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F. 0_7, RDiu '

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

The work covered in this report was performed under Department of the
Arr, Project !JOlhSOIA71C.
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ATRACT

A detailed study has been made of some nutrient requirements of several

pli•rt cell suspension cultures. These cultures require the usual inorganic

i-'s including inorganic nitrate nitrogen. Hydrolyzed protein or amino

tt-ils will serve as the sole source of nitrogen for growth, but organic

,:'rnren is not required. Urea or awmnia nitrogen in the absence of nitrate

1ill not support growth. Sucrose is an excellent carbon source. Glucose

and starch will also support growth -f some cultures. Sucrose sterilized

by ýanmma 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 -800C. A few qrowth factors

low concentration are also required. An auxin (2,4 - dichlorophenoiqacetic

-id or naphthaleneacetic acid) and thiamine are required by all cultures.

Kinetin (6 furfurylaminopurine) is also required by some cultures. Maximum

nroductlvity on this simple medium is about 1.5 grams dry weight per liter

cf culture per dW', equal to, but not signlficantly greater than productivities

obtained on much more complex media.

"viii
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IH. NUTRIM•• AND THEMR ROLE i

• ~IN THE GROT OF SUSPENSION CULTURES

In our first report (12) we described the isolation of twenty-nine

strains of plant cells in culture and the initial studies of their growth

on various solid and liquid media. We found that plant cells could be

grown on simple defined media for mair transfers maintaininr 6rowth rates

equal to or better than those obtained on complex media containing supple-

ments such as coconut milk. Growth tended to be of zero order with product-

ivity at bast about 10 grandry weight per liter of culture per day. Such

growth rates are of the eame order of magnitude as are fouid for higher

plants growing naturally 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 thu vitamins and

hormones. The primary objective was to establish the minimum nutrient require-

ments of these plant cell cultures. We also hoped that changes in the

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

M&TERIMLS AMl ME1MODS

The methods and cultures used in this study have been described ir, our

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 2,4-dichlorophenoxyacetic
I

acid (2,,4-D) referred to as I! medium or 0.10 mgJL of naphthaleneacetic acid

(NAA) referred to as NA medium. Suspension cultures were used in all touts. *

Stock suspension cultures were maintained in shake flasks and transferred (10%

v/v) at intervals of about 3 weeks. These cultures were used to inoculate

l .
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~~I'AL l "'um-- 'cr Growt oZ iPhr Ti~iue Oulturcs(:

Ccmporzent mg/Lit er

K NO 3 1900

W4h W03  i165o

i.aca?. 2 H 20 t440

17 0

Yin S04 - J4 Y-20 22ý3

71 Sh q2")i 8.6
H 3BO3 6.3

KT 0.83

Molybdic acid 0. 25

Co 12 6 H23 O2

Scdium MTA 37.3

FeS")4 . 7 1120 27.8

1rnosito1 100

Nicotinic acid 0.~

Py-rid-'xine 0.5~

Rinietin (6-fitrfurylaininopurine) 0.32

Thiaminz 0.1-0.5,

2.LK dicb- orophsnoxyacet-ic acidd (2,b-Dl* .0

Cucro-e 30ý,000

OptlonAl addltil7ep

?hytoole (bBL) - so~y pept*.one 1000

Tryptone (Difco) - a meat peptaone 1000

OC r~ihap' aerneacetic acid (IA)01.1 mgLcnb s t ie



experiments using a - iO% (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

260 - 280C in continuo'ns dark, continuous white fluorescent light of low inten-

sity (840 foot candles) or in light programmed on 16 hours, off 8 hours.

Growth is illustrated or expressed as Productivity, mg dry weight increase per

ml per day. All weights were measured after drying at 700C. Other methods

are described in the discussions of thR various experiments.

PART 1. MINERAL.S, CARBON SOURCES, A.ND NITRO)GEN SOURCES IN THE MEDIUM4

A. Effects of Calcium, Magnesium, and Phosphate Concentration.

For carrot cells grown In the light of M medium (Fig. 1) the usual

calcium level was optimram 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 carrot and bean cells grown in the dark (Fig. 2).

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

(Fig. 2).

B. Carbon Sources.

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

Sucrose is the most favorable carbon source tested for plant cell

cultures although many will grow quite well on glucose (Table 2, Fig. 3).

Atbempt3 to replace sucrose with glycerol have not been successful (Table 2,

Fig. i). Bean cultures will grow well on starch, particularly if previously

groiwn on starch (Fig. 4).

3
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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 Poqphaie
on Orowh of Carrot No. 2 and Beim No. 8
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Table 2 Growth of Plant Cell on Sucros•, Glucose and Gl&cerol

Dry weih mg/uil at 21 d!Zs on
Culture Initial

A -i• ... mg/L Weight* Sucrose Glucose . ;lycerol

mg/rn). 1.5% 3% 1.5% 3% 3%

Carrot No. 18

2,4-D 0.05 0.8 3.1 10.7 4.9 8.8

2,4-D 0.10 0.9 7.7 3.1

NAA 0.10 1.1 8.1 3.

Gibberellic Acid 1.0 1.2 6.2 2.4

Bean No. 8

2,h-D 0.05 0.7 7.0 11.5 7.6 7.4

2,4-D 0.10 1.5 17.7 2.4i

NAA 02.0 1.3 15.1 3.h

Gibberellic Acid 1.0 1.6 8.0 1.4

Bean No. 12

2,h-0.05 o.4 4.3 7.3 2.9 4.0

Lettuce No. 7

2,L-D 0.05 2.0 4.8 13.0 3.: 13.3

Lettuce No. 13

2,4-D 0.10 0.9 4.4 1.6

NAA 0.10 0.7 5.3 2.5

Gibberellic Acid 1.0 0.8 6.3 2.6

* 10% Inoculum.

61
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iJ Fi_ are 3 Effect of Carbon Source on Growth of Bean No. 8
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Figure 4 Growth of Bean No. 12 on 3% Starch
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2. Effects of Irradiated Sugars.

Irradiated sugars have been reported to be toxic to various living

systems, including plant cell cultares (2, 6, 8, 9, 11, 14, 16). When

gluccse solutions are irradiated with Cobalt 60 at ambient temperature (200C)

pH falls, and ultra-violet absorption at 260,pm develops. When temperature

during irradiation is held at -80oC the acidity and ultra-violet abscr.t.on |

do not develop to the same extent. We wished to see whether sugar solutions

irradiated at -800C would be less toxic than sugar soltions irradiated at.

20 0 C.

Murashige medium was prepared omitting sucrose and 20% of the

water. Thiamine was at 0.5 mg/L, 0.05 mg/L of 2,4-D was added for bean

cultures and 0.10 mg/L of NAA for lettuce cultures. Media was dispensed,

40 ml per 250 ml Erlenmeyer, and the flasks were autoclaved for 20 minutes

at 15 pounds pressure. Sucrose (Merck Reagent) 15% and glucose (Merck

Reagent) 10% were made up in water and sterilized separately 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 4.7 4.9

3. Irradiate with Cobalt 60 to 5 megarads at 200C 3.2 3.7

L. Irradiate with Cobalt 60 to 5 megarads at -80oc 3.7 4.1

To maintain a final pH of 5.0 - 5.5 in all flasks (before inocula-

tion) 2.0 ml of 0.01 N NaOH was added to each flask receiving sucrose

irradiated at +20°C and 4.0 ml of 0.01 N NaOH to each flask receiving glucose

irradiated at +20 0 C. No addition of alkali was required for flasks receiving

9
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sugars irradiated at -801C. 10 ml of sugar solution was added aseptically

to each fl.ask to give a final concentration of 2% glucose or 3% sucrose.

Fiaika were left at room temperature for 24 hours and then inoculated with a

suspension culture of bean or lettuce cells. Bean cultures were grown on

the rotary shaker in the dark, lettuce cultures were grown on the rotary

shaker in continuous light.

We did not find irradiated sucrose toxic 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 200C was toxic

to bean (Fig. 7) and lettuce (Fig. 8) cultures, but glucose irradiated at

-800C was not toxic.

C. Nitrogen Sources.

Murashige medium contains per liter, 1650 mg NHf4N 3 (578 mg N), and

1900 mg KNO3 (266 mg N, 360 mg K) (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

desirable to use sewage as a source- of nutrients. Therefore, we are 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 (h) has reported that certain amino acids at low concentra-

tions inhibit growth and amino acid biosynthesis in suspenaion cultures of

Paul t s Scarlet Rose. We have tested 8 amino acids added singly or all

together at 10-4 M to bean (Fig. 9) and lettuce (Fig. 10) cultures and have

10



SFigure Effect of Irradiated Sucrose on Bean No. 8
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IT FiM 6 Effect of Irradiated Sucrose on Lettuce No. 13
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Figure 7 Effect of Ir'adiated Glucose on Bean No. 8
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Kmue 8 Effect of irradiated Glucose on Lettuce No. 13
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aure 9 Effect of Added Amino Acids on Bean No. 8
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fouund no inhibition of rate or extent of growth or change in duration of the

lag phase. In our tests addition of low levels of amino acids was neither

favorable nor unfavorable.

2. Effect of nitrate, ammonia and urea.

For bean cells on M mediun (Table 3) omission of KNO3 had no effect

and omission of NH 4NO3 was somewhat beneficial. However, substitution of

urea for either or both was toxic. Growth was less than when nitrogen was

omibted. Substitution of Phytone for NH4NO3 or KNO or both increased
4 3 3

growth markedly.

For lettuce cells on NAA medium (Table 4) similar results were

obtained. Omission of KNO3 decreased growth, but omission of NH 4NO3 was

somewhat beneficial. Substitu~ion of urea for either or both was toxic.

Substitution of NH4CI for either NH4OM3 or KNO 3 reduced growth only slightly,

but substitution of NH Cl for both was toxic.

In the next test with lettuce ceils on M medium (Table 5a) we main-

tained KNO3 at the usual level. Omission of NH4NO3 caused only a slight

decrease in growth. Urea at 100 mgg-per liter had no effect in the presence

of NH4N0 3, but was slightly beneficial if NHhNO3 were omitted. Urea at

500 mg or more per liter was toxic. Transfers from these cultures to NAA

medium (Table 5b) gave good growth (with KNO3 present) in the presence or

absence of NHh4NO 3 with urea at 0 to 400 mg per liter. There was no evidence

that urea or NH 4NO3 was beneficial. Transfers from these cultures to NAA

medium with N411NO 3 omitted in all (Table 5c) gave good growth with KNO3 at the
t usual or one-half level, with urea at 0, 50 or 100 mg per liter. Urea increased

growth with one-half level KNO 3, but not with full KNO3 . Addition of KC1 had

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

pH
Variation 14 days dry wt Productivity

mg/ml mg/ml per day

Control - M 5.4 5.4 0.4

Omit KM* 5.5 5.4 0.4t
3i

Omit NHhNO3  5.7 7.9 0.5

Omit both* 5.5 2.6 0.2

Urea substituted for NH4NO3  7.3 0.7 0.01

Urea substituted for KNO 3* 5.9 1.3 0.08

Urea substituted for both* 7.5 0.6 O.01

Phytone substituted for NH4NO3  6.1 14.2 1.0

Phytone substituted fcr KNO * 5.4 9.2 0.6

Phytone substituted for both* 5.6 13.7 0.9

10% Inoculum, initial wt 0.5 mg/ml, grown on rotary shaker for 14 days in
the dark, 0.05 mg 2,4-D/L.

Control - 1650 mg NH 4 NO3 + 1900 mg KNO3

Urea - 2510 mg substituted for 14F4NO 3 , 1260 mg for KNO 3 to give equal N

Phytone - 3600 mg substituted for NH4ND3, 1800 mg for KNO3 to give equal N

* 1200 mg KCI/L added.

18
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Table 4 Effect of Nitrogen Sources on Lettuce No. 13

pH
Variation 11 days d.. !Wt Productivity

-Mg/Mi mg/m/day

Control - M 5.5 14.9 1.3

Omit KN0* h.0 3.5 0.2

Omit 4NBN03  5.2 16.6 I.h

Omit both* 4.0 3.6 0.2

Urea subs Vituted for I.40O3  8.2 1.3 0.03

Urea substituted for KNO3  7.1 0.9 0

Urea substituted for both* 8.2 1.1 0.01

NF C1 substituted for NH NO 5.5 13.1 1.1

4t 3

NH4C substituted for KN03* 5.6 12.2 1.0

NH4CI substituted for both* 3.8 1.8 0.07

10% Inoculum, initial wt 1.0 mg/ml, grown on the reciprocal shaker in pro-
graim•ed light for 11 days, 0.10 mg NA/L.

Control - 1650 mg NHW1 O + 1900 mg/L KNO
4-, 3

Urea - 2510 mg substituted for 114Hhh•0-, 1150 mg/L for KNO 3 to give equal N

NH4CI - 2200 mg substituted for NH4NO3 , 1040 mg/L for KNO3 to give equal N

- 144o mg KC1/L added.

-19
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Table 5 Growth of Lettuce No. 13 on Urea
a. First transfer

pH
NHjNOI Urea 14 days dry wt Productivity
mg/L ..g/I.. mg/m- mg/ml per day

o 5.8 lO.4 0.7

100 5.7 12.4 0.8

0 5oo 8.2 0.7 0

1000 8.3 0.8 0

2000 8.1 0.6 0

0 5.2 11.9 0.8

100 5.6 ll.h. 0.7

1650 500 5.9 1.8 0.05

1000 6.8 0.7 0

2000 7.2 0.6 O

First transfer.

10% Inoculum, initial wt 1.0 .g/ml, grown on the reciprocal shaker in
programmed light for 14 days, 2,4-D 0.05 mg/L, KNO3 at 1900 mg/L.

2o
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Table 5 Growth of Lettuce No. 13 on Ureab. Second transfer

Initial pH Reducing
NHN 3  Urea weight 1i days dry wt Productivity sugar
mg/L mg/i mg/mil mg/ml mg/ml per day mg/ml

O 1.0 a* 6.6 15.5 1.0 0.21

to 1.3 b 5.8 15.1 1.0 0.05

0 100 1.3 b 5. 4 14.3 0.9 0.10

200 1.3 b 5.3 13.2 0.9 0.11

40o 1.3 b 5.7 13.4 0.9 O.Oh

0 1.2 c 5.9 11.5 0.7 0

50 1.1 d 6.1 13.0 0.9 0

165o 10O 1.1 d 6.0 13.0 0.9 0

200 1.1 d 6.0 13.9 0.9 0

4oo 1.1 d 6.2 11.3 0.7 0

Second transfer (from Table 5a) from:
* a ' ?{4"NNO3 0 Urea"

b 0 NVH NO3  100 Urea
c 165o NH1.0 0 Urea
d 1650o No0 100 Urea

h3
10% Inoculum, grown on the reciprocal shaker in programmed light for 14 days, NAA at
0.10 mg/I., KNO 3 at 1900 mg/L in all cultures.
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Table 5 Growth of Lettuce No. 13 on Urea
c. Third transfer

Tnitial p1 it'' cing
KNO 3  Urea KCa weight 14 days dry wt Productivity sugar
WW/b mg/L %-7t mg/mi mg/mi per day 7mg

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.I1 c 5.7 11,2" 0.7 0.1

0 0 1.6 a 5.8 11.7 0.7 11.2

oeo 50 0 1.5 b 5.6 13.6 0.9 6.0

100 0 1.h o 5.7 16.5 1.1 6.9

0 720 1.6 a 5.7 10.8 0.7 10.0

950 50 720 .1.5 b 5.3 13.8 0.9 9.7'

100 720 1.4 c 5.3 13.0 0.8 10.5

0 100 720 1.6 a 5.2 :3.0 0.1 7.8

Third transfer (from Table 5b) from:

a 0 NH h A 0 Urea
b 0 NHNO 5O Urea

0 IIH4'3 100 Urea

10p Inoculuin, groun in the rotary shaker in programmed light for 14 days, NAA at 0.20
ag/I., l4.l3 omitted in all cultures.
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little effect. If KNO3 was omitted and replaced with KCL growth was poor.

In other tests (data not sho-wn) KNO3 could not be replaced by urea plus

increased levels of KHFO4. With the usual level of KNO3 and good growth,

little reducing sugar remains in the medium (Table 5b, c). With KNO3

reduced to half (Table 5c) despite good growth, considerable reducing sugar

remains in the medium even if K level is raised by addition of KCl. Whether

this is an effect on metabolism of sugar, formation of a reserve polysaccharide,

or quantity or activity of invertase has not been determined.

3. Conclusions.

Tentative 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 NH4NO 3 is not beneficial and

omission of NH4O 3 does not decrease growth even after three transfers, (b)

Plant cell cultures will grow vigorously on NH4 KNO 3 , or hydrolyzed

protein (Phytone) as the sole source of nitrogen, (c) Urea will 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 NH4CI will not serve

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

i
, neither increase nor decrease growth of plant cell-

PART II. GROWTH FACTORS IN THE MEDIUM
i

Murashige (M) medium contains 6 organic growth factors in low concen-

tration: (Table 1), Auxin - 2,4 dichlorophenoxyacetic acid (2,4-D), naphtha-

leneacetic acid is substituted for the 2,4-D in NAA medium, Cytokinin -

kinetin, thiamine, inositol, pyridoxine HO1 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 al.'o 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. 4, 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. Gibberellic

Acid is toxic (Table 6). Bean cultures will grow for a few transfers with

no 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 retained full growth even

after five transfers. In the five transfers any growth factor originally

present wa.s diluted I0. Phytone (wiich contains some thiamine) or tryptone

will not maintain bean cultures in thq 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 Nurashige medium (Table 8). Bean cells will grow on medium without

thiamine if yeast extract, a rich source of thiamine, is present (Table 8).

Bean No. 8 was grown on a minimal medium omitting all growth factors

except 2,4-D and thiamine and adding the 5 other growth factors in M medium

plus 6 other growth factors one at a time (Table 9). Growth w-as good in all

cultures, but none were significantly better than the usual Murashige medium.
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Figure 11 Effect of 2,4-D Conceniration on Growth of Bean ho. 8

100o

so -
0

60

0 -

Q0

- I ! "

0 0.1 1.0 10.0

2,4%D mg per liter

10% Inoculm., initial weight 1.0 mg/ml, grom 30 dap on the reciprocal shaker
in the dark, 100 equals an increase of 15.6 mg/mi.
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Table 6 Effe, of Auxin on Growth of Bean No. 8

Productivity (mg/mi/Zdy)

Auxin mg/L Full M1* + gl cine Minimal*-* + thiamine

None 0.17 0.02

2,4-D. 0.05 o.64 0.41

2.4-D, 0.10 o.61 0.53

2,.-D, 1.0 0.07 O.01

NAA, 0.i 0.47 0.28

NAA, 1.0 0.57 0.12

IAA, 0.1 0.35 0.03 z
IAA, 1.0 0.40 0.03

GA, 0.i 0.05 G,

GA, 1.0 0.05 0

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

* Full M - all growth factors present (except auxin) Glycine 2 mg/L.
*- Minimal - growtb factors omitted except thiamine present at 0.10 mg/L.

IAA - Indoleacetic acid - sterilized separately by filtration.
GA - Gibbere1lic acid.
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Table 7 Effect of Some Growth Factors on Bean No. 8

Transfer* No. 1 2 3 4 5
Average

Days Growth 25 24 19 21 29 23

Productivity m/ml/d ay

Fll Murashige + glycine 0.22 0.63 0.59 0.39 0.37 o.44

Nicotinic Acid Omitted 0.31 O.bJ. 0.58 0.26 0.51 0.42

Pyridoxine Omitted 0.34 0.47 0.59 0.hO 0.46 0.45

Thiamine Omitted 0.12 o.04 0.01 dead

Glycine Omitted 0.27 0.47 0.86 0.37 0.38 0.47

Kinetin Omitted 0.45 0.45 0.47 0.57 o.46 0.48

Inositol Omitted 0.20 0.36 0.60 0.50 0.49 0.43

S **Minima! 0.10 0.01 0.01 dead

Phytone 1.0 g/L added 0.11 0.04 0.04 dead

PTryptone 1.0 g/L added 0.09 0.03 0.03 dead

* Successive transfers 2,4-D 0.05 mg/L, 10% inoculum, grown in the dark in the
reciprocal shaker.

*, Minimal, cmit Nicotinic Acid, Pyridoxine, Thiamine, Glycine, Kinetin, Inositol.

I2F 27



I

Table 8 Effect of Thiamine Concentration on Growth of Bean No. 8

-- roductivity (m/ml/day)

Thinmine added Full M + glycine Minimal**

0 0.67 0.09

0.1 0.66 0.50

0.2 0.64 0.59

0.4 0.69 0.59

o.5 0.56

1.0 0.76 0.47

2.0 0.72 0.5€3

4.o 0.65 0.50

0* 0.79 0.56

• Yeast extract 1 g,/L added.

• Minimal - omit Kinetin, Inositol, Glycine, Thiamine, Fyridoxine, Nicotinic
Acid.

2,4-D 0.05 mg/L present in all rvedia. 10% Inoculum, grown on the reciprocal
shaker in the dark.

%11 .: - Thiamine 0.1 iTg/L: glycine 2.0 mg/L.
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Table 9 Effect o. Single Orowth Factors on the Growth of Bean

No. 8 in the Presence of Thiamrnne and 2,4-D

Transfer* No. 1 2
Average

Days Growth 19 14 16

Productivity (mg/ml/day)

Full Murashige + glycine 1.08 1.15 1.12

Minimal** + thiamine 1.02 0.79 0.90

+ 0.1 mg/L thiamine 1.1h 0.60 0.87

+ 100 mg/L inositol 1.03 0.72 0.88

+ 0.32 mg/L kinetin 0.6h 0.84 0.74

+ 1.0 mg/L Paramincbenzoic acid 0.93 0.68 0.80

+ 1.0 mg/L folic acid 0.85 1.10 0.98

+ 2.0 mg/L glycine 1.0 1.23 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 0.74 0.68

* Successive transfers.

* Minimal Kinetin, Inositol, Glycine, Fyridoxine, Nicotinic Acid omitted
1

n10% Toculum, 2,h-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 NkA as auxin, bean no. 8 showed reduced growth, and growth was

further reduced if thiamine was omitted. Several other growth factors

increased growth with NAA but not to equal that on 2,h-D (Table 11).

Our conclusion from these studies is that bean cultures require thiamine

and an auxin as organic growth factors. Other growth factors are not

specifically required, but may stimulate growth. 2,h-D is the best auxin

for 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 2,4-D is toxic (Table 12). When 2,4-D is the auxin,

lettuce will not grow if thiamine is the only growth factor. Kinetin must

also be supplied (Table 13).

A series 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 + Pnytone (6% v/v) to give an initial 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 repeated about every 2 weeks for a

total of six transfers (Table 1L, 15, 16). All cultures were grown in

prograrmmed light.
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Table 10 Effect of Growth Factors on Bean No. 12

Transfer No.: 1 2
-Da= Grown : 24 33

Dry wt mg/mI

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, Pyridoxine, Nicotinic Acid 7.6 12.3

Omit Kinetin, inositol, Nicotinic Acid, Pyridoxine 7.6 13.2

Omit Thiamine, Kinetin, Inositol, Nicotinic Acid 7.7 1.6

I 2,4-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.

3
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Table 11 Effect of Auxin and Other Growth Factors on Bean No. 8

Productivity (mg/ml/day)

2,I4-D (0.o5 mg/LA) A (0.10 mg/L)

*Murashige Full + glycine 1.? 0.<

**MNirnimal 0.3 0.3

Kinetin added 0.4 0.3

Thiamine added 1.2 0.5

Thiamine and Kinetin added 1.2 0.7

Thiamine and Inositol added 1.5 0.8

Thiamine and Pyridoxine added 1.2 o.4

Thiamine and Biotin added 1.2 1.0

Thiamine and Calcium. Pantothenate added 1.4 0.4

Thiamine and Paraminobenzoic acid added 1.1 0.9

10% Inoculum, cultures grown 17 days in the dark in the reciprocal shaker.

* �Murashige (Table 1), Thiamine 0.1 mg/L.
** Minimal -omit Thiamine, Kinetin, Inositol, Nicotinic Acid, Pyridoxine,

and Glycine.
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Figure 12• Ffect of AuXrn on Lettuce No. 13
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GA m Gibberellic Acid

O 0 No auxin

S... 0.1 MgA

A A 1. 0 tng,/L

Grown in programmed light in tha 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

Productivity

Auxin mg/L Full Minimal + Thiamine

None 0.58 0.29

2,4-D 0.05 0.47 o.16

2,14-D 0.1 0.30 0.05

2,4-D 1.0 0.06 0.03

NAA 0.1 0.68 0.24

NAA 1.0 0.58 0.114
I

"AA 0.1 0.66 0.35

IAA 1.0 0.67 0,34

GA 0.1 0.74 0.45

GA 1.0 C.75 0.52

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

Full - all growth factors present (except auxin).
Minimal - 5 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 growth Factors on the Or-wth

of Lettuce No. 13 in the Presence of Thiamine

Transfer* No. 1 2

Days Growth 19 14

Productivity (mg/mi/day)

uriashige 0.57 o.49

Minimal + Thiamine 0.06 01O4

+ 0.1 mg/L thiamine 0.01 0.02

+ 100 mg/L inositol 0.0 -

+ 0.32 mg/L kinetin o.56 0.44

+ 1.0 mg/L paraminobenzoic acid 0.06 0
N

+ 1.0 mg/L folic acid 0.06 0

+ 2.0 mg/L glycine 0.06

, 0.5 mg/L pyridoxine o.06 0.01

+ 0.5 mg/L nicotinic acid o.04 0

+ 2.5 mg/, calcium pantothenate 0.06 0.03

+ 0.1 mg/L biotin 0•O7 0.01

+ 1.0 g/L Phytone 0.14 O.04

* Successive transfers.

Murashige medium (Table 1) 2,4-D 0.05 mg/L, Thiamine 0.1 mg/L.
Minimal - omit 5 growth factors - thiamine 0.1 mg/L and 2,4-D 0.05 mg/L present.
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Table 14 Effect of Growth Factors on Lettuce No. 13 Grown Without Auxin

Transfer No. 1 2 3 45 6
Average

Days Growth 7 13 15 13 14 9 12

Productivity (mg/ml/d a-)

Full 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
Kinetin 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 0.5

Full includes Thiamine (0.5 mg/L), Kinetin, Inositol, Pyridexine, Nicotinic Acid.

Minimal - above growth factors omitted.

Auxin omitted in all cultures.

II
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Table 15 Effect of Grcwth Factors on Lettuce No. 13
Grown with Naphthalene acetic Acid

Transfer No. 1 2 3 4 5 6
Average

DVa Growth 7 13 15 13 JJ• 9 12

Productivity (mg/mI/day)

Full 0.8 1.1 1.0 1.0 0.4 1.5 1.0

- Thla-mine 0.L.: 0.1 0.07 -- -- dead

- Kinetin 1.0 1.0 0.8 0.3 0.3 0.1 0.6

- Thiamine and
Kinetin 0.9 0.06 m.05 .... dead

Minimal 0.9 O,06 0.07 ... dead

Thiamine 0.7 1.0 0.8 0.3 0.7 o.7

"+ Kinetin 10 0,03 0.07 .....- lead

"+ Thiamine and
* Kinetin 1.2 1.0 0.5 cont. C6* " 1.0 0.8

Full includes Thiamine (0.5 mg/L), Kinetin, Inositol, Pyridoxine, Nicotinic Acid.

Minimal - above growth factors omitted.

NAA, 0.1 4•g/L in all cultures.

, New culture from no hormone (Minimal + Thiamine and Kinetin, Table 14).
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Table 16 Effect of Growth Factors on Lettuce No. 13
Grow-. with 2,L-DichlorophenoNracetic Acid

Transfer No. 1 2 3 6
Average

Days Growth 7 13 15 13 14 9 12

7.!Ztone* Productivity (Tmgimll/day)

Full + 1.2 0.8 0.5 0.0h 0 0.5

" Ful - 0.7 0.7 0.7 0.02 0.01 0.4

- Thiamine + 1.2 0.7 0.5 -- -- -0.8

- Thiamine - 0.5 0.07 0.03 .... dead

- Kinetin + 1.4 0.8 0.6 0.8 0.7 -- 0.9

- Kinetin - 0.5 0.4 0.5 0.7 0.7 0.3 0.6

Thiamine and
Kinetin + 1.2 0.2 0.3 -- 0.6

- Thiamine and
Kinetin - 0.4 0.03 0.01 -- dead

Minimal

+ Thiamine + 0.3a 0 -- 0.2

4 Thiamine .--.04a 0 0.4 0.1

+ Thiamine and
Kinetin + 0.3b 0.7 --

+ Thiamine and
Kinetin ... ... 0.41b 0.7 0.7 0.6

a New culture from no hormone (Minimal + Thiamine)rb Thiamine and Kinetin, Table la.

j 2,u-D 0.05 ng/L in all cultures.

* iytone 1.0 g/L, if added.

SFull inzludes Thiamine (0.5 mg/Lj, Kinetin, Inositol, Pyridoxine, Nicotinic Acid,
Minima' - abovem growth factors omitted.
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With no auxin (Table 14) but all other growth factors, growth wpi good

for three transfers, but then declined. The decline was earlier and steeper

in the four series with thiamine omitted. Minimal media with thiaminq,

kinetin, or both supported better growth at first than the full Murashige

medium. However, these cultures also declinel after the third transfer.

With NAA as %uxin (Table 15) the full groirth factor cultures maintained

excellent growth for six transfers. This was the best medium. Ctlturas with-

out thiamine declined steeply by the second transfer. Minimal media with

thiamine or thiamine and kinetin were maintained but were not equal to the

full nutrient cu. *res.

With 2,4-D as auxin (Table 16) the full growth factor cultures declined

after the third transfer (as with no auxin). Phytone was favo,.able, but did

not prevent this decline. In the absence of thiamine the culture died by- the

third transfer unless Phytone (which containa some thiamine) was present.

Cultures with kinetin omitted maintained a good growth rate for five or six

transfers. Limited data suggest (in agreement with Table 13) that on minimal

medium growth is poor if thiamine alone is added, but good when thiamine and

kinetin are both present..

Finally with NAA (0.10 mg/L) as the auxin we tried all possible combina-
I|

tions of the five growth factors: Thiamine 0.5 mr/t, Kinetin 0.32 mgiL,

Inositol 100.0 mg/L, Pyridoxine 0.5 mgL, 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 all cultures, indicating that none of the factors in the basic medium were

present at much below or much above favorable concentrations.
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Table 17 Effect of Excess Growth Factors on Lettuce No. 13

Thiamine
Add to Medium + Kinetin Thiamine Kinetin -,- Aerage

Productivity (mg/Zmld y)

T P N 1. 1.1 1.0 1.2 1.1

p 0 1.1 0.9 1.0 1.) 1.1

T P 0.9 I.i !.I..

Nicotinic Acid 1.0 1.0 1.2 1.2 I.1

Pyridoxine 1.0 1.0 1.2 1.3 1.

!nositol i.0 0.9 1.2 1.3 1.i

-- 1.0 1.1 1.3 1.2 1.2

Average 1.1 1.0 1.2 1.2 1.1

Final dry weight (mgi)

T P N 1L.9 14.8 14.7 16.7
o 14.9 12.4 14.14 16.1

I N 15.9 13.9 16.4 16.0

I P 15.4 12.5 15.2 16.0

"N.icotinc• Acid 14.4 14.3 16.1 16.7

Pyridoxine 13.7 13.8 16.2 17.4

Inositol 14.3 13.3 16.9 17.4

-14.6 14.9 17.7 17.3

Fall medium. plus excess growth factors as noted. Thiamine 0.5 mga!, Kinetin 0.32 mg/L,
I - Inositol 100 mg/L, P - Pyridoxine 0.5 mg/t, N - Nicotinic Acid 0.5 mg/L. NA.A 0.10
mg/mi present in all cultures. 10% inoculum, single transfer, giving an initial weight
of 1.2 mg/mi, grown 13 days.
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Next, we omitted the five growth factors from the basic medium, and added

them separately in all possible combinations. Cultures uere inoculated (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 (10% v/v) after about

2 weeks. growth to fresh media of the same composition for a total of iix

transfers.

ll cultures with thiamine and kinetin (Table 18a) maintained good

growth for the six transfers regardless of the presence or absence of inosi-

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

(Table 18b) grew well for four transfers, but declineA !n the fifth when

kinetin would be reduced at least to I part in 3 x l10. Again the presence

or absence of inositol, pyridoxine, and nicotinic acid had no effect. Cul-

tures w-ith kinetin but no thiamine (Table 18c) and cultures without thiamine

or kinetin (Table 18d) declined in the third transfer when thiamine was

9.
reduced to I part in 2 x 10 In these cultures the absence of inositol,

pyrlidoxine, and nicotinic acid was possibly slightly favorable.

Onr conclusions from these studies are that the lettuce cells have low

but definite requirements for an auxin and thiamine. NAA is the most favor-

able auxin, and with it lettuce cells require some kinetin, as well as thiamine.

On 2.4-D medium kinetin seems to be unfavorable when inositol, pyrodoxine,

and nicotinic acid are present, but required when they are absent. The

nature of the auxin thus affects the response of lettuce cells to other

growth factors

C, Growth Factors for Carrot.

Carrot cells will' grow for one or two transfers with no auxin, butI!

growth is better if an 4uxin is present. 2,,4-D, NAA, iAA, or -ibberellic a
acid are all suitable (Table 19). Thiamine is required, w-. -h an optimum j

acid
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Table 18 Effect of Growth Factors on Lettuce No. 13

a. All + Thiamine + Kinetin + NAA

Trars fer No. 1 2 3 6
Aveage

Day¢s Grown 13 -, 15 13 18 15

Add to Medium Productivity (mg/ml/day)

! P N 0.9 0.8 0.8 '.9 1.0 0.6 0.8

, N 0.9 0.8 0,7 0.9 0.8 0,5 0.8

I N 1.1 0.8 0.7 1.0 1.0 0.6 0.9

I P 1.0 0.8 0.8 1.0 0.9 0.7 0.9

Nicotinic Acid 0,9 0.9 0.7 0,9 0.9 0.6 0.8

lyridoxine 0.9 8.8 0.7 1.0 0.8 0.6 0.8

Tnositol 1.0 0.9 1.7 1.0 0.7 0.1 0.8

-- 0.9 0.8 0.9 0.8 0.3 0.7 0.8

Average 1.0 0.8 0.8 0.9 0.9 0.6 0.8

Final dry weight (mg/ml)

i P N J3.lj 13.1 13.0 13.8 1-.0 11.8

P N 12.8 13.2 12.2 14.2 11.5 10.0

I N 16. I3. 5 12.0 134. 1143.4. 11.0

I P 1L.6 1]3.4 13.5 14.8 12.4 12.1

Nicotinic Acid 12.8 15. 4 13.3 14L.4 13.1 10.1

Pyridoxine 12.5 13.6 11.1 l.5 11.5 11.4

Inositol i0.0 14'k 13.0 14.8 10.9 9.3

-- 12.8 L3.8 14.1 12.2 12.1 13.4

10 inoculum to give an initial weight of 1.7 mg/mil.

T - inositol
P - Pyridoxine
N = Nicotinic Acid
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Table 18 Effect of Growth Factors on Lettuce No. 13
b. All + Thiamine - Kinetin + NAA

Transfer No. 1 2 3 4 5 6
Average

Days Grown 13 15 15 14 13 18 15

Add to medium Productivity (mg/mi/day)

I P N 1.1 0.7 0.7 0.7 0.07 0.01 O.4

P N 1.1 0.8 0.7 0.8 0.05 0 0.4

I N 1.2 0.8 0.7 0.8 0.01 0 0.4

I P 1.2 0.7 0.7 0.8 0.7 0.07 0.5

Nicotinic acid 1.0 0.7 0.6 0.9 0.i 0 0.4

Pyridoxine, 1.0 0.8 M. o.8 0.1 0 0.h

Inositol 1.0 0.8 o.6 0.9 M 0.04 0.4

-- 1.2 0,8 0.6 0.7 0.6 0.03 0.5

Average 1.1 0.8 0.7 0.8 0.2 0.02

Final dry weight (mg/ml)

I P N 15.L4 12.1 12.0 10.4 1.8 0.3

P N 16.5 12.6 11.4 12.9 1.9 0.3

I N 17M7 12.6 1.1 11.8 1.6 0.3

I P 17.2 12.6 11.5 11.8 10.2 2.3

Nicotinic acid 14.4 12.9 10.7 13.1 3.2 0.3

Pyridoxine 15.1 114.2 10.5 12.8 2.9 0.3

Inositol 15.0 12.7 10.5 13.4 3.9 i.0

-- 17.5 13.7 10.6 li.4 9.3 1.14

I
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TOble 18 Effect of Growth Factors on Lettuce No. 13
c. All - Thiamine + Kinetin + NAA

Transfer 1No. 1 2 3 4
Average

Days Grown 13 15 15 lh l4

Add to Medium Productivity (mg/wa/day)

i P N 0.7 1.0 0.1 0.06 0.5

p N 1.0 0.8 '0.2 0.08 0.5

I N 1.1 o.8 0.2 0.1 o.6

I P 0.9 0.8 O.4 0.2 0.6

SNicotinic acid 1.4 0.9 0.3 0.2 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

Average 1.0 O.8 0.2 0.1

Final dry- weight (mg/ml)

I P N 11.3 15.3 3.2 2.2

P N lh.6 13. 4.4 1.6

I N 16.4 13.7 4.1 2.1

T p 1. 3-3.1 13.1 6.i 2.7

Nicotinic acid 19.8 15.3 5.4 2.7

Pyridoxine 18.1 11.7 4.4 2.2

T nositol 12.0 11.5 6.0 2.9

-- 16.1 1h.5 3.8 2.3

L
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Table 18 Effect of Growth Factors on Lettuce
d. All - Thiamine - Kinetin + NAA

Transfer No. 1 2 3
AverageSDays Grou _ 13 15 , 15 ... 14 14

Add to Medium Productivity (mg/ml/day)

T P N G.8 0.7 0.1 0.02 0.4

P 1.5 0.7 0.05 0.01 0.6

r N 1.3 0.7 O.O8 0.02 0.5

I P1.4 0.8 0.1 0.02 0.6

Nicotinic acid 1.2 0.8 0.o4 0.03 0.5

Pyridoxine 1.1 o.8 O.08 0.0). 0.5

inositol 1.1 0.8 0.1 0.02 0.5

-- 1.3 0.6 0.09 0.01 0.5 l

Average 1.2 0.7 0.08 0.02

Final dry weight (mg/ral)

P N 11.8 12.0 2 9 0.6

P N 21.0 12.1 2ý0 0.4

I N 18.7 12.1 2.6 0.5

I P 20.0 13.8 3.0 0.6

Nicotinic acid 17.2 13.4 2.0 0.6

Pyridoxine 16.3 13.5 2.5 0.5

Inositol 16.1. 13.7 2.9 0.6

-- 19.0 11.2 2.6 0.4
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Table 19 Effect of Auxin on Growth of Carrot No. 18

• Productivity

Auxin, M-giL Full* Minimal** + Thiamine

, None 0.39 04

2,4-D,0.05 o.! U0.45

2,4-D,0.10 0.50 0.33

2,h4-D,!.0 0.42 0.29

NAA, 0.! o.47 o.

NAA, 1.0 0.56 0.49

IAA, 0.1 0. 54 o.65

IkA, 1.0 0.59 0.h5

GA, 0.1 0.54 0.37

GA, 1.0 0.48 0.36

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

* Full - all growth factors present (except auxin).
SMinimal + Thiamine - 5 growth factors omitted. Thiamine present
at 0.10 mg/I.

IAA - Indole acetic Acid - Sterilized separately by filtration.
GA - Gibberellic Acid.

I
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concentration of about 0.5 mg/ (Table 20).

A detailed 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) cultures were transferred from M

(10% v/v) to media with 0.05 mg 2,4-D/L to give an initial weight of 1.0 mg/mrl.

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 as the auxin.

All 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 growth rate declined after the second

transfer. The presence of inositol, pyridoxine, and nicotinicý acid was

somewhat favorable after the second transfer. Cultures with thiamine, but 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 cultures

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

as sem!-differentiaied cultures. Cultures with kinetin but no thiamine (Table 2

21c) declined rapidly in growth arn turned brown and died by the third trans-

fer. There was no differentiation. Cultures with neither thiamine nor

kinetin (Table 21d) declined very steeply in growth ever. by the first transfer,

but did not die and continued to grow slowly for the four transfers. All of

these cultures differentiated, although because of thz slow growth rate it
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V
Table 20 Effect of Thiamine Concentration on Growth of Carrot No. 2

Medium Thiamine Added Productivity
mg/L mg/mi/day

- Full M* 0 0.49

0 0.07

0.1 0.32

Minimal** 0.95 0.46

1.0 0 .17

2.0 0,31

2,4-D 0.05 mg/L in all cultures.

* Fi•ll 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.

I
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Table 21 Effect of Growth Factors on Carrot No, 18 on NAA medium
a. All + Thiamine + Kinetin

Transfer No. 1 2 3 4

Days Grown 11 16 13 14

Medium M NAA NAAA NA

Add to Medium Productivity (mgJ/m/d-)

I P N 0.9 0.9- 0.3 0.5

P N 0.9 0.9 0.2 0.2

I N 0.7 0.9 0.2 0.2

I P 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 0.2 0.1

-- 0.8 1.1 0.1 0.1

Final wt (,/,,)

I P N 11.1 16.1 4.9 7.6

P N 10.6 15.1 4.3 3.0

I N 9.0 14.6 4.0 3.7

I P 11.1 15.4 3.9 3.8

Nicotinic acid 11.9 14.5 2.4 1.0

Pyridoxine 12.2 16.0 3.8 4.2

Inositol 8.3 13.3 L.i 2.3

1-- 0.1 18.3 3.4 1.5

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

First transfer NH 0.1 mg/L. N - Nicotinic acid
Later transfers 2. 4 -D 0.05 mg/L. P - Pyridoxine

I " Inositol
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TabLe -21 -Effect of Growt Factors on Cftrot Mo. I• on -MAA ei-umb.. All Thiamine 
- Xdnetin

Transfer No. 34
_Days Grown 3-1 .16-,-.

Medium M UWA YAA 4AA
Add to Medium Producti -:,I• Al!d•

I P X 0.5 t••510.2

P N o.4 oA 00 0.It

0I 5 t ..6 0.05 0.1I P o,,4 0. 6 0.O3 0.!
Nicotinic acid 0.2 0.3 0.1 0.09
Pyridoxine 0.3 0.0 0.01 0.2
Inositol 0.3 0.5 0.05 0.1

).14 0.14 0. 05 0.2

I PN 5. 9 672.2 ,
e 1..1 10.2 1.7 21i
I N 6.3 11.2 1 1.7

I P 5.3 9.7 1.5 2.1
Nicotinic acid 3.3 4.9 1.9 1.5
Pyridoxine 3.1 i.8
Inositol 4. 5 1-6

,-5.3 7.4 7 3.2
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

AlU cultuwes differentiated b7 the second transfer.
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?*L-, 2) Effect i~f Growth~ Psttors an -rŽNo. 18 on HAA Hbdium
c. All -' Thiamine + Kinetin

r-anaftT So. 2 u

DMB Grownr I1 16 13. IL.

-e, N M AA NAA

Add to r.lux Productivity (MCILImd)

I N 0.7 0.2. 0.05 o.o
P0.6 0.09 o.o0 0

T N 0.8 0.2 0.03 0.03

p P 0.8 0.2 0.03 0.02 I
Nic+tinic acd o.4 0.3 0 0.0

PyriLoxine 0.5 o.o6 0O,. O.O1

*Inmitol. 0.6 0.1 0.07 0.02

-- 0.6 0.07 0.03 o.J r

Final wt (Mg/u

I ? N 9.0 4. 1..2 0.8

P N 7.7 2.5 0.8 0.?

IN 9.3 3.7 0.8 0.5

I V 9 C 4.o 0.e 0.3

Nicotinin, acid 5.6 5.P, 0.5 0.i

Pyridoxine 6.5 1.7 0.3 0.2

SInositol 7.4 2.4 1.1 0.3

7.5 1.8 c.6 0.2

!-2
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Table 21 Effect of Growth Factors on Carrot No. 18 on NAA Mediuim
d. All - Thiamine - Kinetin S__

Transfer No. 3 4

Days Grown 11 16 15 14

Yedium M NnA NAA NAA

Add to Medium Productivity (mg/ml/day)

I P N 0.2 0.1 0.05 .07

P0N 0.5 oA&0 0.1

I N 0.3 0.2 0.1 0.1

i P 0.3 0.3 0.09 0.09

Nicotinic acid 0.6 0.2 0.08 0.01

Fy'idoxine 0.4 0.3 0.08 0.0].

.Inositol 0.4 0.2 0.1 0.1

- 0.3 0.2 0.07 0.2

T P N 2.7 2.1 1.0 1.1

P N 6.4 7.3 1.2 2.0

IN 4 .6 3.0 1.8 2.0

i 4.5 4.3 1.7 1.3

Nicotinic acid 7.5 3.6 1.4

?yridoxine 5.7 4.5 1.7 O.h

Inositol 5.2 3.9 2.1 2.1

4 -- 4.5 3.4 1.3 2.5

All cultures differentiated by the second transfer.
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Table 21 V~fect )f Growth Factors on Carrot No. 18 cn NAA Medium (4 Transfers)
e. Average Productivit-Z Values

Average Productivity Values (mg/ml/day)

+ Thiamine - Thiamine + Thiam.ipn - Thiamine
Growth Factors + Kinetin + Kinetin - Kinetin - 'i.netin Average

+ I + P + N 0.65 0.25 0.23 0.10 0.32

I + p + N 0.53 0.19 0.28 0.27 0.32

+ I - P + N o.49 0a25 G.32 0.19 0.31

+ I + P - N 0.56 0.25 0.28 0.19 0.32

- I - P + N 0.48 0.18 0.18 0.23 0.27

- I + p -. N 0.60 0.15 0.21 0.19 0.29

+ I - P - N 0. i4 0.19 0.23 0.21 G.27

- I - P - N 0.53 0.18 0.27 0.18 0.29

Average o.54 o.21 o.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 Productivity values for the four transfers (5h days of

growth) (Table 21e) suggests that thiamine and kinetin are required for good

growth, inositol, pyridoxine ard nicotinice acid have little effect. It

appears that kinetin 3upresess differentiation. In so doing, it must repress

the synithesis of many compounds. Thiamine is required for carrot cells, but

probably some can be synthesized by the cells if kinetin is omitted from the

medium.

A second experiment was run similarly,using 0.05 mg/t 2,4-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 small slotted spoon, transferring only cells and no medium to give 0.2 mg/ml

as an initi3l weight. Subsequent transfers were made at about 2-week inter-

vals using cell suspensions (10% v/v). This led to a more rapid response to

nutrient differences. Cultures with thiamine and kinetin (Table 22a) grew

rather slowly in the first transfer but recexvered and grew vigorously for

five subsequent transfers. There was no effect of the presence or absence

of inositol, pyridoxine or nicotinic acid. The remaining cultures all gres

very poprly and were discontinued after the third transfer (Table 22b, c, d).

No differentiation occurred in any of these cultures. With 2.L-D as an

auxin, carrot cells require both thiamine and kinetin.

Our conclusion from these studies is that carrot cells grow well -. tlh

several aurins. Thianrne and kinetin are also required. On NAA medium

differentiation occurs if kinetin is oMitted. Differentiation does not

occur if 2,4-D is the auxin,



Table 22 Effect of Growth Factors on Ccrrot No. 18 on 2,4-D Medium
a. All + Thiamine + Kinetin

Transfer No. 1 2 3 . 4

Days Grown 15 ,14 16 13 14

Add to Medium Productivit (gl/al )

I P N 0.2 0.9 0.8 0.4 1.1

P N 0.2 0.9 0.8 0.5 0.9

I N 0.1 0.9 0.9 0.8 1.1

I P 0.4 1.0 0.8 o.4 1.0

Nicotinic acid 0.3 0.9 C.8 0.h 1.0

Pyridoxine o.4 1.0 0.8 0.6 1.1

inositol 0.3 0.9 0.8 0.5 1.1

0.2 0.7 0.9 0.9 1.1

Final wt (g/mi)

I P N 3.8 11.8 21.6 6.9 15.8

P N 3.0 11.7 14., 9.0 13.5

I N 2.2 12.3 ih.9 11.6 16.6

I P 6.8 14.8 15.x 6 .4 17.1

Nicotinic acid 3.9 12.5 14.6 7.2 16.6

Pp-idoxine 5.8 13.9 14.6 9.5 16.0

Tnositol 4.3 13.1 14.O 8.3 16ý2

-- 3.5 10.8 14, 8  13.8 17.2

Small inoculum to start (no liquid), after that 2.0% v/v. 2,I.-D 0.05 mgA.
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Taie 2?2 Effect of Growth Factors on Carrot No. 18 or. 2,4-D Medium
b. All + ^iamiia - Kinetin

Transfer No. 1 2 3

Day Grown 15 14 16

Add to Medulm Productivity (fg/ml/dry)
I IDN o.o0 0.03 0.03

" N 0.0o 0.03 0.03

SN 0.10 0.05 0.01

Nicotinic acid 0.07 0.02 0

Pyridoxine 0.05 0.06 6.01

Inositol 0.05 0.06 0.01

0.05 0.01 0.02

Final wt (ng/u21)

0 P N 0.7 0.5 0.6

P N 0.9 0.7 o.5

I N 1.3 0.3 0.3

I1 1.6 0.9 0.2

Nicotinic acid 1.3 0.4 0.1

Pyxidoxine 0.9 1.0 o.

Inoaitol 0.9 0.9 0.2

0.9 0.3 0.5
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Table 22 Effect of Growlth Factors on Carrot No. 18 on 2,4-D Medium
c. All - Thiamine + Kinetin

Transfer No. 1 2 3

DyU Grown 15 14 16

Add to Medium Productivity (mg/ml/day)

I P N 0.02 0.06 0.01

P N 0.10 0.02 0

I N 0109 0.03 0

I P 0.12 0.06 0

Nicotinic acid 0.17 0.04 0.02

Pyridoxine 0.18 0.05 0

Inositol 0.13 0.03 0

0.10 0.04 0.02

Final wt (wg/rd)

I P N 1.5 0.9 0.2

P N 1.7 0.5 O.1.

I N 1.5 0.6 0.1

I P 2.0 1.2 0.2

Nicotinic acid 2.6 1.0 0.4

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.AUl Thiamine -KinetinS

Transfer No. 1 2 3

Days Crown 15 14 16

Add to Medium Productivity (y&/ml/d4 )

I P0.07 m5 0.01

P N 0.0o 0.03 0

IN 0.05 0.02 0.03

I P 0.12 0.04 0.04

Nicotinic acid 0.11 0 0

Pyridoxine 0.0o 0.03 0

Inositol 0.05 0.02 0.01

-- 0.10 0 0

I P N 1.3 0.8 0.2

P N 0.8 0.6 0.1

I N 0.9 0.4 0.6

1P 2.0 1.0 0.8

Nicotinic acid 1.9 0.3 0.1

Pyridoxihe 0.8 0.5 0.1

Inositol 0.9 o.5 0.3

1.6 0.2 0.1
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D. Differentiation in Plant Cell Cultures.

Variability in plant cell cultures has been noted by many workers and

studies of differentiation have been an 4mportant area of plant cell research

(3, 5, 7, 15). Fluctuations in growth rate were noted in our first report.

Chlorophyll development has been noted in plant call cultures (1, 10,

17) but significant autotrophic growth of green morphologically undifferentiti-

ted cells has not been reported. We find that chlorophyll often 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

undifferentiated -uspension cultures, and then only when the cells grow in

large (ca. I mm or more in diameter) nuggolts. Carrot cultures produce the

highest chlorophyll levels in o,= 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 lost this ability. Static cultures of carrot and mari-

gold still differentiate, although they have been maintained in culture forI!

over three years and have bevn transferred more than 25 times. The carrot

,(especiAlly No. 18) readily differentiated into pl&ntlete, especially on old

ziarits. The marigold cultures produce abundant roots, but no aboots. None

of these differentiation. require coconut milk.
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Differentiation is rare in suspension cultures. Marigold cultures

however, frequently produce roots with NAA as auxin, but not with 2,4-D

(Fig. 1h). Bean cells tend to produce larger lumps in NAA medium than on

2,4-D, but do not show true differentiation (Fig, 15). Carrot suspension

cultures sometimes differentiate spontaneously when transferred from 2,4-Ti

to NAA medium (Fig. 16) but differentiation on NAA medium is nearly 100%

when 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 optimum growth of plant cell

cultures with most nutrients present in excess. Considerable reductions and

omissions are possible without reducing growth rate or productivity. No

changes tried by us have resulted in significant increases in growth rates or

Productivity.

Specific 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 increases, (3)

Sucrose is an optimum carbon source. Glucose or starch will also support

growth of some cultures, but glycerol is not suitable, (4) Sucrose irrad-

iated to C Krad supports normal growth to our plant cell cultures. Growth

is retarded on glucose Irradiated at +200 to 0.5 Mrad, but glucose irradiated

at -80° supports normal growth, (5) Nitrogen level in this m-dium can be

considerably lowered without reducing growth. Plant cell cultures grow well

on •H '03,KNO or amino acids as the sole source of nitregen. We have not'3.' 3
succeeded in growing plant cells on urea or NHaCI. Urea at 500 mg or more per

61



Figure 1ls Differentiation of -Suspension Culture of Marigold
No. 26 in Reaponse to N!Lhthalene acetic Ac.d

10% Inoculum from- 2,4-D mdiumi grovm 28 do" on rotary shaker in programmed

likht.

2-4--D -O.05 mg/L (dry vt 5.2 mg/ini)

NMA - 0.10 mg/L (dry wt 40. mg/il)
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Figure 15 Growthi of Bean No. 8 in Preaence of Different Auxine

10% Inoo~ulm from 2.4~-D usdium, grown 13 dap on rotary shinkor in programmedj light.

2,4~-D) - 0.o5 v/L (dry wt 15.7 ug/vl)

M&A - 0.10 MgJL (dry wt 5.0 wig/ai)
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Figu~re 16 WAItentiation of Carrot No. 18 in
Respireto Nzphthalent acetic Acid

C 6L YOj

10% Inocaul from 2.4~-D usdiu gro'm 28 dqu On thie rotary shaker in
progrmisd light.

24D- 0o& mg/L (dry wt 4.0 tmg/m1)

NUL - 0.10 mgJL )dr-w vt 9.8 mele1)

- ~64



[FgUre 17 Effects of Auxin wdx Ki.netin on Differentiation of Carrot N&. 18 M

.,*A Al

Ful-l medium except for auxin and kinetin added wa noted:

Grown on rotary shaker in prograed light for 13 dqa.

NAA. 0.1 2A1-D 0. 0$ No Any-n

No Kinetin 5-,4kmg 8.4io g/al 7.0 wg/u

Kinetin 0.05 mgA 8.2 14.6 3
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liter is t÷oxic, (6) Bean cells require an auxin, prefhrably 2,4-dichloropheno!r.
t

acetic acid, and thiamine as organic growth factors, (1) Littuce -tells requiro

an auxin, preferably naphthaleneacatic acid, thiamine, and Idnetin as org6rnic
I

growth factors, and (8) Carrot cells require an auxin, thic'idne and kinetin

to grow as uixifferentiated cells. With naphthaleneacetic acid as auxin,

omission of kinetin leads to differentiation of carrot cells, and tis in

turn appears to reduce the requirements for thiamine. Differentiation does

not occur if 2,4-dichlorophenoxyacetic acid is the auxin. No complex

additives such as coconut milk are required for this differentiation.

Our general conclusions are that plant cells can be mainiained in

suspension culture for several years by periodic transfer on a simple inexpen-

sive defined medium similar to the media used for growing non-fastidious

microorganisms. Although carbohydrate must be supplied, the cell yield is

50% or more, and the cost of sucrose, starch, or glucose is certainly less

than the cost of supplying light to a photosynthetic culture under fermenter

conditions. Growth rate of these cultures remains slow in comparison to

other microbial systems. At present the use of plant cell cultures to

produce food would seem to be practical only under 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 uirea or ammon a as a

nitrogen source.

Plant 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 media is of

66
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interest for such use, Differenttated cultures are much more likely toI|

produce desirable secondary growth products. culties grnwn for food,

differentiation could lead t0 more attractive textures and flavors. Further

stcadies may stirl uncover approaches to farther simplify the growth enviren-

ment and, hence, make plant cell cultures more attractive as a food source.

The genetic capacities of such cell lines provide a unique biological source

tnat can be used for undifferentiated (mass c alturs) continuous fernmentation,

or for the production of differentiated tissues.

6I
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lant cell 9 7

Cfultures (Biolgy) 9,5
Cult're media ý',5 5
Growth 8 7
Inorganic salts 6

Amino acida 6 -

Urea 6
Ammonia 5
Sucrose 6
Starches 6
Glucose 6
Amzine 6
Thiamine 6
Kinetin 6
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