41 % 24,11 22479 1.33
12 24.08 24.01 0.07
18 24.45 24425 0620
4/2 0O 24,71 24,35 0,35
9% 24.72 24.73 -0.01
14 24499 24.88 0,11
173 25,39 25,02 037
202 26412 25,07 1,05
232 || 26.32 25,31 1,01
4/3 10 26,37 26034 0.03
12 26446 26.44 002 _
15 26451 26455 -0,05
18 27,59 26467 _0.92
21 28,358 26497 1.40
23% 28,58 2739 1.18

on the movement curve (figure 23, curve D) for the seme leaf. The

movement curve was obtained sézi-the gArh
Chepter V),

The quantitative agreement between the curves of growth and move~
ment gives a definite proof that the movement is due te the differemtial

growth of the upper and lower sides of the petiole.
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II. Auxin in reletion to growth and movement.

It has been emtablished that auxin is the primary factor for
the growth in length of plents (Went 1928). The unequel growth in
phototrepic end geotropic curvatures of plent parts is due to an
unequel distribution or destruction of auxin (Went 1928, Overbeek
1932). The next problem here was then to find the relstion of
auxin to the differential growth of the petiole of papays. Experi-
menits were conducted to find out:

(1) where auxin is produced, and
(2) how is it distributed.

A. Effect of deblading on growth end movement.

Three experiments were dome with (1) normal leaves, (2) leaves
from which- the blades were removed excepting the midrib (debladed leaves),
and (3) debladed leaves with a small emount of auxin paste applied to
the peint of insertion of the petiocle at fraquen? intervals. The auxin
concentretion was 1 part in 1000 parts of 1anol§%i The movements of
these leaves were registered on the kymogreph. The growth of the two
sides of the petioles was measured at twelve hour intervals with the
aid of 2z horizontal microscope. The mci?snt curves of the debladed
leaves end the debladed-zuxin leaves aré‘given in figure 24 and 25
respectively. The growth measurements of all the three kinds of leaves
are tebulated in table XXXVII and plotted in figure 26.

The results show that: first, the deblesded leaves have lost their
activity for both growth and movement, indicating that auxin is only
produced in the blsde. Second, the debladed-suxin leaves cease to move

but still centinue to grow. The growth, however, is equel in the two



Table XXXVII.

Growth of petioles:

normel, debladed and debladed plus

auxine
VM\A’W
Time % ofgrewth in length
normal debladed debladed
plus
| auxin
upper lower upper lower upper lower
side gide side gide side sidgm:

0 o 0 0 0 0 0

12 0019 3&16 "0.6 4‘4 50? 609

0 3.85 5.93 1.8 3.2 13.9 13.8
12 3,21 B.35 D62 3.5 1663 1868

3k 2%

0 8443 9,85 0.8 bo4 16.9 21.0
12 8412 13.70 1.9 4,1 2045 25.5

(4] 13,05 15,00 2.0 5.1 2066 24e3
12 i 12.40 17.8

* green house fumigated.
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gides of the petiole, consequently no movement being observed. The
cepacity of growth, er sensitivity to auxin, of the two sides of the
petiole is, therefore, the ssme. The normal movement must be due to
a differential supply of auxin from the leaf blede. The whole mechan-
ism of the movement must then be sought for in the blade,

B. Anatomicsl strucﬁufe of the leef.

In order to understand the differential supply of auxin from
the blade to the two sides of the petiocde, it is necessary to know the
structural connection between‘thesa two parts. Microscopie sections
were therefore made of the principl veins and also of the junctions
between the leaf blade and the petiole (figure 28).

The gross eppearsnce of the papaya leef is shown in figure 27.
The first few leaves produced by the young plant are three-lcbed,
later leaves are five-lobed 2nd in mature plents the blades are gener-
ally seven-lobed. The principal veins from these lobes come together
at one point snd enter into the petiole at that point.

Since it is known that the conduction of auxin is chiefly through
the phleem, special attenticn wé% therefor®paid to this tissue. In
the principal vein (figure 28, A, B) the phloem consists of a number
of strands surrounding the xylem. At the junction the xylem éﬁgggﬁ
from all the veins and fused together (figure 28C) while ai least
part of the phloem strands (those on the ventral side of the veins)
do not fuse and enter individually into the petiole (figure 28D, E, F).
Itis important to note here that, while most of the phloem stpends
from the central tip lobe (figure 27A) go to the lower (abaxial)

side of the petiole, those from the basal lobes (figure 27D) enter
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the upper (adaxiel) side of the petiole and those from the side
lobes (figure 27B) go to the lateral sides. A natural deduction
from the study of the strueture is that the differential supply
of auxin, probably due to the different production or distribution
in the different regions of the leaf blade, determines the movement.
This deduction leads to the following experiments.
C. Movement induced by the application of auxin.

(@ Eapeviments in Comstamt light

To eliminate the normal nyctinastic movemenit the plants were
placed under constent light (3 x 100 watts) for two weeks. The leaves
that no longer showed nyctinastic movement were used for the experi-
ment. Auxin pastes made of 1 part of pure hetercauxin in 500 or 1000
perts of lanolin wes placed on the four basal lobes of the leaves
(figure 27CC,DD) and covered with black peper to proteet it from
being destroyed by light (Overbeek 1935). The movement of the leaves
was registered on s kymogrsph. The resulis of two experiments are
given in figure 29, in which the arrows indicate the time of appli-
cation of the aukin, ¢f concentration shown in the brackets. An
arrow above the curve means suxin applied on the upper (dorsal) side
of the leaf, and an arrow below the curve means auxin put on the
lower (ventral) side. Of the six leaves testedigge failed to give
e reaction. The leaves treated only on the upper side with the
1/1000 auxin paste bent down slightly for sbout eight hours after
the application. Then, in generel, the leaves bent back to their
normal horizontel position. These leaves treated on both sides with

the 1/300 auxin paste bent down much more and did not go back to the

original position.
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The curvature induced by auxin (especially the higﬂer concen=
trations) sppeared a little lower down the petiole (upper third)
than that found in the nyctinastic movement normally. The explana-
$ion is perhaps that the higher concentretion of auxin goes farther
down the petiole thanAtheigach smaller amount of auxin normally
found in the leaf,

It must be emphasized that slthough the auxin curvatures are
slightly lower down the petioles , they are by no means compareble
to the epinastic curvatures found at the very base of the petioles
(section IB). Therefore they can not be comsidered as epinastic
curvatures and are perhaps different from the auxin-induced epinasty
in other plents (Hitchcock and Zimmerman 1935).
@ Bpperiment i the qreennousc

Similar expesiments were performed in the green house, the results
of which are shown in figure 30 and 3l.

It isleen that the epplicetion of euxin (1/1000) to the basal

(g 30031 B ’

lobes (figure 27CC,DD) °was very effective in ceusing the leaves to bend
down to the sleeping positions. The reaction occurred within two hours
after spplication of auxin.

The reverse reaction, i.e. bending upward of the leaves to the
day position was more difficult to de_induce¥ by the applicetion of
suxin to the midrib (figure 27A). The 1/1000 auxin paste was ineffec-
tive, a stronger paste 1/500 was necessary. Thezsgz;tion started
either immedietely or seversl hours after the treatment. (5f§3°&§‘ 7f>

The leaf can therefore be either "put to sleep" or "awakened" at

any time of the day by the artificisl application of auxin to the

different regions of the bleade.
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De Extrection of suxin from leaves.

Direct proof of the differential supply of suxin from the
blade must, of course, rest cn the actual messurements of the euxin
eiizgizia from the leaf. A large number of experiments have been
made using beth the agar-diffusion method (Wemt 1928) and the CHClg
extraction method (Thimenn 1984). So far the experiments have not
been successfuls. The emount of auxin extracteble from the leeves
was always so smell that quantitative messurement with both the
normal and the deseeded Avena tests (Skoog 1937) has not been ac-
complished. The remson for this epperent failure is probebly the
high destructive sectivity of the cut surface of the pspays leaves.
Both oxidases and percoxidases sre present in comparatively lerge
quentities as shown by the «{~ nephthol and benzidineoﬂzeg tests
(Overbeek 1935). It is hoped that further improvement of technique
will meke quantitetive extraction poesible. FExperiments are now in
progress relating to this phase of the subjsct,

III. Conclusions and discussion.

From the results of the above experiments & reugh picture of
the movement cen be obtained. At midnight end in the morning gll
the auxin comes from the tip (centrel) lobe of the blade to. the
lower {ebaxial) side of the petiole, so thet the lower side grows while
the upper side does not. The leal, therefore, rises to the horizontael
dey position. In the late afternoon and the evening more of the auxin
comes from the basal lcbes of the blade to the upper (edaxial) side
of the petiole, sc that the upper side grows faster than the lower side.

The lenf, therefore, bends flown to the vertiecsl night position.
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Whether the different amount of auxin in the spicel and basal
lobes of the leaf bledes is due to different produetion or distri-
bution, cen not be seid definitely ot present since direct meeasure-
ment hes not been accomplished, FEvidence, however, is in favor of
the latier possibility. Skoog (1937) and Avery (1935) found that
the lesves produce suxin only in the light and use up their auxin
in darkness in the course of & few deys. Since papays leaves ex-
hibit the seme movement in derkness,; it is evidently not concerned
with the production of euxin, but probebly with the distribution of

accamulafe{ T
th@Aauxin. /The explsnstion of leaf movemenis from the hormonic point
of view was first suggested by N. Bell {1923). Later experiments
have been chiefly concerned with induced movement by the artificial
spplicetion of auxin. Thus auxin has been found to induce epirasty
end hyponssty in leaves of tobacee (Avery 1935), Coleus (Leaibach
and Fischnich 1936, Fischnich 1835), tometoes (Hitchcock snd Zimmere
men 1935), etee

0f epecisl interest are two recent papers on floral movementse.
B8hner (1932) found that the opening of the flowers of Tulipa is due
to an increase in the wall extensibility of the cells on the upper
side of the sepals, end the clesing action was due to the reverse
process., The results were interpreted by Guttenberg (1933, 19235), es
perheps caused by o differentisl supply of auxin. ZollifoFer found
the seme chenges of wall extensibility in the curved inflorescence

Jussilago &
stalks of some plant (Ek"papaver). She wes oble to demonstrate fur-

ther thet these changes were primerily due to the difference in the

emount of suxine As far as the mechanism alone is concerned, these
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floral movements are, therefore, very similsr to the leef movements
of pepeys.
IV. Summarye.

(1) A close relstion is shown to exist between the activity of
nyctinestic movement and the age, i.ec. the growth rate of the
leevese

(2) The curveture of the nyctinastic movement is localized in
the upper growth zone of the peticle.

(3) Direct measurement shows that the movement is due to the
uneguel growth of the two sides of the peticle. The upper
(adexial) side grows only in the letter helf of the day (nocon
to midnight) and dees not grow in the esrlier helf (midnight

' to noon}. The lower (abexiel) side grows continuocusly, el-
though it grows more in the morning than in the afternoon.

The course of movement agrees quentitetively with the dngerence

/ft. e,,.gfjor@ (e, T S
in growth of the two siées.w,T%e unequal growth must be due teo

— S S . e

Ki\g dlfferential supply of auxin froem the leaf blade.

e e —r\(\r'

(4) The sensitivity to suxin of the twe sides of the petzol&;

was found to be the seme, %
ardiiieseﬂ%ia%nsafgiy«s£~aaﬁ£&4ﬁﬁﬂ@$ﬁaﬁimpef%aa%nfag%er.

(5) Nyetinastic movement of leaves cen be induced by the ex-
ternal epplicetion of auxin. The leaves drocp when asuxin is

- epplied to the basal lobes of the blede, end rise when the
auxin is epplied to the tip (central) lcbe.

(6) Microscopicel studies reveal thet the mein vein of the tip
(central) lobe goes into the lower (abaxisl) side of the petiocle,

while the mein veins of the basasl lobeg enter into the upper
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(edaxial) side.

(7) The conclusion is reached: that a differential auxin supply
from different regions of the leaf blade ceuses a differentisl
growth of the upper and lower sides of the peticle, which is
responsible for the nyctinastic movement.

(8) The results are discussed in relation to the curremt litersture.
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FIG. 2 CELL SIZE [N A PURE CLONE (Aisa)
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FIG. 13 CHANGES IN LENGTH OF 2 SIDES OF LAMINAR JOINT.
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DISTRIBUTION OF GROWTH.
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F1G 26 DIFFERENTIAL GROWTH & MOVEMENT.
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FIG.27 FORM oF PAPAYA LEAF.
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FIG. 28 STRUCTURE OF MIDRIB & PETIOLE
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FIG 30 LEAF 'MOVEMENT INDUCED BY AUXIN IN GREENHOUSE
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Fi6 31 LEAF MOVEMENT INDUCED BY AUXIN IN GREENHOUSE
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Plate I.

A. upper left -===-c-==-- control; lower left ==e-ceve-- control.
upper middle - 0.0001 mg./cec.; lower middle - C.COL mg./c.c.
heteroauxin heteroauxin
upper right - C.0L mg./c.ce 3 lower right - 0.040 mg./c.c.
heteroauxin heteroauxin

B. upper left =--- 0.0l mg./c.c.; lower left =--- C.EO05 mg. /c.c.

benzoic amcid phenyl acetic acid.
upper middle =- 0.10 mg./c.c.j lower middle -- C.0Ll0 mg./c.ce
benzeic acid phenyl acetic acid.

upper right =-- 0,50 mg./cec.; lower right --- C.005 mg./cece
benzoic acid phenyl escetic acid.




Plate IX.

C. upper left =-== 0.05 mg./cece; lower left === 0.05 mg./c.c.

@-proprionic acid f-butyric acid.
upper middle -~ 0,10 mg./cece; lower right =~= 0.050 mg./c.c.
Feproprionic acid F-butyric acid.

upper right == 0.50 mg./cece.
g-proprionic ecid.

Do upper left =-=- 0.005 mg./c.c.; lower left =--= 0,05 mg./c.c.

cis=¢cinnemic acid trans=cinnamic acid.
upper middle == 0,010 mg./c.ce; lower right === 0,50 mg./c.c.
cis=-cimnamic acid trens-cinnamic acid.

upper right -=- 0,050 mg./c.c.}
cigwcinnemic acid.




Plate III.

E. upper left =--- 0,0001 mg./c.c.; lower left ===- C,0001 mg./c.c.

Vitemine B Vitamine B
upper middle -~ C.0005 mg./cecej lower hkddle == 0.0005 mg./c.ce
Vitamine B Vitamine By.

upper right =-- 0,0010 mg%/b.c.; loweyr right --- conirol.
Vitamine B,

F. Fnotomicrogreph of Culture I {control).

“w ¥ €y

e
£



Flate IV,

G. Photomicrograph of Culture ITb (0.0001 mge/c.c. heterocauxin).

He Photomicrograph of Culture IXa (0.C001 mg. /c.ce Vitamine By)e




Flete V.

A. Day position of the leaves.

Be Night position of the leaves.




