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FOREWORD

This report represents the 7Tinal phase of the work on culture of eells
of higher plants undertaken at Natick urder the Unconventional Food program
in the Microbinlogy Division of the Food Laborsiory. The objective of this
study was to determine whether it would be fezsible to use plant cell cul-
tures z8 a source of human food, The objective of this phase was to utilirze
the cultures and media developed in the first two phases for large-scale
growth and production of plant cell mass,
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ABSTRACT

Guspension cultures of bean and lettuce cells have been maintained by
serial treznesfer for over three years. Such cultures may show exponential
growth, although growth rates are low with doubling times of three to four
days. These suspension cultures have also been grown in commercial iabora
tory fermenters in batch and semi-continuous systems for periods of up to
61 days without contamination, Productivity in fermenters was up to 2.3
grams dry weight of cells per liter of culture per day. Cell yields are
up to L4OZ based on the weight of sucrose in the medium,
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Introduction

The objective of this study was to devermine the feasibility of growing
plant c2ll cultures as a source of huran food. Twc previous reports (3, L)
have described the isolation of cultures, selection of media, and the nutrient
requirements of plant cells growing in suspension. This report describes
experiments with mass culture,

Materials and Methods

The cultures and media and methods used in this work have been piseviously
described (3, L). All of tre present studies were done using suipension
cultures of Bean No. 8 and Lettuce No. 13 maintained in shake flasks by trans-
fer (10% v/v) at approximately 3-week intervals using Murashige meditm with
3.0Z sucrcse and 0,0F mg/iL of dichlorophenoxyacetic acid (M) for bean, or
0.1C mg/L of naphthaleneacetic acid (NAA) for lettuce. 1In a few tests (as
noted) Fhytone at 1 g/L was added to M rnedium, OCultures were grown on
rotary shakers at 26-28°C in low intensity white fluorescent light pro-
grarmed 16 hours on, § hours off. The stock cuitures were transferred over
€% times in a 3-year pericd., Under this rouvine maintenance, they sustained
a productivity of 0,50 to 0.60 mg increase in d.y weight per ml of culture
per day. They also became stabilized as good suspension cultures growing as
free cells and small clumps with little tendency to form large tissue masses.

411 cultures and samples were routinely checked for sterility ty streak-
ing op nutrient agar and potato dextrose agar. Sterility checks were incu-
bated for 7 to 10 days and then examined for growth., Contaminated cultures
were discarded, and their data were not used. No antibiotics or antiseptics
were added to the medium in any of our studies,

For growth studies, twenty flaske (50 ml per 250 ml Erlenmeyer) were
inoculated from a single stock flask using a £% v/v inoculum, Two flasks
were harvested at once for initial values, and then two flasks at a time
for subsegquent vzlues. Two 10-ml samples were removed from each flask for
dry weight determinations., Cells were filtered on tared filter paper circies,
washed with water, and dried at 70°C. The residues were pooled for micro-
scopiz study. The sample was diluted with water Yo about 1 to £ X 103 cells
per rid, One-tenth ml of this dilution was mounted on a slide and all cells
counted under the high dry objective. Although many cell clumps occur, with
practice the number of cells in a clump can be estimated with fair accuracy.
The major source of error is not in the count, but in taking a representa-
tive sample, and maintaining a uniform suspension during tne dilution. Ten
"typical” cells were measured with an ocular micrometer lcr average cell
size, However, cell size and shape varied widely in all cultures. In other




experiments a pair ¢f 1000 ml cultures was get up in 3 L Fernbach flasks,
inoculatad from a single 100 ml flask (50 ml inoculum = 5% v/v) and samples
removed aseptically for dry weight determination and microscopic examination.

Reducing sugar was determined as glucose by a dinitrosalicylic acid
method (6). For protein determinations, an aliquot of the culture was re-
moved, the ceils filtered off, washed with water, and homogenized i. 0,1
N NaOH using a Virtis homogenizer. Protein in the homogenate was measured

by the Folin method of Lowry et al. (1) using crystalline Bovine Plasma
Albumin ag a standard.

Fermenter studies were done using a New Brunswick Continuous Culture
Apparatus (Fig. 1) with S to 15 liter Pyrex fermenter jars and stainless
steel heads, impellers, baffles, cooling coils, and other fittings., Culture
temperatures were maintained at 26° to 28°C by immersing the fermenter jar
in a heated water bath at 28°C. Cold tap-water circulated through the cool-
ing loop if the temperature in the sensing well rose above 27°C., Impeller
speed was set at 120 RPM with a 3-inch diameter set of impeller blades low
in the culture, and a second set of impeller blades just above the liquid
level to aid in foam breaking, A few drops of Dow Corning Antifoam AF at
25 mg/ml was added manually as required. The air supply from a compresscr
was passed through a cotton filter (Fulflo Filter B3A), a packed alumina
column of a trinity drier, a 0.22 micron Millipore filter, and finally through
al X Lk inch oven sterilized filter packed with a Seitz filter pad plus absorb-
ent cotton, then injected to the culture through an oririce directly under
the lower blades at avout 1 to 1.F liters per minute., A 0.30 inch 316 stain-
less steel wire coiled in the orifice was continued through the air inlet
pork and connected to a sleeve inside the air inlet hose, By manipulating
the sleeve through the hose the coil could be moved back and forth to remove

tissue masses that grew or were caught in the crifice, without opening the
fermenter (Fig. 22).

Contamination through the impeller shaft port was prevented ty a locse
fitting sleeve into which live steam was continuously passed (Fig. 2C), The
exhaust air entered a 2 L Erlermeyer flask trap, and then bubbled through one
liter of 20% sulfuric acid in a second 2 L Erlenmeyer flask, Air inlet and
exhaust 1ines on the nutrient reservoir and the harvest vessel were plugged
by 1 X L inch oven sterilized filters packed with absorbent cotton,

For continuous operation (Fig. 1) the nutrient reservoir was a 15 L
fermenter jar, stirred but not aerated or cooled, immersed in the same water
bath sg the 15 L culture vessel. A 20 L carboy in the refrigerator well,
maintained at 5°C, served as the harvest vessel, The three vessels were
connected by means of 5/8 inch gum rubber tubing inserted in the peristaltic
pumps, The harvest pump was manually activated as desired., To prevent clog-
ging and stagnation, the hose was reversed and back pumped at the beginning
zmd end of each harvest to clear the line. A tap in the harvest line was
used to collect samples, In the initial studies (constant volume) the
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Fig. 1. Fermenter set up for growth of plant cell cultures
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Fig. 2. Special devices used with fermenter set up for growth of plant cell culiures
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nutrient g™ was 21so operated manually to replace whatever vclume of cul-
ture had been harvested, In later experiments (constant nutrient feed)
nut-ient solution was added at a steady rate of one liter or more per day
thrcagh 1/L-inch gum rubber tubing using a New Brunswick AC-6 reristaltic
pump activated every 2 minutes by a Cramer Timer for a time period set to
give whatever daily volume was required. In these congtant nutrient feed
experiments the culture volume was allowsd to increase for one to three days
and then the harves! pump was run to reduce the culture to its original
volume,

This set up was autoclaved intact znd complete, except for the 3 air
filters and the sulfuric acid in a New Brunswick autoclave, The nutrient
regservoir and culture vessel were gtirred during autoclaving and the auto-
clave temperature probe was inserted into the sensing well of the fermenter
so that 30 minutes at 12197 was sufficient %o sterilize volumes of up to
12 L of medium. Irmmediately after autoclaving, ‘the 2 air filters were
attached, and the sulfuric zcid addéed ir the exhaust vessel. As needed, new
nutrient reservoirs or harvest vessels were autoclaved separately, the old
one disconnected a2nd the new one substituted. Oren ends of hoses were
wrappad with cotion and aluminum foil during autoclaving, and rinsed with
ethancl as connections were made,

Iinoculum for the fermenter was grown in or iransferred o a 3 L Fernbach
flask, The incculum was transferred to the fermenter by a special device
(Fig. 2A). This censisted of a 3 inch rubber stopper fitted with a 5/8 inch
1nd 2 1/l inch stainless steel tube., The larger tube, for inoculum, was
flush with the bottom of the stopper and extended 6 inches above it, It
was connected by a short rubber sleeve tc a second tube 7 inches long. The
las® 3 inches of the second tube was machined down to about 9/16 inches so
that it fitted tightly into the inoculaticn port in the fermenter head. The
smaller tube, for air, extended 7 inches (angled) above the stopper. After
sterilization, this was fitted into the inoculum flask, replacing the cotton
plug, the rubber sleeve was clamped off, and the Fernbach inverted over the
fermenter. The wrappings were removed from the inoculum tube which was
quickly inserted into the inoculation port, the clamp was opened, and the
inoculur passed into the fermenter, A high level of success was achieved
in inoculating and running fermenters for several weeks without contamination
despite frequent samplings and cl:anges of harvesit vessels and nutrient
reservoirs,

Results

Growth Studies in Flasks.

Exp. 1 - Growth of Bean Cells on Murashige Medium (Table 1, Fiz., 3, L),
Cry weight increase lagged for 3 days and then increased exponentially until
e 17th day, increasing 2L fold from 0.6 to 1L.3 mg/ml with a doubling time
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Table 1.

0.6
0.9
0.9
0.7
1.6
2.0
3.1
7.6
11.3
1k.3

&

Growth of Bean Cells on Murashige Medium

Cells Ave cell
Cells per ml per clump size
x
1.h X 10" 3 80 X 88
2.6 6 60 X 81
2.6 6 74 X B9
2.5 5 7¢ X 100
5.9 i 60 X 78
13.L 10 63 X 8¢
12.6 . 18 XN
1$6.0 23 €3 X 65
29.5 ra} 63 X 8k
195.0 10 57 X 72

Productivity = 0.80 mg/ml/dar.

(68

pz/cell

S0 ml of culture per 250 ml Erlenmeyer, 5% v/v inoculum, 0.05 mg 2,L-D (2,L-
dichlorophenoxyacetic acid) per L,
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Fig. 3.
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Growth of bean cells on Murashige nedium

See Table 1 for details
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Fig. L. Properties of bean cells on Murashige medium

See Table 1 for details
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6
of about 3 days. Cell count increased 1LO fold from 1.4 X 10h to 1,97 X 10,
Cells were initially disperse averaging 3 to § cells per clump through day €,
then increas<d to an average of 23 cells per clump by day 13. Cells averaged
.00 microg-ams in weight, €0-80 microns ir width, and 70-100 microns in length,

Exp. ? - Exponential Zrowth of Bean Ceils on Murashige Medium with
Phvtone (rable ; Flg. C, b, QGrowth was exponential for 1L cays with a
oubling time Aflgbout 3 days. Dry weight increased 1€ fold from 0.6 to 9.3
mg/rl, Cell count increazed 19 fold from 2.8 ¥ lOﬁ to £.2 X 105 cells per
ml. Cells occurred free and as moderate gized clusters, The cells averared
10-230 micrograms ir weight, L0-60 microns in width, and 60-90 microns in

lerpt:
lerpt:

Zxp. 3 - Linear Growth of Bean Cells on Murashige Medium with Phytone
{Table 3, Fig, 7). 1In this expariment, using a 1000 ml culture, despite a
&8 fold increase in weight from 0.2 to 13.6 mg per ml, growth was linear with
3 steady increase of 0.7% mg per rl per day, This compares to productivity
values of 0,80 for Zxp. 1 and 0.66 for Exp. 2 where growth was mostly exponer.-
tial, Thus, grown of bean cells may be exponential c¢r linear without marked
effecs on the overall yield, Cell counts were not taken in this cxperiment.

Zxp. L - Growth of Lettuce Cells on Murashige Medium with Phytone
(Table L, Fig. B, 9). Cells grew exponentially for 12 days with a doubling
time of about L days. Dry peight increased 12-fold from 0.7 to 8.L, cell
count 22-fold from 6.0 X 10% to 1.29 X 10° cells per ml. Cells grew in
small clumps and were smaller than tean cells, averaging £-20 micrograms
in weught, L0-60 microns in width, and 60-80 microns in length.

Exp. © - Growth of Lettuce on NAA Medium {Tabie S, Fig, 10, 11). Cells
grew exponentially for ten days with a doubling time o? aE%ut 2.0 days. Dry
weight increased 20-fold from 0.h0 to 7.9 mg per_ml. Cell coupt increased
£0-fold fr = ihe 3rd to the 10th day from 2 X 10° to 1,05 X lgg cells per ml.
Cells graw in clumps of 10 to 20, and averaged L to 8 micrograms in weight,
L2-C1 microns in width, and S5-62 microna in length.

Growth Studies in Farmenters,

Initial studies were done in batch usually using 3 liters of culture ard
invculating with 100 to 1000 ml of a well-grown suspension culture of bean or
lettuce cells. The most serious problems had to do with contaminaticn at the
time of inoculation,when taking samples, which entered via the air stream or
around the impeller shaft. By trial and error the techniques were developed
woich solved the contamination problem without resorting to antibiotics.
There were some problems with tissue growing in large masses, but tnis was
largely eliminated by using the established suspension cvltures which had
"ess tendancy to grow in such clumps. If the impellers were not used the
cultires would not grow, but high impeller specds damaged the large thin
walled plant cells. Therefore, the lowest possible impeller setting, 12C




Table 2. Exponential Growth of Bean Cells on Murashige Medium with Phytone

Cells Ave cell

P

»sam

1.0 g Phytone/L.

Productivity = 0,66 mg/ml/day.

10

Day I‘)%wi Cells per ml per clump size ggg_c_e_l_l_
ng T}
0 0.6 2.8 X 108 10 63 X 90 2
3 1.4 5.8 10 €S X 1° 2k
L 1.5 6.7 1< 65 X 81 23
5 1. 10.2 10 60 X 81 1k
6 1.6 15.0 13 €3 X 683 11
7 1.7 2h.b 26 L8 x 62 12
10 6.3 22.7 16 €0 X 68 28
12 6.8 45.0 9 %6 X 69 1<
1k 9.3 £2.0 12 18 X 60 13
18 10.4 124.0 6 £9 X 68 8
20 13.7 127.0 7 62 X T1 11

50 ml culture per 250 ml Erlenmeyer, 5% v/v inoculum, u.JS mg 2,L-D per L,
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Fig. ©. Exponential growth of bean cells on Murashige medium with Phytone

See Table ¢ for details
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: Fig. 6. Properties of bean cells on Murashige medium with Phytone
3 See Table 2 for details
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Table 3. Linear Growth of Bean Cells on Murashige Medium with Phytone

Day

=

AYAN

-J

0.2
0.8
2.3
3.6
1.0
L.0
L7
8.8
11.3
13.6

time—dazg

(from curve)

Generation

0.L
2.1
3.1
3.k
L.2
L2
6.9
10.1

13.0

Productlvitz
mg7 iﬁ73ay

{from curve)
2.7%
0.7%
0.75
0.7
0.7%
0.7%
0.7%
0.7%

0.7¢

1000 ml culture in 3 L Fernbach, Inoculum 5% v/v, 0.0% mg 2,L-D per L,

Phytone 1.0 g/L.
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Fig.

?Q

See Table 3 for details
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é Table L. Growth of Lettuce Cells on Murashige Medium with Phytone
Cells Ave cell
Day I_)%W’E Cells per -1l per clump size pg/cell
mg n
0 0.7 6.0 X 10L 12 €7 X 7% 1
3 1.0 11,0 1?2 €1 X 62 9
L 1.t 6.1 < £9 X 66 L1
£ 1.9 19,7 12 cL X 72 10
6 2.0 15.0 10 <8 1 63 10
7 2.9 22.¢ 7 S6 X 49 13
10 c.7 22.7 12 Ly % 9 2<
12 8.L 129.0 17 LS X 62 7
1k 11.L 117.0 g Lz X 56 10
18 9.8 203.0 19 L7 X 66 3
20 10.1 1L3.0 10 83X 7% £

| Productivity = 0.47 mg/ml per day.

| £0 ml culture per 25C ml Erlenmeyer, inoculum 5% v/v, 2,L-D 0.05 mg/L, Phytone
1.0 g/1.
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Fig. 8., Growth of lettuce cells on Murashige medium with Phytonre

See Table }i for details
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Properties of lettuce cells on Murashige

See Table l for details

medium with Phytone
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Table &, Growth of Lettuce Cells on NAA Medium

Day I_)m%mwi Cells per ml
0 0.h ——=e

3 0.9 19.7 X 10
L 1.5 35.L

s 1.8 23.L

6 2 6<.L

7 2.1 37.4

10 7.9 1C5.0

Productivity = 0,75 mg/ml per day.

L

Cells
per clumg

20
11

10

Ave cell

S.2e

n

-

\n
v

\n

1000 ml culture per 3 L Fernbach, Inoculum 5% v/v, NAA (naphthaleneacetic

acid) 0.10 mg/L.
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Fig. 10.

Growth of lettuce cells on KAA medium

See Table £ for details
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Fig. 11. Properties of lettuce cells on NAA medium
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revolutions per minute, was used, tecause of the low impeller speed, and the
low aeration rates, foam was not usually a serious problern., Occasionally,

Now Corning AF silicone antifoam was added at less than 10 mg/L., Tests with
bean and letture cultures in shaxe flasks with this antifoam showed no increase
or decrsase in growth, nor any effect on cell size or clumping ap to 35 mg/L,
the highest level tested. Arnother problem was growth of cells in foam and on
the walls of the vessel above the liguid level. OSuch cultures tended to have
almost no growth in the liquid. The growth in the foam became dry and brown,
The only solution 1or this problem was to disccnrect the fermenter and shake

it up manuelly to wash the cells back into the liguid. 1In successful batch
cultures up to 6 g dry weight of cells per T were produced in 2 or 3 weeks.
Recause of the initial lag in growth, and because most of the problema were
associated with getting cultures started, it was decided to use semicontinuous
cultures where part of the culture would te periodically harvested and re-
placed with fresh nutrien®, Although been cells grew well in batch cultures,
they were less successful in the semiceontinuous culiures because their firm
clumps tended to clog the harvest line, Leiiuce cells which grow in smaller,
rore fristle c’umos did well under continucus culture, Three such experiments
with lettuce are described,

ermenter with Intermittent
ters of NAA medium 1in a !
well-growm lettuce culture,

i of -he same medium was used in
L of the culture was pumped into the
, <

Exp. 1 - Growith of Letiu
Harvest and Addition of Nutri { e o 1
1% 1L culture vessel was inocula Ted 1 t}_l L of
The incculum totaled 1C g dry weighi, i
+ne nutrient reservoir. At day 1 1.5
harvest vessel, and 1.5 L of fresh nu} as uumped into the cul‘ure vessel,
This was repeated every 2 or 3 days as indicated in Takle 6, The culture
volume was maintained at L I for 26 days, and then was increased to 6.5 to 7.°F
liters by pumping extra nutrient. New reservoirs were substi‘uted at day 1k
(10 L), day 22 {30 L), and day 33 (12 L). The harvest vessel was changed at
day 23. Samples were taken regularly and pH, dry welzhit, and reducing sugar |
in the medium determined, The last was a measure of sugar consumed, Since
lettuce cells secrete invertase (2) the sucrose in the medium is rapidly in-
verted, This culture grew well and remained urcontaminated for L1 days. On
that day *the culiure was given s vigorous shaxe to wash down cells growing
above the liguid level, and a new reservoir harvest vessel were attached, At
the next sampling (Day L3) the culture was contaminated and was discontinued,
in L1 days L2 L of culure was harvesied containing L7% g dry weight of cells,
an average of ]2 g per liter. The average vclume of the culiure was 4,9 L .
trhe average dilution rate was 0.20 per d"y anc the overall productivity 2 .3
grars per liter o’ culture per dsy. The yleld was 39% based on a net production .
of 168 g ef cells from 1200 g of su**o=e tkC T ¥ 30 g/L). Crowth lagged for i
the first 7 days and then in?reased A sweady state was not reached, Cell
12 Yo day Ll ranzed from 7 to 19 mg per
ine g owth above the liguid level resulted
rn the harvesi; after shaking the culture, cell

concentration ir the ha
ml. Clogging of the harve
ir low cell cenceniration
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Table 6, Growth of Lettuce 1in a Fermenter with Intermittent Harvest and Addi-
tion of Nutrient - Experiment 1 - NAA 0,1 mg/L, Sucrose 3%, T 27°C,
Air 1.5 L/Min, Impeller 120 RPM

Culture Reducing Dm'z
WO I B s A e
0 L.0 - 5.0 - 2.5 emeee
1 k.o 1.t £.6 17.6 2.c 3.7¢
2 k.o 1.¢ 4.8 19.6 2.3 3.kE
5 4.0 1.5 £.0 13.2 1.2 1.80
7 h.0 1.5 L.6 2L.0 1.9 2.85
12 b0 1.5 1.8 L.3 16.2 2L.30
1) 4.0 2.5 L.7 2.6 10.3 2c.7¢
16 L.o 2.5 L.8 1.2 12.¢ 3n.2¢
19 L.o 2.5 .0 - 11.5 29.7¢
ral L.o 2.5 .5 -~ 13. 33.50
23 k.o 2.5 5.8 8.0 6.7 15,75
26 k.o 2,5 5.9 12.5 11.0 27.50
29 7.5 Y £.9 3.1 1h.6 36.50
33 6.5 2.5 £.9 11.0 11.0 27.50
36 7.0 2.5 5.9 9.7 13.1 3,7¢
Lo 7.5 2.5 6.1 12.5 16.3 Lo,75
I - 7.5 5.9 2.7 18.7 1Lo,2¢

* Censtant. volume, recorded after harvest and addition of nutrient.

Productivity = 478.4 - 10 grams _ .
T s Y LT - 2.3 e/L/day.
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concentration in the harvest was high, However, not all of the varialion was
am artifact as shown by fluctuaticns ia »H and residual sugar,

The harvesied lettuce cells were an attractive. light green color and
had 3 pleasant fruity fiavor, They were filte~d off frem the medium, using
" or 3 thickresses of cheese cloth. washed with water, freeze dried, and canned
under nitrogen. These cells and cells harvested from other successful
fermenters have heen saved for use irn feedinz tesits, Casual observations have
indicated that white mice readily eat fresh or freeze dried plant cells
without anv apparent 111 effect.

Exp. 2 - Growth of Lettuce on NAA Medium with 3% Sucrose in a Fermenter
with Continuous Nutrieat Feed and Intermitte.t Harvest (Tavle 7). Three L of
21 medium in a It L culture vessel was iroculated with 1 L of 3 young let*tuce
culiure, The inoculum *otaled L g drr w2ight. Twelve L of the same medium
was used in the nutiriert reservoir, The culture was zlowed to grow as 1 batch
for T days and then nutrient was fﬁﬂ *o the culture on &z continuous basis a*
about 1 L per dar. Tre rusrient feed was discontinued from davy 9 to day 12
and the=w continued at 1 L per dav J“u‘l day 37 at which *ime it was increased
S L per day. 1In this exrerime:.> the culiure volurme was constantly charging.
allv L L, it had increased “o 8 L by day 72 thet. 2 L was harvested

ing the volume to 6 L, Bv day 1l the volume had increased again to 9L
L were harvested *educ1wg the volume agavh ‘o € L. and so on. However,
because of the constant nutrient feed, changes in the medium in which the
culture was growing were minimized, although the dilution rate was greater
vhen culture volume was low. In experiment 1 the intermittent addition of
fresh nutrient resulted irn sudden marked changes in *he composition of the
culture mediunm,

New 12 L reservoirs were substituted on day 12, day 28, day LO, and
dav L7. Although the culture was growing well, considerable reeldual sugar
rerained in the medium., On day °L & new reservoir was substituted with suc-
ross concentration reduced to 2%. The harvest vessel was changed on day 26,
day L2, and day SL. Sarples were taken regularly and pH, dry weight, and
reducing sugar determined. The culture grew well and rerained uncontaminsved
for €1 days., On day 61 a new reservoir was attached., On day 63 “he culture
was contaminated and was discontinued. In €1 days 7% L of culture were
harvested containing 706 g dry weight of cells, an average of 9, g per Liter,
The average volume of the culture was 7.1 L, the average d;luulor rate 0.1°F
.e“ day, and overall productivity 1.6 grams per liter of culture per day.

e y1e’d was 3L based on a net p*OGUCVIOﬂ of 702 g of cells from 2100 g of

1

w0 -
- .
-

ucrose (62 1 X 30 g/ and 12 L X 20 g/L). This culture showed a iong lag,
perhaps becaa5° a young, rather light inoculum was used and a gcod cell
concentration was nob attained until cay 16. Afte that. growth was good
with cell concentraticns in the harvest ranging from € <0 18 rmg/ml.

. e e e ek 7 e et " Catemat  ——




Table 7.

Growth of Lettuce in a Fermenter with Continuous Nutrient Feed and

Intermittent Harvest.

Culture Average Feed

. Day volumest volume rate
TTters Tters T/ day
0 4.0 - 0
2 k.0 4.0 0
£ L.O L.0 1.0
7 6.0 3.0 1.0
9 8.0 7.0 0
12 8.0 8.0 1.0
1L 9.0 7.5 1.c
16 8.0 7.0 1.0
19 9.0 7.5 1.0
21 8.0 7.0 1.0
23 8.0 7.0 1.0
26 9.0 7.5 1.0
28 8.0 7.0 1.0
30 8.0 7.0 1.0
33 10,0 8.0 1.0
3 9.0 7.5 1.0
3?7 8.5 7.3 1.0
Lo 8.0 . 6.8 1,8
L2 9.0 7.5 1.5
Lk 9.0 7. 1.¢
L7 10.0 7.5 1.5

Experiment 2,
T 279C, Air 1.5 L/min, Impeller 120 RPM

Harvest
rs

o O o

2.0
3.0
2,0
3.0
2.0

3.0
2.0
2.0
L.o
3.0
3.0
2.0
3.0
L.0

.0

2k

P

Reducing
o —
18.0
2L.8
28.0
9.0
6.0
8.4
9.8
11.0
12.8
10.0
9.7
10.0
9.3
9.3
9.3
9.2
13.8
16.6

21.0

NAA 0,1 mg/L, Sucrose 3%,

Dry
weight
mg7ﬁi

1.0

7.

Harwest
grams

0

0

L.2
12.3
1L.¢
3L.2
22.6
36.6

28.8




Day

%

Refore harvest.

Productivity = 706 -bLg

6l days X 71 L

= 1.6 g/L/day

Table 7. Growth of Lettuce in a Fermenter with Continuous Nutrient Feed and
Intermittert Harvest. Experimert 2, NAA 0.1 mg/L, Sucrose 3%,
T 27°C, Air 1.5 L/min, Impeller 120 RPM, (Cont'd)
Culture Average Feed Reducing Dry
volumes volume rate Harvest pH_ sugar weight  Harves®
iters liters L/day IIters mg/ml mg/ml grams
9.0 7.5 1.t 3.0 g.h 16.9 7.k 22.2
9.0 7.5 1.5 3.0 £.3 10.L 9.0 27.0
11.0 8.5 1.t 5.C £.0 11,k 8.6 43.0
Reduce Sucrose concentration in Reservoir to 2.0%
9.0 7.0 1.° 3.0 £.2 13.0 £.g 16.¢
11.0 8.5 1.¢ 6.0 L.¢ 8.3 11.1 66.6
10.5 7.7¢ --- 10.° Lo 7.8 10.3  108.2
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Exp., 3 - Growth of Lettuce on NAA Medium with ?% Sucrose in a Ferme--ter
with Continuous Rutrient Feed and Intermittent Harvest (Table 8), Taree [, of
WX medTum with 2F sucrose in a 10 I culture vessel was 1noculated with 1 I, of
a well-grown lettuce culture. The inoculum totaled 9.7 g dry weight., The
culture was allowed to grow for £ days and then nutrient was fed into the
culture on a continuous basis at about 1 L per day. The first harvest was
taken on day 7 and continued on an intermittent basis as in experiment 2, ‘lew
12 L reservoirs were substituted on day 16, day 26, day 3?, and day L2. The
harvest vessel was changed on day 26 and day L0, This culture grew well for
Lli days, but was discontinued on day L6 beciuse of c~ 2mination, Samples
were taken regrvlarly as before, and pH, dry weight, reducing sugar. cell
number, and protein concerntration determined,

In Ll days 69 L of culture was harvested :zortaining 560 g of cells,
an average of 8.1 g per liter, The average volume of the culture was £.,1 L,
the average dilution rate 0,26 per day, and the overall productisity 2
of culture per day. The yield was LO% based on s net production of 27
of cells from 1380 grams of sucrose (69 L X 20 z/L).

This culture showed =2 good cell concentratior from day 7 on rangi=-s
from 5-12 mg/ml, Sugar was well utilized with residual sugar in the mediur
ranging from 0.03 to 3.9 mg/ml, <Cell counts fluctuated ra‘her widely from
day 8 to day 28 but then stabilized at about 22 ¥ 10U/=1, ®rotein concen‘ra-
tion in the harvested cells ranged from § to 1°%.

The results of the three experiments are summarized in Table ©

Discussion

Plant cells that have been maintained as suspension cultures can grow
exponentially, probably because in such suspension cultures the nmajority of
cells remain capable of cell division, Growth rates remain low, and product-
ivity is no greater than that obtained with cells showing Zero order increase.
Since all nutrients are present in excess (L) and growth conditions appear
favorable, the question arises as to what is limiting growth., One possibility
is that plant cells are inherently incapable of more rapid growth, Another
is that the limiting factor is the rate of synthesis of some compound or com-
pounds by the cells themselves., In otjection to this view ig the failure te
get any marked increase in growth rates bty adding known growth factors or
complex additives to the medium (3, L). Another possibility is that the rate
of diffusicn of nutrients into the large plant cells is a limiting factor.

If so, reduction of average cell size or clump size should lead teo increases
in growth rates,
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Table €, Crowth of Lettuce in a Fermenter with Continuous Nutrient

Feed and Intermittent Harvest.

mg/L, 2.0% Sucrose, T 27°C, Air 1.5 L/min, Impeller 120 RPM

Culture Average Feed
Day volumek volume rate Harvest
liters liters L/day liters

0 L.c - 0 0

= L.o L.0 1.0 0
7 .0 L.g 1.0 1.0
S - -—— 1.0 0

2 6.0 £.0 1.0 1.0
12 g.o 6.5 2.0 2.0
1L g0 7.5 2.0 k.0
14 2.0 7.0 1.0 L.c
12 8.0 6.5 1.5 3.0
21 7.5 6.3 1.¢ 3.0
23 7. 6.0 1.¢ 3.0
26 3.0 6.8 1.° £.0
28 7.0 6.5 1.t 3.0
3¢ 10.0 7.0 1.5 6.0
2 11.0 7.5 2.0 7.0
32 7.0 6.5 1.5 3.0
37 £.0 £.0 1.t 2.0
Lo 9.0 6.5 1.¢ £.0
L2 8.0 6.0 1.0 k.o
LL 9.0 6.5 1.0 9.0

* Before harvest,

Productivity =

££9.9 - 9.7 grams

Lhidays X 6.1 1L
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Reducing Dry

= 2.0 g/L/day
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Cellsﬁml

—~ o -

Experiment 3. NAA 0,10
ht Harvest Protein X 10~
grams mg/gram

2.L 0 ——
——- 0 _—
11,6 11.6 -—
_— 0 —-—
12,2 12.2 ——
1.6 23.2 -—
11k L5.é T
11.8 k7.2 -—
10.0 30.0 19L
8.2 2Lk.6 123
7.3 21.9 56
11.°¢ 57.% 136
£.2 1.6 -—
8. r£l.0 93
10.5  73.% 122
8.L 25,2 101
10.¢ 21.0 109
7.2 3.0 %3
L7 18.8 81
.0 k5.0 9L
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P Table 9, OSummary of Fermentatlon Experiments with Lettuce on NAA Medium
E ) Experiment Number 1 2 3
Culture number 13 13 13
i Sucrose Concentratior - ¢ 3.0 3.092.0 2.0

Inoculum - grams 10.0 L.o 2.7

Days operated hl 61 Lb

Average culture volume - liters Lo 7.1 €.1
, Ave, feed rate - liters/day 0.97 1.0k 1,27
i Harvest total - liters L0.0 7h.g 67.0
Ave, concentration - grams/liter 12.0 o7 3.1
~ Dilution -ste per day (1) 0.20 0.1°¢ 0.2¢
: Yield - grams/100 g sucrose (2) 39 3k Lo
% Productivity - G rer L per day (3) 2.3 1.6 2.1
:
:
: (1) Feed Rate

Eve, volume

(2) (Total Harvest - grams) -(Inoculum)
’ ot e ¢ Tg sucrose/Ly — * 100
: (3) (Total Harvest - grams) - (Inoculum)

{Wo. days) X (Ave, culture volume)
;‘
—
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Tn our first report (3) the various systems reported in the literatur:
for producing large quantities of plant cells in liquid suspension culture
were reviewed, A recent report () described a Phytostat designed for con-
*inuous culture =nd aulomatic gampling. Tn the present study there has been
rood success with semi~continuous culture of lettuer eclls ir. a commercially
available fermenter, modified to adapt it %o plant cell ~mdture, Vhile =
steady state has not been attained there has bec: a fairly steady rate nf
rroduction of health uncontaminated cells for periods of up to 61 days,
Productivity is higher than achieved in shake flagsks, The system is ideal for
producing large quantities of plant cells with a minimum of manipulation.
Continuous nutrient feed has been used, Continuous harvest has not been
atterpted. Because cof the thick suspension of laryre plant cells amd clumps,
the harvest line must be at least 0.F inches in diameter, At the present
slow feed rates, it would be verv difficult to maintain 4 constant suspen-
sion in such a harvest line, Tn a iery large set-up a nontinuous harvest
would be possible,

in the preszat study, productivities have been mair‘ained of 1.2, 2.0,
a~d 2.3 grams per liter of cul*ure per day in ‘hree experiments totaling 1L6
davs, In a 10 liter “ermenter i4 would take abou'. 0 days to produc: a xilo-
gram of dry cells at these rates. Material costs would ‘e low. about 2-1/2 ks
of sucrose, plus nutrient salts, and very small quantities of inexpensive
grow*h factors would be reguired. However, the costs of operation may be
prohibitive at this stage of research., The possibility of using plant cells
grown in a fermenter for food is small, except under circumsitances where
cost does not matter,

Growth of plant cells in a fermenter is however, an excellent means of
accurulating cells for metabolic studies or for producing high cost products
such. as pharmaceuticals or enzymes. This set-up also provides an excellent
possibility for studying effects of medium and other factors on growth rates
and compogition of plant cells, 1In time such studies may lead to inucreased
rates of growth, and more economical production of plant cells,
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