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ﬁ FOREWORD

is report represents the second phase of the work on culture of cells
f higher plante undertzken at Natick under the Unconventional Food program
. in the Microbiology Division of the Food Laboratory. The objective of this
study is to determine vhether it would be feasible to use plant cell cultures
as a source of human food. The objective of this phase was to investigate
the nutrient requirements of sugpension cultures, to simplify media, and
improve growth rates,

The work covered in this report was performed under Department of the
Arry Project 1JO1LSO1AT1C.
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ABSTRACT

A detailed study has been made of some nutrient requirements of several
plant cell suspension cultures, These cultures require the usual inorganic
£alls including inorganic nitrate nitrogen, Hydrolyzed protein or amino *
2cids will serve as the sole source of nitrogen for growth, but organic
vitroren is not required. Urea or ammonia nitrogen in the abasence of nitrate
will not support growth., Sucrose is an excellent carbon scurce., Glucose
and starch will also support growth 2f some cultures., Sucrose sterilized
by =amma irradiation supports normal growth of these cultures. Growth is
retarded on glucose sterilized by gamma irradiation at ambient temperature,
but growth is normal on glucose irradiated at -80°C. A few growth factors
*2 low concentration are also required, An auxin (2,4 - dichloroghenoxyacetic
:cid or naphthaleneacetic acid) and .thiamine are required by all cultures.
Kinetin (6 furfurylaminopurine) is also required by some cultures, Maximum
oraductivity on this simple medium is about 1.5 grams dry weight per liter
=f culture per day, equal to, but not significantly greater than productivities i

ottained on much more complex medis,




r GROW?Y OF PLANT CELL CULTURES

II. NUTRIENT REQUIREMENTS AND THEIR ROLE )
IN THE GROWTH OF SUSPENSION CULTURES o

| INTRODUOTION

In our firat report (12) we described the isclation of twenty-nine
strains of plant cells in culture and the initial studies of their growth
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on various solid and 1iquid media, We found that plant cells could be

grown on simple defined media for many transfers maintaining ;rowth rates

equal to or better than those obtained on comglex media containing supple-
ments such as coconut milk, Growth tended to be of zero order with product-
ivity at best about 10 gramsdry weight per liter of culture por day, Such
growth rates are of the rame order of_mgnitnde as are found for higher
plants growing naturslly under optimum conditions.
This study was aimed toward investigating in more depth the role of the
- various nutrients in the defined medium with the emphasis on tk» vitamins and
hormones., The primary objective was to establish the minimum mutrient require-
ments of these plant cell cultures., We also hoped that changes in the

nutrient composition might lead to faster growth rates, or greater productivity.

MATERIALS AND METHODS

The methods and cultures used in this study have been desez"ibed ir onr
first _report {12). -The basic medium was that of Murashige and Skoog (13)
(Table 1) with 3.0% sucrose, and either 0,05 mg/L of 2,li-dichlorophenoxyacetic
acid (2,4-D) referred to as M medium or 0.10 mg/L of naphthaleneacetic acid

(NAA) referred to as NAA medium, Suspension cultures were used in all tests,

. Stock suspension cultures were maintained in shake flasks and transferred (10%
v/v) at intervals of sbout 3 weeks, These cultures were used to inoculate

N
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Compsnent . mg/Liter
X ¥o 3 1900
NHh NGB 165C
Ca Cl, . 2 HO Lko
Mg S0y . T HY0 370
LSPR O i70
¥n S0p, . L o0 22.3
Zu 30y, . b H0 8.6
Hy B0, 6.3
KT 0.83
Molybdic acid G.2¢
Ca 50y . £ Ha0 0.2¢
Co C1, . € Hpd 0.2¢
Scdium EDTA 37.3
FeSQh . 7 HZO 27.8
Inositol | . 100
Nicotinic acid 0.5
Pyridoxine 0.t
Kinetin (6-furfurvlaminopurine) 0.32
Thiaminz 0.1-0.%F
2.1y dichlarophenoxyacetic acid (2,L-D)# 0.05
’ Cucrose 30,000
gk 5.5
Oplicnal additives
Phyt ove (EBL) - suy peptone 1000
Tryptone (Difco) - a meat peptone 1000
Glveine 2

2 naphihaleneacatic acig \NAA) C.1 mg/L can be substitvyted Yr.r 2,L-D.
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experiments using a § - 10% (v/v) inoculum to give an initial dry weight of

0.5 ~ 1.0 mg/ml., Cultures were grown on reciprocating or rotary shakers at
g 260 - 280C in continuons dark, continuous white fluorescent 1lizht of low inten-

sity (8LO foot candles) or in light programmed on 16 hours, off 8 hours,

iaaid Laid

Growth is iliustrated or expressed as Productivity, mg dry weight increase per
ml per day. All weights were measured after drying at 70°C. Other methods

are described in the discussions of the vzirious experiments.

PART I, MINERALS, CARBON SOURCES, AND NITROGEN SOURCES IN THE MEDIUM

k. Effects ¢f Calcium, Magnesium, and Phosphate Concentration.

For carrot cells grown in the light of M medium (Fig. 1) the usual
calcium level was optimum in the presence of three levels of magnesium,

Doubling the calcium level had an unfavorable effect, Doubling the usual

; magnesium level enhanced growth at or below the usual calcium level. Simi-
lar results were found for carret and bean cells grown in the dark (Fig. 2).

4 two-or three-fold increase in the phosphate level was somewhat beneficial

(Fig. 2).

i B. Carbon Sources,

1. Sucroge compared to glucose, glycerol, and starch.

Sucrose is the most farorable carbon source tested for plant cell
cultures although many will grow quite well on glucose (Table 2, Fig. 3).
kttempt3 tn replace wucrose with glycerol have not been successful (Tabie 2,
; Pig, 3). Bean cultures will grow well on starch, particularly if previcusly

grown on stareh (Fig, L).
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Figure 1 Effect of Calcium and Magnesium on Growth of Carrot No, 2
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Figure 2 Effect of Calcium, Magnesium, and Phosphate
¢n Growth of Carrot No. 2 and Bean No. 8

Finol Dry Weight mg per ml
S

2

l A 'l A

0 02030 00cs310 20 00510 20
Pog Ca level Mg level

10% Inoculum, grown for 21 days in the dark on the retary shaker. 2,4-D
0.05.mg/L

1.0 = ususl leve® in medium (Tsbls 1).

O O Bean @—————-@ Carrot
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Table 2 Growth of Plant Cells on Sucrose, Glucose and Glycerol

Dry weight mg/ml at 21 dsys on

Culture . Initial
Y _mg/L Weights Sucrose Glucose Glycerol
mg/il | 158 | 3% | LS8 | 3 ¥

Carrot No, 18 i
2,4-D 0.05 0.8 31 10.7 L.9 8.8
2,4-D 0.10 0.9 7.7 3.1
NAA 0.10 1.1 8.1 3.5
Gibberellic Acid 1.0 1.2 6.2 2.L

Bean No. 8

2,1i-D 0.05 0.7 7.0 |15 | 7.6 | 7.
2,4-D 0.10 1.5 17.7 2.k
NAA 0.0 1.3 15.1 3.
Gibberellic Acid 1.0 1.6 8.0 1.L

Bean No, 12
2,4-D 0.05 0.k L.3 7.3 2.9 k.0

Lettuce No, 7
2,L-D 0.05 2.0 L.8 13,0 3.5 13.3

Lettuce No, 13
2,Lh-D 0.10 0.9 b.L 1.6
NAA 0.10 0.7 5.3 2.5
Gibberellic Acid 1.0 0.8 ; 6.3 2.6

*

10% Inoculum,

N
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Fipure 3 Effect of Carbon Source on Growth of Bean No, &
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Dry Weight mg per ml at 39 days

Figure ! Growth of Bean No. 12 on 3% Starch
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2,4-D 0,05 mg/L.
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3¢ starch culture

3¢ sucrose culture
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2. Effects of Irradiated Sugars.

Irradiated sugars have been reported to be toxic to various living
systems, including plant cell cultures (2, 6, 8, 9, 11, 1L, 16). When
gluccse solutions are irradiated with Cobalt 60 at ambient temperature (20°C)
pH falls, and ultra-viclet absorption 2t 260,pm develops, When temperature
during irradiation is held at -80°C the acidity and ultra-violet abserption
do not develop to the same extent, We wished.to see whether sugar solutions
irradiated at -80°C would be less toxic than sugar soluticns irradiated at
20°c,

Murashige medium was prepared omitting sucrose and 20% of the
water, Thiamine was at 0.5 mg/L, 0.05 mg/L of 2,L-D was added for bean
cultures and 0,10 mg/L of NAA for lettuce cultures, Media was dispensed,
4G ml per 250 ml Erlermeyer, and the flasks were autoclaved for 20 minutes
at 15 pounds pressure, Sucrose {Merck Reagent) 15% and giucose (Merck
Reagent) 10% were made up in water and sterilized separgtely as follows:

pH after sterilization

Glucose Sucrose
1, Filter through 0,22 micron Millipore filter 6.0 5.6
2. Autoclave 20 minutes at 15 pounds pressure L.7 L.9
3. Irradiate with Cobalt 60 to 5 megarads at 20°C 3.2 3.7
L., Irradiate with Cobalt 60 to S megarads at -80°C 3.7 k.1

To maintain a final pH of 5.0 - 5.5 in ail flasks (before inocula-
tion) 2,0 ml of 0.01 N NaOH was added to each flask receiving sucroase
irradiated at +20°C and 4.0 ml of 0,01 N NaOH to each flask receiving glucose

irradiated at +20°C. Noc addition of alkali wss required for flasks receiving
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sugars irradiated at -80°C. 10 ml of sugar solution was added asoptically
to each flask to give a final concentration of 2% glucose or 3% sucrose.
Fizaks were left at room temperature for 24 hours and then inoculated with a
guspension culture of bean or lattuce cells, Bean cultursas were grown on
the rotary shaker in the dark, lettuce culturee were grown on the rotary
shaker in continuous light.

We did not find irradiated sucrose £oxic to bean (Fig. 5) or lettuce
(Fig. 6) cultures, regardless of the temperature of irradiation. In compari-
son to filtered or autoclaved glucose, glucome irradiated at 20°C was toxic
to bean {Fig, 7) and lettuce (Fig. 8) cultures, but glucose irradiated at
-80°C was not toxic.

C. Nitrogen Sources.

Murashige medium contains per liter, 1650 mg NH),NO (578 mg N), and

1900 mg KNO3 (266 mg N, 360 mg X) (Table 1), With 3% sucrose as a carbon
source this gives a C/N ratio of 15 on a weight basis, 17.4 on a molar basis, ’
If plant cells are ever used for food in a limited environment it would be '
dasirable to use sewage as a source.-of nutrients, Therefore, we ars interested -
in the possibility of using urea or hydrolyzed protein as a nitrogen source,

Our previous studies had shown that addition of Phytone was beneficial to young

growing cultures, but did not increase growth rate after the lag phase,

1, Effects of amino acids,

Dougall (L) has reported that certain amino acids at low concentra-
tions inhibit growth and amino acid blosynthesis in suspension culturss of
Paul's Scarlet Rose, We have tested 8 amino acids added singly or all

together at 1074 ¥ to bean (Fig. 9) and lettuce (Fig. 10) cultures and have

10
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Figurs 5 Effect of Irradiated Sucroze on Bean No. &
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Figure & Effect of Irradiated Sucrose on Lettuce No. 13
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Figure 7 Effect of Irradiated Glucose on Bean No. 8
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Figure 8 Effect of Irrzdiated Giucose on Lettuce o. 13
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N Figare 9 Effect of Added Amino Acids on Bean No. B
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Dry Weight mg per mi
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+ alanine

4

+ proline

+ glutamic ocid

1 ¢ lysine 'r

221

+ leucine

* asparagine

+ glycine

+ 8 ominn acids

5 10 15

5% Inoculum, grown in programmed light on the rotary shaker, NAA 0.1 mg/L,

5 10 1S
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amino acids at 10‘11 M as noted.
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found no inhibition of rate or extent of growth or change in duration of the
lag phase. 1In our tests addition of low levels of amino acids was neither

favorable nor unfsvorabfé.

2. Effect of nitrate, ammonia and urea,

For bean cells on M mediuwm (Table 3) omission of KNO3 had no effect
and omission eof NHhNO3 wag somewhat beneficial., However, substitution of
urea for either or both was toxic. OGrowth was leas than when nitrogen was
omitted, Substitution of Phytona for NHhNO3 or KNOB or both increased
growth markedly.

For lettuce cells on NAA medium (Table L) similar results were
cbtained, Omission of KNO3 decreagsed growth, but omission of NH,L‘NO3 was
gomewhat beneficial, Substitu*ion of urea for either or both was toxic,
Substitution of NHhC1 for either NHhNO3 or KNO3 reduced growth only slightly,
but substitution of NHhCI for both was toxic,

In the next test with lettuce ceils on M medium (Tsble Sa) we main-
tained KNO3 at the usual level, Omission of NHhNO3 caused orly a slight
decrease in growth, Urea at 100 mg-per liter had no effect in the presence
of NHhNOB, but was slightly beneficial if NHhNOB were omitted, Urea at
500 mg or more per liter was toxic, Transfers from these cultures to NAA
medium (Table S5b) gave good growth (with KNO4 present) in the presence or
absence of NHhND3 with urea at 0 to LOO mg per liter, There was no evidence
that urea or NHhNO3 wag beneficial. Transfers from these cultures to NAA
medium with NHhNOB omitted in ali (Table Sc) gave good growth with KNOy at the
vsual or one-half ievel, with urea at 0, 50 or 100 mg per liter. Urea increased

growth with one-half level KNO,, but not with full KNOB. Addition of KC1 had

17
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Table 3 Effect of Nitrogen Sources on Bean No. 8

pH
Variation 1L days dry wt Productivity
mg/ml mg/ml per day

Control = M Soh Soh Ooh
Omit KN 5.5 5.4 0.4

wi 4 g
Onlt NH’JNOB /o? 7.9 o./
Cmit both¢ 5.5 2.6 0.2
Urea subgstituted for NHhNOB 7.3 0.7 0.01
Urea substituted for KNOB* 5.9 1.3 0.08
Urea substituted for bothx 7.5 0.6 0.0L
Phytone substituted for NHhND3 6.1 14,2 1.0
Phytone substituted fcr KNOB* S.h 9.2 0.6
Phytone substituted for bothi 5.6 13,7 0.9

10% Inoculum, initial wt 0,5 mg/ml, grown on rotary shaker for 1L days in

the dark, 0,05 mg 2,L-D/L.

Control - 1650 mg N, N0, + 1900 mg KﬁOB

Urea - 2C10 mg substituted for NHhNOB, 1260 mg for KNO4 to give equal N

Phytone - 3600 mg substituted for NHhND3, 1800 mg for KNO3 to give equal N

# 1200 mg KC1/L added.

18
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Table j Effect of Nitrogen Sources on Lettuce No. 13

pH
Variation 11 days dry wt Productivity
. ; mg/ml mg/ml/day
Control = M 5.5 14.9 1.3
F‘ Omit KNO. 4.0 3.5 0.2
Omit NH)NO., 5.2 - 16.6 1.k
Omit boths k.o 3.6 0.2
Urea subgtituted for NH)JND3 8.2 1.3 0.03
Urea substituted for KNO3 7.1 0.9 0
Urea substituted for bothx 8.2 1.1 0.01
NE) C1 substituted for NHhNOB 5.5 13,1 1.1
t NH) C1 substituted for KNOB* £.6 12,2 1.0
NH),C1 substituted for both¥ 3.8 1.6 0.07

- _—

10¢ Inoculum, initial wt 1.0 mg/ml, grown on the reciprocal shaker in pro-
grammed light for 11 dars, 0,10 mg NAA/L.

Control - 1650 mg NH) R0, + 1900 mg/L KO,
7

Urea - 2510 mg substituted for NHhNO3, 1150 mg/L for KNO3 to give equal N

NH)Cl - 2200 mg substituted for NH) 1O 5, 1040 mg/L for KNO3 to give equal N

% 1LL0 mg KC1l/L added.
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Table 5 Growth of Lettuce No, i3 on Urea
a, PFirst tranafer

NH},NO 4 Urea ?i}li days dry wi. Productivity
mg/L mg/L mg/m2 mg/mlL per day
) 5.8 10.L 0.7
100 5.7 12.L 0.8
0 500 8.2 . 0.7 0
1000 8.3 0.8 0
2000 8.1 0.6 0
0 g.2 11.9 c.t
100 .6 11.k 0.7
1650 500 5.9 1.8 0.05
s 1000 6.8 0.7 0
: 2000 7.2 0.6 0

First transfer,

10Z Inoculum, initial wt 1,0 .g/ml, grown on the reciprocal shaker in
programmed light for 1k days, 2,L-D 0.05 mg/L, KNO4 at 1900 mg/L.

[T ——————
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Table 5

Growth of Lettuce No., 13 on Urea

b, Second transfer
Initial pH Reducing
NH),NO 5 Urea weight 1L days dry wt Productivity sugar
mg/L mg/L mg/ml mg/ml mg/ml per day mg/ml
0 1.0 a* 6.6 15.5 1.0 0.21
0 1.3 b 5.8 15,1 1.0 0.05
0 100 1.3 b 5.4 1h.3 0.9 0.10
200 1.3 b 5.3 13.2 0.9 0.11
L0o 1.3 b 5.7 13,k 0.9 0.0k
0 1.2 ¢ 5.9 11.5 0.7 0
50 11 d 6.1 13.0 0.9 0
1650 100 1.1 d 6.0 13.0 0.9 0
200 1.1 d 6.0 13.9 0.9 0
Loo 11 d 5.2 11.3 0.7 0

Second transfer {from Table 5a) from:

¥*

.o oOm

165
165

C NHj NO-
0 NHPNO%
0 NH.HD
0 NH) NO

3
3

0 Ures’
100 Urea
0 Yrea
100 Urea

10% Inoculum, grown on the reciprocal shaker in programmed light for 1L days, NAA at

0.10 mg/L, KNO3 at 1900 mg/L in all cultures,
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Table 5 Growth of Lettuce No. 13 on Urea
c. Third transfer

Tnitial pH Reducing
KNO3  Urea | KC1 weight 1L days dry wt Productivity sugar
mg /1 mg/L mg/L mg,/ml , mg/ml per day mg/ml
0 0 1,6 a 5.7 15.0 1.0 0.7
1900 50 0 1.5 b 5.5 13.8 0.9 0.2
100 0 1.h ¢ 5.7 11.2° 0.7 0.1
0 0 1.6 a 5.8 11.7 0.7 11.2
90 50 0 1.5 b g.6 13.6 0.9 6.0
100 0 1.k e 5.7 16.5 1.1 6.9
0 720 1.6 a 5.7 10.8 0.7 10.0
950 °0 720 1.5 b 5.3 '13.8 0.9 9.7
100 720 1.k ¢ S.3 13.0 0.8 10.5
0 100 720 1.6 a2 5.2 3.0 0.1 7.8

Third transfer {(from Table 5b) from:

a
b
c

0 NH, W0,
0 NH{PNO
0 N}{h;’OB

0 Urea
50 Urea
100 Urea

105 Inoculum, grown in the rotary shaker in programmed light for 1l days, NAA at O.Id
mg/1., My MO 5 omitted in all cultures,
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little effect, If KN03 was omitted and replaced with KCL growth was poor,
In other tests (data not shown) KNOB could not be replaced by urea plus
increased levels of KHQPOh. With the usual level of KNO3 and good growth,
little reducing sugar remains in the medium (Table Sb, c)., With KNO 4
reduced to half (Table S5c) despite good growth, considerable reducing sugar
remains in the medium even if K level is ratsed by addition of KCl. Whether
this is an effect on metabolism of sugar, fofmation of a reserve polysaccharide,
or quantity or activity of invertase has not been determined.
2. Conclusiens.

Tertative conclusions from these studies are: (a) The nitrogen level
in Murashige medium is greater than required for good growth of plant cell
cultures on 3.0% sucrose, With KNO3 present NHhNO3 is not beneficial and
omission of NH);NO; does not decrease growth even after three transrters, (b)
Plant cell cultures will grow vigorously on NHhNOB’ KNOB, or hydrolyzed
protein (Phytone) as the sole source of nitrogen, (c¢) Urea wiil not serve as
the sole source of nitrogen for plant cell cultures, and is toxic at 500 mg
or more per liter. With reduced nitrogen in the medium, 50 - 100 mg per
liter of urea will increase growth, (d) In limited tests NHh01 will not serve

as sole source of nitrogen, and (e) Amino acids added to the basic medium

neither increase nor decrease growth of plant cell.

PART II, GROWTH FACTORS IN THE MEDIUM

Murashige (M) medium contains 6 organic growth factors in low concen-
tration: (Table 1), Auxin - 2,k dichlorophenoxyacetic acid (2,L-D), naphtha-
leneacetic acid is substituted for the 2,L-D in NAA medium, Cytokinin -
kinetin, thiamine, inositol, pyridoxine HCl and nicotinic acid (Table 1).

These growth factors are omitted on "minimal" medium as noted in the tables.
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We investigated these growth factors to see which were required, and also to
see whether changes in them might result in increased growth,

A, Growth Factors for Bean,

Bean cultures grow well with 2,4-D as auxin (Fig. L, 11). A concentra-
tion of 0,05 mg/L is optimum. Concentrations of 1.0 mg/L or above are toxic.
NAA and Indoleacetic Acid support growth, but are less favorable., Gitberellic
Acid is toxic (Table 6), Bean cultures will érow for a few transfers with
ne auxin, but then die (data not shown),.

Bean No. 8 was grown with 2,4-D, but omitting the other growth factors
one at a time and inoculated (10% v/v) from M medium, After 3 weeks growth,
cultures were transferred to fresh medium of the same composition for a total
of five transfers, Cultures without thiamine died after two or three transfers,
but cultures without other single growth factors retaired full growth even
after five transfers. In the five transfers any growth factor originally
present waz diluted 105. Phytone (which contains some thiamine) or tryptone
will not maintain bean cultures in the absence of added thiamine (Table 7).
Bean cells grow well with thiamine and 2,4-D as the only growth factors, but
growth is increased at increased thiamine levels up to 1.0 mg/L, or on the
full Murashige medium (Table 8). Bean cells will grow on medium without
thiamine if yeast extract, a rich source of thiamine, is present (Tabie 8).

Bean No, 8 was grown on a minimal medium omitting all growth factors
except 2,4-D ard thiamine and adding the 5 other growth factors in M medium
plus 6 other growth factors one at a time (Table 9), Growth was good in all

cultures, but none were gignificantly better than the usual Murashige medium,
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Figure 11 Effect of 2,4-D Conceniration on Growth of Bean XNo, 8
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Relative Increase in Dry Weight

40}
20
-l . . "
0 0.1 1.0 10.0

2,4°D mg per liter

10% Inoculum, initial weight 1.0 mg/ml, grown 30 days on the reciprocal shaker
in the dark, 100 squals an increase of 15.6 mg/ml.
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Table & Effe.. of Auxin on Growth of Bean No. 8

Productivity (mg/ml/day)

Auxin mg/L Full M¢ + glycine Minimals* + thiamine
None 0.17 G.c2 _
2,L-D, 0,05 0.6k 0.l i
2.4-D, 0,10 2,61 : 0.53 3
E 2,L-D, 1.0 0.07 0.01
NA4L, 0.1 0.47 0.28
NA&, 1,0 0.57 0.12
, 1a4, 0.1 0.35 0.03
!;‘ 1A, 1,0 0.L40 0.03
GA, 0.1 0.05 C
GA, 1.0 0.0% 0

10% Inoculum, grown 20 days in the dark on the reciprocal shaker.

* Full M all growth factors present (except auxin) Glycine 2 mg/L.
##  Minimal - growth factors omitted except thiamine present at 0,10 mg/L.

TAA
GA

Indoleacetic acid - sterilized separately by filtration,
Gibterellic acid,

TP
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Table 7 Effect of Some Growth Factors on Bean No, 8
Transfer+ No. p 2 3 L 5
Days Growth 25 24 19 21 29 Avergge
Productivity mg/ml/day
Fvll Murashige + glycine 0.22 0.63 0.59 0.39 0.37 0.LL
Nicotinic Acid Umitted 0.3 0.la 0.58 0.26 0.51 0.h2
Pyridoxine Omitted 0.3k 0.h7 o.5§ 0.40 0.L6 0.L%
Thiamine Omitted 0.12 0.0k 0.01 dead
Glycine Omitted 0.27 0.L7 0.86 0.37 0.38 0.L47
Kinetin Omitted 0.Ls 0.45 0.47 0.57 0.L6 0.L8
Inositol Omitted 0.20 0.36 0.60 0.50 0.L9 0.43
: #Minimal 0.10 0.01 0,01 dead
% Phytore 1,0 g/L added 0.11 0.0k 0.0k dead
Tryptone 1.0 g/L added 0.09 0.03 0.03 dead

#  Successive transfers 2,L-D C,05 mg/L, 10% inoculum, grown in the dark in the

reciprocal shaker,

#% Minimal, cmit Nicotinic Acid, Pyridoxine, Thiamine, Glycine, Kinetin, Inositol,

PR el e

R e
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Table 8 Effect of Thiamine Concentration on Growth of Bean Mo, 8

Productivity (mg/ml/day)

Thiamine added FJ1 M+ glycine Minimal¥*h
mg/L
0 0.67 0.09
0.1 0.66 0.50
0.2 0.6k 0.59
0.L 0.67 0.59
0.5 ——— 0.56
1.0 0,76 0.L7
2.0 0.72 0.53
L.0 0.6 0.50
0 * 0.79 0.56

w

¥  Yeasv extract 1 g/I added,

#: Minimal ~ omit Kinetin, Inositol, Glyeine, Thiamine, Pyridoxine, Nicotinic

Acid,

2,L-D 0,05 mg/L present in all nedia.

shaker in the dark.

10% Inoculum, grown on the reciprocal

Full ¥ - Thiamine 0.1 mg/L. glycine 2.0 mg/L.

28
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Table § Effect o. Single Orowth Factors on the Growth of Bean
No. 8 in the Presence of Thiamine and 2,i-D

Transfer# No. 1 2
Average
Days Growth 17 1l 16
Productivity (mg/ml/day)

Full Murashige + glycine 1.08 1.15 1.12
Minimal#s¢ + thiamine 1.02 0.79 0.90
+ 0.1 ng/L thiamine 1.14 0.60 0.87
+ 100 mg/L inositol 1.03 0.72 0.88
+ 0,32 mg/L kinetin 0.64 0.8L 0.7k
+1,0 mg/L Paraminobenzoic acid 0.93 0.68 0.80
+1,0 mg/L folic acid 0.8¢% 1.10 0.98
+2,0 mg/L glycine 1.0 1.22 1.12
+ 0.5 mg/L pyridoxine 0.90 0.80 0.85
+0.5 mg/L nicotinic acid 0.98 0.98
+2.5 mg/L calcium pantothenate 0.96 0.90 0.93
+0,1 mg/L biotin 0.91 0.90 0.90
+1,0 g/L phytone -0.63 0.74L 0,68

3#  Successive transfers,

¢ Minimsl - Kinetin, Inositol, Giycine, Pyridoxine, Nicotinic Acid omitted

10% Inoculum, 2,Lh-D 0,05 mg/L, grown in the dark on the reciprocal shaker.

Murashige (Table 1), Thiamine at 0.1 mg/L, glycine 2.0 mg/L.
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In the second transfer, growth on the minimal medium declined, except in
cultures with folic acid or glycine added (Table 9). Bean No. 12 behaved
similarly., Thiamine is required, but the other growth factors had little
effect (Table 10).

With NAA as auxin, bean no. 8 showed reduced growth, and growth was
further reduced if thiamine was omitted, Severil other growth factors
increased growth with NAA but not to equal that on 2,l-D (Table 11},

Our conclusion from these studies is that bean cuitures require thiamine
and an auxin as organic growth factors. Other growth factors are not
specifically required, but may stimulate growth. 2,4-D is the best auxin
fer bean cultures,

B, Growth Factors for Lettuce.

Lettuce cultures grow well with NAA as auxin, 0.10 mg/L is the optimum
concentration (Fig. 12, Fig. 13). Indoleacetic acid and gibberellin are also
suitable auxins, but 2,L4-D is toxic (Table 1Z). When 2,L4-D is the auxin,
lettuce will not grow if thiamine is the only growth factor. Kinetin must
also be supplied (Table 13),

A gseries of experiments was carried out to show the interactions of auxins
and other growth factors in greater detail., Murashige medium was prepared
with all 6 growth factors omitted. Growth factors were added singly and in
various combinations at the usual concentrations., Cultures were inoculated
originally from full M medium + Phytone (6% v/v) to give an initisl dry weight
of 0.5 mg/ml, After 7 days, cultures were transferred (10% v/v) to fresh
medium of the same composition; this was repested sbout every 2 weeks for a
total of six transfers (Table 1k, 15, 16). A1l cultures were grown in

programmed light,

30
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Table 10 Effect of Growth Factors on Bean No, 12

Transfer No,: 1 2
Days Grown : 24 33

Dry wt mg/ml
Full Murashige 8.0 11.6
Omit Thiamine 8.5 1.2
Omit Kinetin 8.4 12.3
Omit Inositol 8.8 12.6
Omit Pyridoxine 7.8 12.3
Omit Nicotinic Acid 7.9 12.7
Omit Thiamine, Kinetin 7.0 1.6
Omit Inositol, Pyridexine, Nicotinic Acid 7.6 12.3
Omit Kinetin, Tnositol, Nicotinic Acid, Pyridoxine 7.6 13.2
Omit Thiamine, Kinetin, Inositol, Nicotinic Acid 7.7 1.6

2,L4-D 0.05 mg/L, 10% inoculum, grown in the dark on the rotary shaker,

Thiamine at 0,5 mg/L, glycine omitted in all cultures.
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] Table 11 Effect of Auxin and Other Growth Factors on Bean No, 8
Productivity (mg/ml/day)
2,L-D (0,05 mg/L) NAA (0,10 mg/L)
#Murashige Full + glycine 1.2 0.5
3 ##¥Minimal 0.3 0.3
' Kinetin added 0.4 0.3
Thiamine added . 1.2 0.5
: Thiamine and Kinetin added 1.2 0.7
F Thiamine and Inositol added 1.5 0.8
Thiamine and Pyridoxine added 1,2 0.k
Thiamine and Biotin added 1.2 1.0
Thiamine and Calcium Pantothenate added 1.k 0.L
Thiamine and Paraminobenzoic acid added 1.1 0.9
10%¢ Inoculum, cultures grown 17 days in the dark in the reciprocal shaker.
é %  Murashige (Table 1), Thiamine 0,1 mg/L.

##% Minimal - omit Thiamine, Kinetin, Inositol, Nicotinic Acid, Pyridoxine,
ard Glycine,
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Figgge 1z #ffect of Auxin un Lettuce No, 13

12

2.4D

Dry Weight mg per mi

Days Growth

GA = Gibberellic Acid

O O 1¥o auxin
| _JE R — —@® 0.1 mp/L
ra\ A 1.0 mg /L

Grown in programmed light in the rotary shaker.
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Figure 13 Effect of Auxin Concentration on Lettuce No. 13
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Table 12 Effect of Auxin on Growth of Lettuce No, 13

Productivitz
Auxin mg/L Full Minimal + Thiamine
None 0.58 0.29
2,h-b 0,05 0.L7 0.16
2,L-D €.1 0.30 0.05
2,L-D 1,0 c.06 0.03
NAA 0.1 0.68 0.24
NAA 1.0 0.58 0.1
TAA 0.1 0.66 0.35
TAA 1.0 0.67 0,3k
gA 0.1 0.74 0.L5
GA 1.0 c.75 0.52

10% Inoculum, grown Z0 days in the dark on the reciprocal shaker.

Full - all growth factors present {except auxin),
Minimal - § growth factors omitted, Thiamine present at 0,10 mg/L.
IAA - Indoleacetic_acid - sterilized separately by filtration,

GA - Gibberellic acid,
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Table 13 Effect of Single Orowth Factors on the Growth
of Lettuce No, 13 in the Presence of Thiamine

e T

Transfer¥ No, 1 2
Days CGrowth 19 1k
Productivity (mg/mi/day)
Murashige 0.57 0.L49
Minimal + Thiamine C.06 0,04
+ 0,1 mg/L thiamine 0.01 0.02
+ 100 mg/L inositol 0.0% :
+ 0.32 mg/L kinetin 0.56 o.uh s
+1,0 mg/L para\minobenzoic acid 0.06 0
+ 1,0 mg/L folic acid 0.056 y
+ 2.0 mg/L glycine 0.06
+ 0.5 mg/L pyridoxine 0.06 0.01
+ 0.5 mg/L nicotinic acid 0.04 0
+ 2,5 mg/l. calcium pantothenate 0.08 0.03
+ 0.1 mg/L biotin 0.07 0.01
+ 1,0 g/L Phytone 0.14 0.0L

#  Successive transfers,

Murashige medium (Table 1) 2,L-D 0,05 mg/L, Thiamine 0.1 mg/L.
Minimal - omit 5 growth factors - thiamine 0,1 mg/L and 2,L4-D 0.05 mg/L present.
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Table 1L Effect of Growth Factors on Lettuce No. 13 Grown Without Auxin
Transfer No, 1 2 3 b [ 6
Average
Days Growth 7 13 15 13 1k 9 12
Productivity (mg/ml/day)
a1l 1.0 0.8 0.3 0.06 0.03 -~ dead
- Thiamine 1.0 0.07 0.2 - - - dead
- Kinetin 1.0 1.2 0.8 0.05 0.01 - dead
- Thiamine and
Xinetin 0.7 0.03 0.03 - - - dead
Minimal 1,0 0.02 0,03 - - - dead
+ Thiamine 1.0 1.3 0.7 0.1 0.3 0.1 0.6
+ Kinetin 0.9 0.08 0.05 - - - dead
+ Thiamine and
Kinetin 0.5 0.8 0.8 0,2 0.3 0.05 0.t

Full includes Thiamine (0,5 mg/L), Kinetin, Inositol, Pyridoxine, Nicotinic Acid.

Minimal - above growth factors omitted.

Auxin omitted in all cultures.
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Table 15 Effect of Growth Factors on Lettuce No, 13
Grown with Naphthaleneacetlic Acid

Transfer No. 1 2 3 L 5 6
Average
Lay3 Growth 7 13 15 13 1 9 12
Productivity (mg/ml/day)
™1l 0.8 1.1 1.0 1.0 oL 1.5 1,0
- Thiamine 0.k 0.1 0.07 - - dead
- Kinetin 1.0 1.0 0.8 0.3 0.3 0.1 0.6
- Thiamine and
Kinetin 5,9 0,06 J.05 -— - dead
Minimal 0.% n,06 c.07 . - dead
+ Thiamine 0.7 1.0 0.8 c.3 0.7 0.8 0.7
+ Xinetin 1.0 0,03 0.07 - - desd
+ Thiamine and ‘
Kinetin 1.2 1.0 0.5 cont. C.6% 3.0 0.8

Full includes Thiamine (0.5 mg/L), Kinetin, Inositol, Pyridoxine, Nicotinic Acid.
Minimal - above growth factors omitted,
NAA, 0.1 mg/L in all cultures.

3% New culture from no hormone (Minimal + Thiamine and Kinetin, Table 1k).
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Table 16 Effect of Growth Factors on Lettuce No, 13
Growr with 2,L-Dichloropheroxyacetic Acid

Transfer No, 1 2 3 ks 5 6
Average
Days Growth 7 13 15 13 ik 9 12
Plytones Productivity (mg/ml/day)
Full + 1.2 0.8 0.5 0.0k 0 - 0.5
F\}.ll - O;? 007 0.7 0002 0001 »- Ooh
-~ Thiamine + 1.2 0.7 ¢.5 - - - 0,8
- Thiamine - 0.t 0.07 0,03 - - - dead
- Xinetin + 1.4 0.8 0.6 0.8 0.7 - 0.9
- Kinetin - 0.% 0.k 0.5 0.7 0.7 0.3 c.6
- Thiamine and
Kinetir + 1.2 0.2 0.2 - - - 0.6
~ Thiamine and
¥inetin - o.h 0.03 0.0 - - - dead
Minimal
+ Thiamine + - - - 0.3a 0 - 0,2
+ Thiamine - - - - 0.0kLa 0 0.k 0.1
+ Thiamine and
‘(inetin + - - - O.Bb 007 - 0‘5
+ Thiamine and
Kinetin - - - - 0.Lb 0.7 0.7 0.6

a New culture from no hormone (Minimal + Thiamine)
b Thiasmine and Kinetin, Table 1lu.

2,b-D 0,05 ng/L in all cultures.

# Phytone 1,0 g/L, if added,

Full inzludes Thiamine (0.5 mg/L,, Kinelin, Inositol, Pyridoxine, Nicotiniec Acid.
Minima. - above'growth factors omitted.
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With no auxin (Table 1L) but &ll other growth factors, growth wes good
for three transfers, but then declined. The decline was earlier and steeper
in the four series with thiamine omitted, Minimal media with thiamin=,
kinetin, or both supported better growth at first than the full Murashige
medium, However, these cultures also declined after the third transfer,

With NAA as -uxin (Table 15) the full growth factor cultures maintained
excellent growth for six transfers, This was-the best medium. Cuvlturas with-
out thiamine declined steeply by the second transfer. Minimal media with
thiamire or thiamine and kinetin were maintained but were not equal to the
full nutrient cu -ures,

With 2,L-D as auxin (Table 16) the full growth factor cultures declined
after the third transfer (as with no auxin). Phytone was favorable, but did
not prevent this decline, In the absence of thiamine the culture died by the
third transfer unless Phytone (which containg some thiamine) was present,

tures with kinetin omitted maintained a good growth rate for five or six
transfers. Limited data suggest (in agreement with Table 13) that con minimal
medium growth is poor if thiamine alone is added, but good when thiamine and
kinetin are both presenv.

Finally with NAA (0,10 mg/L) as the auxin we tried 2ll possible combina-
tions of the five growth factors: Thiamine 0.5 mgi, Kinetin 0,32 mg/L,
Inositol 100.0 mg/L, Pyridoxine 0,5 mg/L, Nicotinic acid 0.5 mg/L. First, to
the full medium we added all combinations of the five growth factors in excess
(Table 17). In a single transfer (10% v)v from NAA medium) growth was excellent
in 211 cultures, indicating that none of the factors in the basic medium wers

present at much below or rmch above favorable concentrations,
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‘ Tavle 17 Effect of FExcess {rowth Factors on Lettuce No, 13
% ’ Thiamine
i Add to Medium + Kinetin Thiamine Kinetin - Average
Productivity (mg/ml/day)
1PN 1.2 1.1 1,0 1.2 1.1
PN 1.1 0.9 1.0 1,2 1.1
Iy 1.2 1.5 . 1,2 1.1 1,1
E LT 1.1 0.9 1.1 1.1 1.1
. Nicotinic Acid 1.0 1.0 1.2 1.2 1.1
Pyridoxine 1.0 1.0 1.2 1.3 1.1
é Trositol 1.0 0.9 1.2 1.3 1.1
: g - 1.0 1.1 1.3 1.2 1.2
f § Average 1.1 1.0 1.2 1.2 1.1
— j Final dry weignt {mg/ml}
% IS 1.9 1.8 1.7 16.7
3 g PH 1h.9 12,4 1h.k 16.1
3 E IN 15.9 13.9 16,4 16.0
E o 1» 15,1 12.5 15,2 16.0
E ‘ Nicotinic Acid 1L.L 1h.3 16,1 16.7
» Pyridoxine 13,7 13.6 16,2 17.h
Inositol 1h.3 13.3 16,9 17.k
- 1L.6 1L.9 17.7 17.3

Full medium plus excess growth factors as noted. Thiamine 9.5 mg/L, Kinetin 0,32 mg/L,
I = Inositol 100 mg/L, P = Pyridoxine 0.5 mg/L, N = Nicotinic keid 0.5 mg/L, NASA 0.10

mg/ml present in all cultures. 10% inoculum, single transfer, giving an initisl weight
of 1,2 mg/ml, grown 13 days.,
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Next, we omitted the five growth factors from the bLasic medium, and added

them separately in all possible combinations, Cultures were iroculated (10¢

v/v) from NAA medium to give an initial weight of 1,7 mg/ml, incubated in the
reciprocal shaker in programmed light and transferred (J.0% v/v) afier about
Z weeks growth to fresh media of the sams composition for a total of six
transfers.

£11 cultures with thiamine and kinetin (T;ble i8z) maintsined good
growth for the six transfers regardless of the presence or absence of inogi-

tol, pyridoxine or nicotinic acid. Cultures with thiamine but no kinetin

(Tabie 18b) grew well for four transfers, but declined in the fifth when

kinetin would be reduced at least to 1 part in 3 x 1C;1. Again the presence
or abgence of inositol, pyridoxine, and nicotinic acid had no effect, Cul-~
tures with kinetin but no thiamine (Table 18¢) and cultures without thiawmine
or kinetin (Table 18d) declined in the third trangfer when thiamine was
reduced to 1 part in 2 x 109. In these cultures the absence of inusitol,
pyridoxine, and nicotinic acid was possibly slightly favorable,

Our conclusions from these studies are that the lettuce cells have low
but definite requirements for an auxin and thiamire, NAA is ths most favor-
able auxin, and with 1t lettuce cells require some kinetin, as well as thiamine,
On 2,4-D medium kinetin seems to be unfavorable when inositol, pyrodoxine,
ard nicotinic aeid are prepent, but required when they are absent, The

rature of the suxin thus affects the response of lettuce cells te other

growth factors.

C. Growth Factors for Carrot,

Carrot cells will* grow for one or iwo transfers with no auxin, but

growth is better if an auxin is present, 2,L-D, NAA, IAA, or zibberellic
acid sre all suitable (Table 19), Thiamine is required, w' h an optirmum
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Table 18 Effect of Growth Factors on Lettuce No. 13
a, All + Thiasmine + Kinetin + NAA

Transfer No, 1 2 3 kL S 6
i Average

Days Grown 13 15 15 1k 13 18 15
Ad3 to Medium Productivity (mg/ml/day)

IPN 0.9 0.8 0.8 ~.9 1.0 0.6 0.8
by 0.9 0.8 0.7 - 0.9 0.8 0.5 0.8
1N 1.1 0.5 0.7 1.0 1.0 0.% 0.9
1P 1.0 0.8 0.8 1.0 0.9 0.7 0.9
Nicotinic Acid 0.5 0.9 0.7 0.9 0.9 0.6 0.8
Pyridoxine 0.9 c.3 0.7 1.0 0.8 0.6 0.8
Inositol 1.2 0.9 1.7 1.0 0.7 0.% 0.8
- 6.9 0.8 0.9 0.8 0.8 0.7 0.8
Average 1.9 0.8 0.8 0.9 0.9 0.6 0.8

Final dry weight (mg/ml)

IPN 13.k i3l 13.0 13.8 12,0 11.8

PN 12.8 13,2 12.2 1k.2 11.5 10.0

N 16.1 135 12.0 bk 1h.k 11.0

I7p 1k.6 13.4 13.¢ 1L.8 2.k 12.1

Nicotinie Acid 12.8 15.4 3.3 1h.b 13.1 10.1

Pyridoxine 1z2.5 13.6 11.1 14.5 1.2 11.k

Inositol 14.0 1.k 13.0 14.8 10,9 9.3

- 12.8 13.8 1k 12,2 12.1 13.k

10% inoculum tc give an initial weight of 1.7 mg/ml.
I = Inositol

P = Pyridoxine .
N = Nicotinic Acid

L3




Table 18 Effect of Growth Factors on Lettuce No. 13
b, All + Thiamine - Kinetin + NAA

k Transfer No, 1 2 3 L 5 6
3 Average
] Days Grown 13 15 15 1L 13 18 15
Add to medium Productivity (mg/ml/day)
: IPN 1.1 0.7 0.7 0.7 0.07 0.01 0.k
PN 1.1 0.8 0.7 0.8 0.05 0 0.L
t IN 1.2 0.8 0.7 0.8 0.01 0 0.h
3 IP 1.2 0.7 0.7 0.8 .7 0.07 0.5
Nicotinic acid 1.0 0.7 0.5 6.9 0. 0 0.k
Pyridoxine 1.0 0.8 0.6 0.8 0.1 0 0.h
Inositel 1.0 0.5 0.6 0.9 0.2 0.0k 0.k
- 1.2 0.8 0.6 0.7 0.6 0.03 0.5
f Average 1.1 .8 0.7 0.8 0.2 0.02

Final dry weight (mg/ml)

Rt st

IPN 15k 12,1 12.0 10,4 1.8 0.3
i PN 16.5 12.6 1.k 12.9 1.9 0.3
'- IN 17.7 12,6 1.1 11.8 1.6 0.3
Ip 17.2 12.6 11.9 1.8 10.2 2.3
Nicotinic acid 14k 12.9 10.7 13,1 3.2 c.3
, Pyridoxine 15.1 1h.2 10.5 12.8 2.9 0.3
t Inositol 15.0 12.7 10,5 13.4 3.9 1.0
E - 17.5 13.7 10.6 1.4 9.3 1.k
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T:ble 18  Effect of Growth Factors on Lettuce No, 13
. ¢. A1l - Thiamine + Kinetin + NAA
Transfer o, 1 2 3 i
Average
Days Grown 13 15 15 1k 1L
Add to Medium Productivity (mg/ml/day)
IPN 0.7 1.0 0.1 0.06 0.5
PN 1.9 0.8 0.2 0.08 0.2
I¥N 1.1 0.8 0.2 0.1 0.6
Ip 0.9 0.8 0.4 0.2 0.6
Nicotinic acid 1.l 0.9 0.3 C.2 0.7
Pyridoxine 1.3 0.7 0.2 0.1 0.6
Inositol 0.8 0.7 0.3 0.2 0.5
- 1.1 0.9 0.2 0.1 0.6
kverage 1,0 0.8 0.2 0.1

Final dry weight (mg/ml)

IPN 11.3 1.3 3.2 2.2
PN 1b.6 13,5 L.k 1.6
Iy 16.4 13.7 L. 2.1
TP 13.1 13.1 6.k 2.7
Nicotinic acid 19,8 15.3 s.b 2.7
Pyridoxine 18.1 11.7 L.k 2.2
Inositol 12.0 11.5 6.0 2.9
— 1€6.1 1h.5 3.8 2.3
LS




v

2 e e i e aithacatt

PO e T

Table 18 Effect of Growth Factors on Lettuce

GRSy

d. All - Thiamine - Kinetin + NAA
Transfer No. 1 2 3 L
Average

Days Grown 13 15 15 1L 1h
Add to Medium Productivity (mg/ml/day)
TPN 0.8 0.7 0.1 0.02 0.y
Py 1.5 0.7 0.05 0.01 0.6
TN 1.3 0.7 0.08 0.02 0.5
TP 1.4 0.8 0.1 0.02 0.6
Wicotinic acid 1.2 0.8 0.0kL 0.03 0.5
Pyridoxine 1.1 0.8 0.08 0.01 0.5
Inositol 1.1 0.8 0.1 0.02 0.%
-— 1.3 0.6 0.0% 0.01 0.5
Average 1.2 0.7 0.08 0.02

Final dry weight (mg/ml)
IPN 11.8 12.0 2.9 0.6
PN 21.0 12.1 2,0 0.4
1N 18.7 12,1 2.6 0.5
1P 20.0 13.8 3.0 0.6
NicoYinic acid 17.2 13.h 2.0 0.6
Pyridoxine 16.3 13,5 2.5 0.5
Incsitol 16,1 13.7 2.9 0.6
- 19.0 1.2 2.6 0.k

16

T PPN

 poemsnmiratt VRSN i




el R C Ui ot b D )

Table 19 Effect of Auxin on Growth of Carrot No, 18
) Productivity
Auxin, mg/L Full® Minimals# + Thiamine
None 0.39 0.45
§ 2,4-D,0.05 0.2 0.L5
i
P 2,L-1,0.10 0.50 ~ 0.33
2,4-D,1.0 0.h2 0.29
NAA, 0.1 0.L7 0.5L
NAA, 1,0 0.56 0.49
3
Ia4, 0.1 0.54 0.65
i Ia4, 1.0 0.59 0.kS
GA, 0.1 0.5h4 0,37
GA, 1.0 0.48 0.36
: 10% inoculum, grown 20 days in the dark in the reciprocal shaker.
¥ Pl - all growth factars present (except auxin).
¢ Minimal + Thiamine - S growth factors omitted, Thiamine present

at 0,10 mg/L.

F TJAA - Indole acetic Acid - Sterilized separately by filtration,
: GA ~ Gibberellic Acid.
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concentration of about 0.5 mg/L (Table 20).

A detalled study of the interaction of five growth factors and auxin
on carrot growth was made, All possible combinations of thiamine 0.5 mg/L,
kinetin 0,32 mg/L, inositol 100.0 mg/L, pyridoxine 0,5 mg/L, and nicotinic
acid 0.5 mg/L were added to basic media from which all of these had been
omitted,

In the first experiment (Table 21) cuitures were tranaferred from M
(10% v/v) to media with 0,05 mg 2,L-D/I to give an initial weight of 1,0 mg/ml.
Cultures were transferred (10% v/v) at intervals of about two weeks to media
of the same composition except that 0.10 mg/L of NAA was used ss the auxin,
A1l cultures were grown in shake flasks on a reciprocal shaker in programmed
light, Cultures with thiamine and kinetin (Table 21a) all grew, all remained
healthy and undifferentiated, although g?owth rate declined after the second
transfer., The presence of inositol, pyridoxine, and nicotini~ acid was
somewhat favorable after the second transfer, Cultures with thiamine, bui no
kinetin (Table 21b) showed a decreased growth rate even in the first transfer,

but continued to grow slowly for the four transfers., All of these culture&

differentiated leaves and roots by the second transfer and from then on grew

as gemisdifferentiaied cultures, Cultures with kinetin hut no thiamine {Table
2lc) declined rapidly in growth ard turned orown and died by the thiréd trans-
fer, There was nc differentiaticn. Cultures with neither thiamine nor
kinstin (Table 213) declined very steeply in growth ever by the firsi transfer,
but did not die and continued to grow slowly for the four transfers. All of

these cultures differentiated, although because of ths slow growth rate it
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Tahle 20 Effect of Thiamine Concentration on Growth of Carrot No, 2

Medium Thlamine Added Productivity
mg/L mg/ml/day
Full M 0 0.L9
Q 0.07
c.1 ] 0.32
Minimal 0.5 0.6
1.0 0.L7
2.0 0,31

2,k-D 0,05 mg/L in all cultures.
3

# Full M medium includes thiamine at 0.1 mg/L.
#¥ Minimal - omit all growth factors except auxin,

Culture grown 21 days in the dark on the reciprocal shaker,

o
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Table 21 Effect cf Growth Factors on Carrot No. 18 on NAA medium
a, All 4 Thiamine + Kinetin

Transfer No. 1 2 3 L
Days Grown 11 16 13 1L
Medium M NAA NAA HAA
Add to Medium Productivity (mg/ml/day)
IPN 0.9 0.9- 0.3 0.5
PN 0.9 0.9 0.2 0.2
IN 0.7 0.9 0.2 0.2
1P 0.9 0.9 0.2 0.2
Nicotinic acid 1,0 0.8 0.02 0.06
Pyridoxine 1.0 0.9 0.2 0.3
Inositol 0.7 0.8 c.2 0.1
- 0.8 11 0.1 0.1
_ Final wt (mg/ml)

IPN 1.1 16.1 L.9 7.6
PN 10.6 15.1 L.3 3.0
IN 9.0 TR 1.0 3.7
IP 11.1 15.k 3.9 3.8
Nicotinic acid 1.9 1L.5 -2, 1.0
Pyridoxine 12.2 16.0 3.8 L.2
Inositol 8.3 13.3 L. 2.3
- 10.1 18.3 3.4 1.5

10% inoculum to give an initial welight of 1 mg/ml,

First transfer NAA 0.1 mg/L. N = Nicotinic acid
Later transfers 2.4-D 0,05 mg/L. P - Pyridoxine
I = Inositol

50




Tabie 21 Effect of Growth Factors on Cerrot No. 15 on -NAZ medim
b, 411 + Thiamine -~ *$netin o
Transfer No. 1 ¢ o 3 b
Days Grown 11 6 23 1k
Medium M SR g A
Add to Medium froducts w1y (me/ml /day)
IPN 0.5 b Gl 0.2
PN 0.L 3,0 0.0y 0.1
IN 0.5 &6 0,08 0.1
IP 0.k ¢.6 g.01 0.1
Nicotinic acid 0.2 2,3 c.1 c.09
Pyridoxine 0.3 0.5 0.01 0.2
Tnositol 0.3 0.5 0.05 0.1
- 0.l 0.k 0.05 7.2
Jinel wt {ng/m)
IPN 5.9 5.7 2.2 2,%
PN 5.1 10,2 1.7 2.2
IN 6.3 .2 1.4 1.7
IP 5.3 9.7 1.5 2.1
Nicotinic acid 3.3 k.9 1.9 1.t
" Pyridoxine 28 3.1 1.8 PR
Inositol L.5 8.4 1,6 1.c
- 5.3 .4 1.7 3.2

A1 cultures differentiated by the gecond transfer,
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Tabls 22 Effect of Growth Factors on Car~i No, 18 on NAA Medium
¢. ) - Thismine + Kinetin

Iransfer fc, 1 2 3 i
Days Grown I 6 13 1L
Mevlium M NAA RAA HAA
Ad3 to mdrum Produstivity (mg/ml/dey)

IPN 0.7 0.2 | 0.05 0.0L
PV C.6 0.09 0.0h 0
X 0.8 2.2 0.03 0.C2
TP 0.8 G.2 G.03 0.02
Nicctinic sedd 0.hL 0.3 0 0.Cx
PyriCoxine 0.5 0.05 9,03 0.01
Insgitos 0,6 c.1 0.07 0.02
- 0.6 ’ 0.07 0.03 0.1

Final wt (mg/ml)

IrN 9.0 k.0 1.2 0.8
PN 7.7 2.5 oA 0.2
Ix 9.3 © 30 0.8 0.5
ip -5 k.0 R 0.3
Nicotinin acid g.6 5.2 0.5 0.1
Pyridoxine 6.5 1.7 0.3 0.2
Inositol 7.4 2.4 1.1 0.3
- 7.5 1.8 C.5 c.2

32
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Table 21. Effect of Growth Factors on Carrot No. 18 on NAA Medium

d., All - Thiamine - ¥inetin

Transfer No, 1 2 3 L
Days Grown 11 16 13 1h
Medium ~ ¥ NAA NAA NAA
3dd to Medium Productivity (mg/ml/day)

IPN 0.2 0.1 . 0.05 .07
PN 0.5 0.4 0 0.1
IN 0.3 0.2 0.1 0.1
iP 0.3 0.3 0.09 0.09
Nicotinic acid 0.6 0.2 ¢.08 0.01
Pyridoxine 0.4 0.3 0.05 .01
.Inositol .k 0.2 0.1 0.1
- _ 0.3 0.2 0.07 0.2

Final wt (mg/ml)

IPN 2.7 2.1 1,0 1.1
PN 6.h4 7.3 1.2 2.0
IN k.6 3.0 1.8 2,0
IP 4.5 h.3 1.7 1.3
Nicotinic acid 7.5 3.6 1.k 1.1
Pyridoxine 5.7 k.5 1,7 0.k
Inositol 5.2 3.9 2.1 2.1
- L.5 3.k 1.3 2.5

411 cultures differentiated by the second transfer,
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Table 21 Effect of Orowth Factors an Carrot No. 18 cn NAA Medium (i Transfers)
e. Average Productivity Values

L oot s B ORI AR Y Sty S N RIPAIES MRt PR LY AT e e w

Average Productivity Values (mg/ml/day)

+ Thiamine -~ Thiamine + Thiamire = Thiamine

Growth Faclors + Kinetin + Kinetin - Kinetin - Yinetin Average
+I+PsN 0.65 0.25 0.23 0.10 0.3¢
-I+?P+N 0.53 0.19 0.28 0.27 0.32
+I-P+0W 0.49 3.25 0.32 0.19 0.31
+I+F-N 0.56 .25 0.28 0.19 0.32
-I1-P+XN 0.L48 0.18 0.18 0.23 0.27
-I+P-N 0.60 0.15 0.2 0.19 0.29
+I1-P-N 0.bk 0.1% 0.25 0.21 .27
-I-P-NXN 0.53 0.18 0.27 0.13 0.29

Average 0.5L 0.2 0.26 0.20 0.30
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was less evident than in the cultures with thiamine but no kinetin, An
average of all Produétivity velues for the four transfers (5L days of
growth) (Table 2le) sugcests that t;hiamflne and kinef;in are required for good
growth, inositol, pyridoxine ard nicotinie acid have little effect. It
appears that kinetin supressss differentiation. In sc doing, it must repress
the synthesis of many compounda, Thiamine 13 required for carrot cells, but
probavly some can be synthesized by the cells if xinetin is cmitted from the
medium,

A second experiment was run similarly,using 0.05 mg/L 2,L-D as auxin
for the whole experiment (Table 22). The first transfer was from M medium

but instead of pipetting a cell suspension for the initial transfer we used

a @mall slotted spoon, transferring only cells and no medium to give 0,2 mg/ml

as an initial weight. CSubsequent transfers were made at about 2-week inter-
v-ala using cell suspensions (10% v/v). This led to a more rarid response to
nutrient differences., Cultures with thiamine and kinetin (Table 22a) grew
rather slowly in the first ¢ransfer tut recevered and grew vigorously for
five subsequent transfera, There was no effect of the presence or absence
of inositol, pyridoxine or nicotinic acid, The remaining cultures all greu
very poorly and were discontinued after the third transfer (Tabie 22b, ¢, d},
No differentiation occurred in any of these cultures, With 2,k-D as an
auxin, carrot ceils require both thiamine and kinstin,

Cur conclusion from these studies is thal carrot cells grow well ith
several aurins, Thiamwine and kinetin are alwo reguired, On NAA medium
differentiasion occurs if Iinetin is omdtted, Differentiation dees not

oceur if 2,L-D iz the suxin,
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Table 22 Effect of Growth Pactors on Czrrot No. 18 on 2,}-D Medium
a, All + Thiamine + Kinetin

Transfer No. 1 2 3 L 5
Cays Grown 15 1k 16 13 1k
Add to Medium Productivity (mg/ml/day)
IPN 0.2 0.9 0.8 0.h 1.l
PN 0.2 0.9 . 0.8 0.5 0.9
' IN 0.1 0.% C.9 0.3 1.1
IP 0.k 1.0 ¢.8 G.h 1.0
Nicotinic acid 0.3 0.9 c.8 0.4 1.0
Pyridoxine 0.4 1.0 0.8 0.6 1.1
inositol 0.3 0.9 0.8 0.5 1.1

Pt 0.2 Q.? Org 0.9 1.1
 Pinel wt (mg/wl)

IPN 3.8 11.8 1.5 6.9 15.8
PN 3.0 1.7 1k 9.0 13.5
IN 2,2 12.3 5.9 11.6 16.6
IP 6.8 1h.8 15.¢0 6.k 17.1
ficotinic acid 3.9 12.5 1h.6 7.2 16.6
Prridoxine 5.8 13.9 14.6 2.5 15.0
Tnositol L.3 131 14.0 8.3 16,2

- 3.5 10.8 1k.8 13.8 17.2

g o 4

Small inoculum to start (no liquid), after thet 20% v/v. 2,L-D 6,05 mg/L.
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Effect of Growth Factors on Carrot No. 18 or 2,4~D Medium

fable 22
b, All + “tiamins - Kinetin
Transfer No, 1 2 3
Days Grown 15 1k 16
Add to Medium Productivity (mg/ml/day)
IPN 0.04 0.03 0.03
PN 0.05 0.04 .02
IN 6.07 0.07 0.01
IP 0.10 0,05 0.0
Micotinic acid 0.07 0.02 0
Pyridoxine 0,05 0.06 ¢.01
Inositol 0.05 0.06 0.01
—— 0.05 ) 0.01 0.02
Final wt (mg/ml)

IPN 0.7 0.5 0.5
PN 0.9 0.7 0.t
IN 1.3 0.3 0.3

IP 1.6 0.9 0.2

Kicotinic acid 1.3 o.h 0.1

Pyridoxine 0.9 1.0 0.k

Inozitol 0.9 0.9 0.2

0.9 c.3 0.5

A O A
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Table 22 Effect of Growth Factors on Carrot No. 18 on 2,4-D Medium

¢, All - Thiamine 4 Kinetin

2

Transfer No. 1 3
Days Grown 15 14 16
Add to Medium Productivity (mg/ml/day)
IPN 0.02 0.06 c.01
PN 0.10 0.02 0
IN 0,09 0.03 0
IP 0.12 0.06 0
Nicotinic acid 0.17 0.0k 0.02
Pyridoxine 0.18 0.05 0
Inositol 0.13 0.03 0
- 0,10 0.04 0.02
Final wt (mg/ml)
IPN 1.5 0.9 0.2
PN 1.7 0.5 O.L
IN 1.5 0.6 0.1
IP 2.0 1.2 0.2
Nicotinic acid 2.6 1.0 0.k
Pyridoxine 2.8 1.2 0.2
Inositol 2.1 0.8 0.2
- 1.6 0.8 0.3
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Table 22 Effect of Growth Factors on Carrot No. 18 on 2,4-D Medium
d, All - Thiamine - Kinetin

Transfer No, 1 2 3
Dsys Crown 15 1k 16
Add to Medium Productivity (mg/ml/day)

IPN 0.07 0.05 0,01
PN 0.0l . 0.03 )
IN 0.05 0.02 0.03
1P 0.12 0.04 0.0k
Nicotinic acid 0.11 0 0
Pyridoxine : .0 0.03 0
Inositol 0.05 0.02 0.01

— 0.10 0 0
' - Final wt (mg/m}

IPN 1.3 0.8 0.2
. PN 0.8 0.6 0.1
IN 0.9 0.4 0.6
) IP 2.0 1.0 0.8
Nicotinic acid 1.9 0.3 0.1
Pyridoxine 0.8 ' 0.5 0.1
Inositol 0.9 0.5 0.3
- 1.6 0.2 0.1
59
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D. Differentiation in Plant Cell Cultures.

Variability in plant cell cultures has been noted Ly many workers and
studies of differentiation have been an {uportant: area of plant cell research
(3, 5, 7, 15). Fluctuations in growth rate were noted in our first report.

Chlorophyll developmen: has been noted in plant cell cultures {1, 10,

17) but significant autotrophic growth of green morphologically undifferentis-
+ed cells has not been reported, We fird that chlorophyll oftsn develops ir
static cultures of carrot, lettuce and cucumber grown in light. Bean cultures
do not develop chlorophyll on the regular sucrose medium, but do turn green
when starch is substituted for sucrose. Possibly sucrose gives a feed-back

inhibition of chlorophyll formation. The slow release of glucose from

starch may be less inhibitory. Chlorophyll development occurs rarely in

urdifferentiated suspension cultures, and then only when the cells grow in
large (ca. 1 mm or more in diameter) muggets, Carrot cultures produce the
highesf, chlorophyll levels in owr experience,

Bean and pepper cultures have never shown any differentiation, Static
cultures of cucumber showed differentiation only in the first few transfers.
Static cultures of lettuce differentiated into plantlets for a year or so,
but now seem to have Jlost this ability. Static cultures of carrot amd mari-
gold stiil differentiste, although they have been maintained in culture for
over three gesrs and nave becn transferred more than 25 times. The carrot
{especially Yo. 18) readily differsntiated into plsntletes, especially on cld
zisnts, The marigold culiures produce abundant roots, but no stecots, None

of these differentiations requirs coconut milk,
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Differentiation is rare in suspension cultures, Marigold cultures i
however, frequently produce roots with NAA as auxin, but not with 2,L4-D i
(Fig. 1L). Bean cells tend to produce larger lumps in NAA medium than on !

2,L-D, but do not show true differentiation (Fig, 15). Carrot suspension

cultures sometimes differentiate spontaneously when transferred from 2,L-U
to NAA medium (Fig. 16) but differentiation on NAA medium is nearly 100%
vwhen kinetin is omitted (as described in section C). Carrot cultures with-

out auxin will also differentiate, particularly if kinetin is omitted (Fig. 17).

DISCUSSION AND SUMMARY

Murashige medium is well designed for cptimum growth of plant cell .
cultures with most nutrients present in excess, Considerable reductions and
omissions are possible without reducing growth rate or productivity, Mo
changes tried by us have resul ted in significant increases in growth rates or
Productivity.

Specit'ic findings include: (1) Calcium is already at optimum level and
could be reduced without lowering yield, (2) Doubling magnesium level and
doubling or tripling phosphate levels may cause slight growth increasss, (3)
Sucrcse is an optimum carbon source, Glucose or starch will also support
growth of some ~ultures, but glycerol is not suitsble, (L) Sucrose irrad-
jated to § Mrad supports normal growth to our plant cell cultures, Growth
is retarded on glucose irradiated at +20° to 0.5 Mrad, but glucose irradiated
at -80° supports normal growth, (5) Nitrogen level in this medium can be
considersbly lowered without reducing growth, Plant cell cultures grow well
on NHhHOB’ KNDB or saino acids as the soie source of =itrcgen, We have not

succeeded in growing plant cells on urea or KHhCI. Urea at S00 mg or more per
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Pigure 1i Differentiation of Suspension Culture of Marigold
No. 26 in Response to Naphthaleneacetic Actd

.
[
* 9
o]
2
&

10% Inoculum frox 2,4-D medimm grown 28 days on rotary shaker in programmed

1ight.
2,-D - 0.05 mg/L (dry wt 5.2 mg/ml)
NAA - 0.10 mg/L (dry wt 4.3 mg/ul)
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10£ Inoculum from 2,4-D mediumm, grown 13 days on rotary shaker in programmed

light.
2,4-D - 0.05 mg/L (dry wt 15.7 ag/ml}

NAA - 0.10 mg/L (dry wt 5.0 mg/ml)
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Figure 16 Differeatiation of Carrot No. 18 in
hesponze tc Naphthalenecacetic Acid y

ER N

10% Inoculum from 2,i-D wedium growm 28 days on the rotary shaker in

2,4-D - 0.05 mg/L (dry wt L.0 mg/mt) '
) NAA - 0.10 mg/L )drv wt 9.8 mg/s3)
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#ull medium except for auxin and kinetin added as noted:
Grown on rotary shaker in programmed light for 13 days.
NAA 0.1 Z.h-D O.Qé
No Kinetin S mg/m1 8.4 ag/ml
Kinetin 0.0%5 mg/L 8.2 14.6
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liter is toxic, (6) Bean cells require an auxin, prefrrably 2,L-dichlorcuphenoxy-
acetic acid, and thismine as organic growth factors, (7) Lettuce ~ells require
an auxin, prefersbly naphthalene‘acetic acid, thiamine, and kinetin as orgsnic
growth fsetors, and (8) Carrot cells require an auxin, thiecuine and kinetain

tc¢ grow as urdifferentiated cells, With naphthaleneacetic acid as auxin,
omission of kinetin leads to differentiation o carrot cells, and this in

turn appears to reduce the requiremente for th}n.amine. Differentiation does

not occur if 2,k-dichlorophenoxyacetic acid is the auxin, No complex

additives such as coconut milk are requirec for this differentiation,

Dur general concluzi_ons are that plant cells can be mainuained in
suapension culture for several years by periodic transfer on a simple inexpen-
sive defined medium similar to the media used for growing non-fastidious
microorganisme, Although carbohydrate must be supplied, the cell yield ia
S0% or more, and the cost of sucrose, starch, or glucose is certainly less
than the cost of supplying light to a photosynthetic cultiure under fermenter
conditions, OCrowth rate of these cultures remains slow in comparison to
other microbial systems, At present the use cf plant cell cultures to
produce food would seem to be practical only urder very unusual circumstances,
Plant cell cultures do not make a good candidate for a closed ecological
system, Oxygen is consumed, not produced, carbohydrate must be supplied, and
as yet plant cell cultures have not been grown using urea or ammonia as a
nitrogen scurce.

flant cell cultures, however, may have a potential to produce high-cost
products such as drugs, enzymes or flavors, Our finding that differentiation

can be induced in some suspension cultures on simple defined medis is of

66
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intarest for such use, Differentisted culiures are much more likely te

produce desirable seccndary growith products. In cultures grown for food,
differentiation could lead (o more attramctive texturesz and flavors. Further
studies may e¢1"1 uncover approaches to further simplify the growth enviren-
ment and, hence, make plant cell cultures more sttractive as a focd source,
‘The genetic capacities of such cell lines provide a unique biological source
that can be used for undifferentisted (mass cﬁlture) continuous fermentation,

or for the production of differentiated tissues,
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suspension cultures, These cultures require ihe ususi inorganic salte including
inorganic nitrate nitrogen. Hydrolyzed protein or amino acdds will serve sas the sole
source of nitrogen for growth, but organic nitrogen is not required, Urez or ammonts
pitrogen in the absence of nitrate wili not support growth, Sucrose is &a excellent
carbon source, Glucose and starch will also support growth of some cultures., Sucrose
sterilized by gamma irradiation supports normal growth of these cultures, Growth is
rotarded on glucose sterilized by gamma irradiation at ambient temperature, but growth
is normal on giucose irradiated at -80°C, A few growth factcrs at low concentration
are also required, An Auxin (2,k dichlorphenoxyacetic acid or naphthaleneacetic acid)
and thiemine sre required by all cultures. Kinetin (6 furfuryleminopurine) is also
required by some cultures, Maximum productivity on this simple medium is ebout 1.5
grams dwy waight per liter of culture per ¢y, equal. to, but not significantiy greater
than productivities obtalned on much more cemplex media., P

J‘A detailed study has been made of some w:trieat requirements of several plant cell
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