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The methods used for the fwmprovement of commercial cultures
of microorganiems will be described and examples given of the results
obtained.

Mutation and seiection have been extensively used for this
purpose. During recent years considevable interest has developed in the
hybridisation of different microorganisms, bacteria, fungi and actinomysetes.
Methods used, apart from sexual methods, have included the para-sexual

process, transformation and transduction. This work has been mainly
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INTRODUCTION.

As a matster of convenience the present review has been
divided into two parts. In the first is given a general asoount of
the methods used in etrain improvement which it is hoped will be

helpful to thoes who are relatively unfamiliar with the eubjeot.

The seoond part deals with a number of different aspects of the
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As a rule straigh. forwacd meiation and selectiou is more reliable.

A considerataon of the situai:en brings ovr Lwo points. Firscliy,
that in an indusivia: orpantsitica the avmber of ovganisms aveilable for

wutation or for crossung i often limited, »o0 thal the possibilitles for

developing new strains is restricied. Secondg:y many of the difficulties
encountered are probioms alieady recopnised in plant breeding, and they

could perhaps be hettor solved by an exprct in breeding rather than by

someone whose field wag purely genetical.

It it 1s hoped to extablish new mi-robiclogically bhased industries

i

in the developing countries. the production of new stréins svitable for
these purposes could ba of great assistance. UeNo1.D,0¢ wight be in &
good position to initiate c¢r sponsor developments of this kind. it might
also be able to obtain a wide range of organisms to serve as a starting
point and to bring into action experts and laboratories concerned with
plant breeding who had special experience and skill in work of this type

if not specifically in the firld of micruorganisms.
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subjeos. ‘Tsee are srranged somewhat arbdisrarily, and it has besa
found impossidle to avoid some degree of repetition. The field is &
wide one and the review ooncentrates on those aspeots with whioh the
author is most familiar. In partioular the approach is practiocal
rather ithan theoretioal, and there is little or no reference to

genetiocal theory.
Part 1. OUTLINE OF METHODS OF STRAIN IMPROVENENT .

Botanically plants and micro-organisms sre divided into gensre end species.
However not all members of & species are in every wey identical. Tor instanoce ia
the oo\u?:o of work in Profecsor Raistrick's laboratory on the fungus Aspergiilup
gr_rgu_s_: / w;:und that out of a dozen ocultures ons produced the sntiblotic geodin,
snother produced itaconio acid while the remainder gave nothing of intereat. 411
these cultures were typical of Agpergillus terreus whioh is a light sandy brown
fungus. The one providing geodin was called the geodin producing strain, the
other the itaconic acid producing strain. The woxd "strain" oorresponds to
uyariety" or "clone" which are more gensrally used for plants.

Another example will be quoted as it {1lustrates not only the meaning of
ugtrains" but also the importance of strain selection in production woxk. This
i{s the instance of penicillin. The original culture which Fleming picked up
gave only a few millegrams of penicillin per litre, in surface oulture. When
the Americans came into the picture they imnediately started s large soale search
for new strains. In this they were undoubtedly guiled by their experience with
fungi, and this was to a large extent developed by the work done at Wisoonsin
University and the Regional Research Laboratory at Peoria which had devoted much

energy to the moulds used in cheeso manufacture and to problems of the utilization

of sgricultural products. The account is given by Baokus and Stauffer (1955).
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The fsct that these laboratories were in existance stemmed from a very early
realisation by the Americen Government of the impoitance of research of this
xind and the establishment of the Land Grant Colleges and research institutions
at s very esrly stage in the country's development.

The sesrch produced results of the grestes: value srd interest. Fleaing's
strain belonged to the species Penicillin notatum-chrysogenum, ond it was cul-
tures of this typs that were collected. The majority of strains produced no

significant amount of perioillin, but several were obtained which were far more

productive than was Flemaing's, and which, with the aid of improved media con-
taining corn-stesp liquor ard precursors, increased the yield thirty to fifty
times.

A vary important addition tc this was a second objective in the mind of
the Americans. This was to obtain s culture which produced penicillin in sub-
merged culture. The Plemming strain 4id not do this, and the one or two strains
whioh 4id were not very effective.

In these days screening is usually dons in submerged oulture in any osse,

and it is not always reslised that strains exist which work in surface oulture
but not in sudmerged, snd no one knows how to get over this diffioulty if the
mould proves obstinate. The search was in this case suocessful, snd s oulture
naned N.R.R.L. 1951 was discovered which has been the basis of commercisl pro-
duction throughout the world. Its productivity .as of oourse besn greatly
inoreased by mutation programmes.
The events which have just been described illustrate the gensral sort of
prooess which happens when s new fermentation process is brought into operation.
They illustrate the need for a farsighted outlook, in this case the requirenent
of strains suitable for submerged produotion of penioillin, a nsed recognised at

a time when the technioal practiocability of submerged fermentation was still a

matter of dedate.
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They also boing out the value of experienced workers. Much of the work being
dcne et Wisconsin Tniversity and at Peoria must have soemed of limited value,

but from it arose the poasaibility of vast new progress in pharmaceuticala. The
succeas of the Americans in this field has been attributed to their enormous
finanoial and industriel rescurces. It was also dua to the avsilability of
skilled ;eople who knew how to make this possible. At the present tima expertise
has become much more widely distributed and Reny resaarch institutes sre at work
in the world. One should not forget the nsed for this expertise when new
Projects are being started lest only the financial cnd commercial aspecis are

considered.

§train improvement methods.

The object of the present paper is to discuss strain improvement, and this
is the subject which immediataly becomes important when a new fementation
process is introduced.

The first step is usually s sesarch for new naturally occurring strains.
This has already been describe:d in the case of penicillin. Here the main object
was increassed productivily, but, as will be discussed later, other properiies
may slso be sought, such as ease of working, improved quality of product snd so
on. The latter mey be of particular importanse in the preparetion of food and
bevarages vwhen taste ia all iupcrtant. Other sieps may also be made to improve
tha process, 13 in the case with penicillin, by improving the culture medium
or the fermentation plant. Important though these are they are usually more
limited in scopa when compared with strain improvement as the new strein can
ususlly be used direotly to taka sdvantage of the new fermentstion conditions.

When the best available strain has been obtained and fermentation oconditions

optimised, a mutation - 3election progremme is the next stepon the road to

incresse production.
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The oulture is exposed to the action c¢f a mutagen, which may taka the form of
ultrs violet light or other radiation or a chemical and the surviving oe.lc or
spores isoclated and tested on the small scale. The changes produccd by the
mutagen sre genetioal in nature. 1 riginally mutation programmes involved test-
ing thousands of oultures, but more recently a more limited scale of working
has been found adequate to give useful results. Fuller details of these points
will be givan later. In practise & mutation programme normally takes six months
or a yasr before improvemants are achieved, and thareafter a oonsiderable further
degree of progress is possible. It is sssumed here that a team of workers
snd suitable laborstory facilities are available. If this is oot so there may
be a oonsiderabla delay in starting.

Although it waa known in 1944 that moulds oould be improved by mutation,
the introductory osrpaigns on penioillin wers certainly very much of an adventure
snd in at least one cese were quita unproductive. This type of work requires s
good deal of skill but as well ss this thers is a considerable need for oppor-
tunism snd the sbility to spot, slmost by intuition, vhere an advance has been
made whioh can ba followed up. In the penicillin case the N.R.R.L. 1551 strain
was given a preliminary examination and an isolate N.R.R.L. 1591 B25 was salactad.
(Backus and Stauffer ;gg.oit). This was mutated and given a rough salection in
Prof. Demerec's laboratory when a muoh improved mutant wae obtained. This was in
turn mutated st Wisoconsin and another improve oulture Q-176 waa the reault, giving
sbout four times aa much penicillin as the original strain N.R.R.L. 1951 B25 - in
the course of 2-3 years. This brought yields to over 0.5 ga/litre. By 1949 streius
two or three times as good and free from the undesirable yellow colour were
produced, and since then yields have bsen slowly inoreased to 7 gm/litr. or more.

The effeot of the mutation work can easily be imagined. A plant with say
twenty fermentars planned in 1946 in the expectation of obtaining 0.3 gn/litn
would find that when it was in full working order three years latar that tha

derived output could be achieved with only two or three fermenters and by much

reducad effort on the oxtraction sidas.
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Nesdless Lo say reduced pricss end tzoreased damend utilised spece plamt cape-
oity, but also st {mulated the sesrch for new producia.

In eddition to selectiom with end without mutetion, hybridisation hes
also been used for strein develo;ment work. Of partioular intervet has been
the discovery of oonjugstion processes {n noraelly ssexual micro-orgeaisas.
Although this is an interesting field it hes not oa the whole deen as produstive

aa mutstion and aelection .

Types of culture involved, and SOmS SABERLAR-
Although in mutetion work the greatest interest has besn with fungli and

actinomycetes, a oonsidsradle smount has beem done with yeests and beoteria.
A great deal of work hes been done with the latter types of aicvo-organism a8
part of the atudy of genetics. This has cleerly showa that sutente cea b
readily obtained.

In the cese of moulds and for industrial purposes, improved sutante have
been used for the produotion of pentoiliin, grisecfulvin ond itaqonie eeid omd
probadly in other ossea as well. lesa atriking sdvences have been asde iz the
produstion of gibdberellic acid.

With actinomycetes mutstion hse beea used 10 imszesse the yield of the
tetracyclines as well as to oMain atreins giviag mew typee of satidiotic fomm
tetracycline producing oxganisms. Other actinomycetes suscesefully amteted Maw
been producers of streptomyoin, erythromyoin and others.

In an article published in 1962 Alikhemisn sefem to inoweese in pemisillia
yields in 1943 of srousd 200 u/al incressed to 8000 ty 1933, fifteen te twamty
fold increases in ohlortetracyoline and oxytetrecycline duriag thw early yoam,
and & doubling of the yield of exythremyoin botween 1955 and 1961,

Important advances have also besn made with decteria. Ae a vesult of exben~
eive selection work the Japanese sstablished virtually ¢ nov industzy Vo yueluse

glutemio ecid (o.f. Muang, 1964).
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later glutamio acid producing stroins were mutated by the Jspenese to give lusine
(o.f. Buang: 19¢ git.). lysime producing strains have been obtained in U.S.A.,
Csechoslovakia and in U.S.S8.R., lysine being particularly important as a food-
supplement for animals. Improvesent in toxin production by Clostridium culturea
hes alac been obtained using mutation with fast neutrons.

In connexion with the development of proocessea for the production of
protein fron hydrocarbons and waste products, extensive work has been done on

the selection of strains, including the selectiqn of streins which grow at higher

temperatures.

Much has been written about strein improvement work. Backes. and Steuffer
(1955) have disousaed psaioillin work snd reviews by Alikhanisn (1962) &°d by
Celes (1964) may be weniioned. A particulsrly interesting series of papers w.s
given at a Congress on Lutation in Moecow in 1965, but the book published after

the congress is hard to come by.

| tion

Orgenisns sre usually mutated by making a suspension of the cells or pref-
erebly spores in water 80 a8 to give a viable count of 1070011-/‘1.. exposing
the sus,ension to the mutagen until the viable cell oconcentration falls to
10" %0e1le/al. and then diluting and plating. The degres of kill which gives the
best results is a matter of argusent, eome preferring high, others low kills.
¥hen the diluted solution is plated to give 50-100 visdle cells per plate, single
colonies develop on inoubetion which oan be pioked of and tested.

The sutagen may be ultre-vioclet light, in which cese the suspension is
pleced ia s shalloy petrie dish and exposed to the lanp for a suitedle length
of time, say 2-20 minutes at a distance of 15 centimetres. The dish is stirved
oF rooked during the exposure. If a chemical mutagen 1» ased it 1a adfed ot 3

low dilution, say O.01M tc the suspension and allowed Lo eot for a time.
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It is desirable to control the temporature to give reproducible results. After-
wards sodium thiosulghate is added to destroy the mutagen and the suspension is
diluted and plated. Commonly used mutagens are nitrogen mustand, ethylene
imine , diethyl sulphate, 6-mercapto-purine and others. Recently some nitroso
compounds have become populer such as nitroso-methyl urea and N-methyl-N-nitroso-
N-guanidine which gives very effective results. More then ons mutagen may be
used in succession. Ionising rsdiations guch as X-rays or gamma-rays or fast
neutrons are alsc used, usually applied to a colony of the organism,

The actual choice of the mutagen is usually based on experience or on
triel and error. It is often necessary to test a number of methods untis
favouratle results are obtained, and to build on experience. The methods of
isolating mutants and preparing then for teat depend in each case on the type
of organisn being used. Arrangements must also be made to store the mutants
subsequently obtained, during end after tasting. Slopea may be covared with oil
end held in the refrigerator, or spores Ray be atored on acil, esand or silica ox
freeze dried or neld in liquid nitrogen.

The coloniea obtained from {eolation plstes are transferred to slopsa and
these alopes are used for testing. The methods used will be those appropriate
to the subject being studied, but as e rule this involvea culturing in small or
large shaken flasks in an inoubator, the product latsr being suitabdly sssayed
It is necesaary to dc thia work with ee high s degree of scourscy aa is possible.
The degrea of accurscy snd reproducibility to be aimed st depends on ciroum-
stancss, but it can be dangerous to attempt mutation and aelection if the methods
are unrelisble as they may make thre detection of improved strains almost impoes-
1ble. The selection method should be such that results obtained are reprodueidle
on the menufacturing scsle.

In selection work it is best to firet test ae meny cultuzes a8 poseidls
weing a single flask per tsolate. Thia test may be regarded as a rough soreeh

ehioh aliminates those ouitures which are not worth s serious test.
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One tenth to one quarter are then retested using 3-4 flasks so that the test
ones oan be retested. If conditions are good it #ill be found that the best
five selected will include an improved strain, if such are prasent, and then
mutation and reselection of these five strains forms the basis of the next nuta-
tion stage. It is better to run a series of mutations, testing a relatively
snall number of strains at each stage, than to screen a large nuober of strains
at each step. The reason for this will be discussed later. Vhen an obviously
improved strain is produced it should be carefully examined and tested under
different conditions to cheok its stability.

The recently published series of volumes "Methods in Microbiology"
(Academio Press) will be found to oontain muok valuable information on the

techniques used.

Factors in successful mutation work
Many factors contribute to the success of strain improvement work. One

of these is a careful study of the organism being used and the fermentation
process, so that ell the isolation and testing work can be done in the most
suitable way and with adequate reliability. The method used to estimate the
product must also be carefully chosen, simplicity snd ease of operation being
balsnced agsinst reliability. For instance in the early stages of screening e
simple almost yes-no test may be enough. later when fermentation improvements
are being sought an sccurste and specific test must be used, s an unreliadble
sethod can be fatal to success.

There is genersl consensus of opinion that tae nature of the strain being
suteted plays an impartant part in the succeas of the programms. Some streins
respond much more readily then others, while others sre very difficult to bdudge.
A9 Professor Alikhanian hes pointed out, sometimes @ mutation occurs which hes
1ittle effect oa productivity but which disposes the wutant to jumps ia product-

fvity vhen given a further trestment.




-10-

For these reasons it is better to include in a programme a suocession of muta-
tion steps (in the hope that one or two will succeed even if others do not )
rather than screen on a large scale from a few mutations. The fact that
frequent mutations are run, only a few mutants (e.3. 100-200) being screened,
does not mean that overall only a few strains are tested. In a year as many
strains will be tested as in s scheme with a few mutations and the screening
of many mutants in each case (say 1000 or more), but there will be more oppor-
tunities for a mutation to oocur.

As has been mentioned, mutation work is often highly successful, large
sdvances in productivity being achieved in the course of a few years. After
this the rate of advance may slow down or even appear to stop. The best thing
to do under tnese circumstances is not easy to decide, but a slow advance may
still be possible and as many variations as possible should be used and care
teken 1o ensure accuracy of testing. Changes of medium and test-conditions may
also be useful. At some point increases in the size of the fementation plant
may be required if a rapid (rise) in productivity is needed urgently.

iAn important faotor is the careful caoice of objectives. Careful consid-
eration should be given to the actusl requirements and the objective should be
made as simple as possible. Ideally a single target should be sought, e.g.
increased productivity. Circumstances may srise when several requirements have
to be met and in this case dus allowance must be made for inoreased effort. It
nay be best to oonseider a step b;/t:pl;roach which gradually brings together différ-
ent needs.

If one is planning a mutation programme it is advisable to set limited
targets to be schieved at intervals of say six or twelve months. These may be
for instance so many isolates tested or a certain degree of improvement. Under

oiroumstances where results may develop slowly this is helpful in keeping up an

sdequate rate of progreas.
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Hybridieation,

While the early work on mutstion carried out in the late forties gave
valuable results, it obviously depended on chance for suocess and it was natural
that methods were sbught which it was hoped would anable strain improvement to
beooms a soientifioally oontrolled process. For thia purpose attempts were made
t0 intxroduce the poasibility of hydbridisation so that chosen strains could be
orossed. Since the most important strains of moulds and actinomyocetes are asexual
this seemed impossidle at first. However in 1951 Pontecorvo, Roper and Sermonti
discovered a method of hybridisation, the parasexual process, which has sgince
been used extensively in genetiosl work and haa alao been applied %o strain
inprovement.

The method involves preparing mutants of the two parental strains which
will not grow on minimal media,that is on media free from amino acida and
essential growth fsotors. If a mixed culture of such organisms is made, the
hyphae interlink and nuclei of both varieties ocour in the ssme cells. If, as
sometimes happens, two different miolei fuse, a new strein comdbining the proper-
ties arises. Being doudble it is called a diploid, and aince it oombines the
properties of doth strains it grows on ainimal medium and can be isolated.
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The properties of these diploids lie between those of the two parents,
and in order to take advantage of the cross the diploids must be mutated to
give strains with the nucleus further modified so as to give improved results.
The mechanisms ofthis process ere fascinating and for the study of genetics of
the greatest importance. As a means of strain improvement hybridisation has
certainly given rise to some increase growth and sporulation. For a general
discussion of methods and results see 'Methods in Microbiology",Alikhanisn (1962),
Sexmonti (1954) and Macdonald et al (1963). EHybridisation has been carried out
with moulds and actinomycetes parasexually, while Russian workers have used
phages for crossing (Alikhanian and Iljina, 19573 Teteryatnik et al., 1962)
Hybridisation is also possible with yeasts and baoteria.

4 hybridisation programme (see "Methods in Miorobiology" for details)
involves the following steps:-

1. Mutation of parental strains and selection of mutants for orossing.

2., Hybridisstion of the mutants and isolation of diploids.

3. Mutation of diploids to give new strains which sre then soreensd for
produotivity. Probably at least two mutation steps will be needed.

Bybridisation is thus slowser than autation, as the first step may take a
considerable time, and the n3oond step at least a month, : neithexr of these
steps is likely to lead to any increase in production in itself, all depending
on the later mutation steps. The hybridisation system thus ruffers fxom certain
handicaps. None the less it is not to be discarded too quickly as it has a con-
siderable potential under conditions when cultures grow poorly or when struight
mutetion is failing to produce results. Hybridisation is not the first choice
when starting strain improvement work. A further discussion of this subject

will be given later in the section on problems of strain improvement.
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Leboratory facilities and apparatus required, outline of methods.
For mutation end strain improvement work the facilities required are

relatively simple. A working team frequently comprises a skilled microbiologist
with one or two assistants. For them a laboratory about 7 by 10 meters in size
would be required, with\ 2 cubicle for easepti:> working, incubators or a constant tem-
perature room for growth of slope cultures and petrie dishes. A cold room or

large refrigerator would also be required (+2.C). For culture tests a constant
temperature room with shakers to take 200 to 500 flasks would be needed. The
rotary type of shaker (2 5 cm. diameter oircles, 250 oyoles/min) is preferabdle.
Details of these can be found in "Methods of Miorobiology". Apart from this
apparatus, ocentrifuges, filtration apparatus and so on are needed.

A considerable amount of washing up, medium preparation and sterilisation
is involved. A separate kitohen is needed foxr this purpose. Facilities for
the long term storage of cultures by one of the accepted methods ig desirable.
Space, apparatus and possibly an extra assistance may be needed if the produc-
tivity of the mutants has to be assayed bv the mutation team. In some institu-
tions many of the faoilities desoribed Q?;:;gnpb are provided by central
sexvioes.

In some cases stirred oulture apraratus is necessary for a moxre oomplete
assessuent of new oultures, as shaken cultures may not suffioiently resemble
plant oonditions. Types of stirred oulture apparatus and its usesare desoribed
in "Methods of Microbiology" Vol. I and in a number of artioles.

The foregoing gives a general idea of the sort of facilities required.
The aotual details of the proposed programme will define laboratory aend other
requirezents which will be needed, and it is impossikhle to cover in detail
every possible need. It is alsc difficult to deaoribe a general mutation pro-
gramme that will meet every type of work, but a gensxal outline of a programme
with a fungus might oonsist ofs
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1. Selection from a previous mutation step of the five best oultures.

2. Mutation of the oultures as suspensions with radiations or with a
cheaioal, followed by dilution and plating. This would require about 500 petris
dishes (Time, 1 day).

3. Inoubation for 4-7 days while colonies develop.

4. Picking off forty to fifty oolonies from each mutant and preparing
3=5 slopes for testing (1 day).

5. Incubation of slopes of 4-7 days to give spores, followed by examina-
tion of slopes.

6. Inocubation of flask oultures fram the slopes (200-250 isolates).
Growth of'oultures for production test, one flask esch (first soreen). Incuba-
tion for 5-9 days.

7. Assay of samples for production of desired material, choice of best
50 (1-2 days).

8. Retest of best fifty oultures using 3-4 flasks esch. Inoubation 5-10
days, posaibly more. It may be desirable to use a two stsge prooess.

9. Aessay of samples, choioce of the best five for re-mutation. One slope
used to provide a master oulture. (1-2 days).

10, Repeat of the proocess. Total length of oyole 24-43 days approximately.
Number of oycles per year would be 8-15, though ten would be a good average for
a small team.

With other organisms, e.g. baoteria, growth times would be much shorter
and more oyoles would be oompleted and a whole variety of modifications and short-
ocuts could be introduced. The figures and methods suggested are intended mexely
o outline the sort of work that is involved. In this example it is suggested
that 500ml.Erlenmeyer flasks are used. In the writer's experience fairly laxge
£lasks holding 40-60 ml. of medium have proved best as they are reliadle, give
good results and give ample material for test.
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Many workers use small flasks or large test tubes and for many purposes thay

give satisfaotory results. However it is unwise to saorifice acouraoy for
oonvenience if it introduces unreliability and thereby prejudices the sucoess
of the programme. Chemioal methods of analysis are usually best but bio-assays
are often found quite satisfactory.

4 laboratory for strain improvement work usually forms a relatively small
part of an organisation devoted to process development and shares in the facili-
tiea which are generally available.
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Part 2. ASPECTS OF STRAIN IMPROVEMENT

1. OBJECTIVES IN STRAIN IMPROVEMENT PROGRAMMES

Up to the present time strain improvement has usually meant attempts to
get better yields from existing cultures, using basically the original ferumen-
tation process. This has slready been illustrated by the case of penicillin.
As in the case of penicillin, strain improvement usually involves two phases.
In the first phase productivity is substantially increased to a commercially
feasible level. Thus with penioillin the original yields of a few millegrammes
per litre were raised to around the C.5 or 1gm/litrc level. This would permit
the production of considerable quantities of penioillin without excessive
difficulty though very large plants would be required. Further development up
to 2-3 gm/litre could probably be included in this phase. In the seocond phase
of development the main factor would be a matter of commercial competition
from the price aspect. The first-phase increases would make laryte scale pro-
duction feasible and also bring prices down to moderate levels, 1.e. from the
levels of pounds to shillings or less per gram. (It is impossible to be precise
over this). The second phase might reduce the price by a half or so but not
much more, because at this stage isolation and purification costs per kilogrem
start to become dominant. Levels of 5-15 gn/litre seel to be the upper limit
under plant oconditions.

The foregoing relatea to antibiotios for which relatively high retail
prios are usually possible, since doses of a few grams are sufficient, while
packing and distribution costs are usual'y also high for a variety of reasons,
for instance because of the high standard of control involved. With more

industrial types of material, s0ld in kilogramms rather than grams, sale prices /
are much lower.

RS
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Here the ccst of raw materials required for fermentation becomes dominant and
much nigher yields and conversion rates are needed. Instances of this type
of fermentatvion are production of glutaamic acid or lysine, or & food yeast.

All these points have to be taken into account when organising strain
improvement work. It would seem that where biosynthesis is involved (e.g. of
@ oomplex antibiotic) yields of 5-15 grams/litre may be odbtained, thoush
sometimes maximum yields are lower. With conversions (e.g. glutanic aecid, cell
production) yields are higher. (20-50 gm/litre, with 60% or more conversion
raw material.) In either cuse some degree of strain improvement is often
nececsary before & process becomes feasible.

The other possibility of strain improvement involves producing strains
giving special products for special purposes. An outstanding example of this
is the production of lysine by mutants which have be:n specially blocked bio-
chemically. In a similar way, tetracycline producing actinomycetes have bLeen
mutated to give new substances. Anothexr possidbility is the production of
mutants giving good yields but in a purer fom or by an easier prccess. Ain
;xample is the production of penicillin free from the orangs colour whioh was
8 serious problem in the early days.

When a new industry is being established the disoovery of suitable new
strains is a matter of vital importance. While this is a problem of seleotion
rather than strain improvement, many aspects are similar. More than one strsin
having suitable activity may be obtained, and the choice of the best one is
important.

The first stage, as has already been mentioned, is to bring the best
available strain to a level of yield which is technically «nd econimically
practicable. After this the main target is nearly alwaya increased performance,
this being valuable and usually experimentally straight forwaxrd. A second
target is the selection of ¢ oulture which is stable and easy to use, e.g. with

800d sporulation and with a oonvenient fomm of growth.




A strain which is varieble or unreliable in performence is slways diffieult
to oontrol and is probably more trouble than it is worth. In this part of
the work biological knowledge, experience and know-how are of particular
value.

Anothar possibility that would be importent in develnping couatries, 1ie
the selection of strains that perfom well under special local conditions, e.g.
that are able to utilise cheap local raw materials. It hes also been suggested
that strains capable of working st increased tempsratures night be useful,
under conditions where cooling is difficult.

While it may seex that almost unlimited possibilities exist, in fect meey
objectives are difficult to achieve, and it is cgain emphseised that the

simpler they are the better.
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™e gereral methods for culture work in shaken flasks and
stirved ferwenters are described in "Methods in Niorcbiology™ Vol,I,
sevelligy in other places, and it 1a not proposed to go into detsil at
Shis stage,

As has been mentioned above, it is recommendsd that selection
is conducted in two or thres stages, the first oonsisting of a test in a
single flask, the zocond of about ons third or one quarter of the cultures,
giving the bdest results, using three or four flasks, 4 third test of the
best 10% , also using four replicates, may be used if necessary. It is
also suggested that instesad of passing farward & single "best” strain for
mutation, the best five or ten should be ocarried forward, all being mutated
and then 20=4L0 of the isoclates being screened, This contrasts with other
sethods in whioch, say, a thousand isolatss are screened and the best
carefully chosen for further work, It should be noted that using the
proposed mothod as many cultures are screened as is the case where larger
groups are used, the difference being that more mutations take plaoce.

These proposals arose frar an extensive mathematical study
(Davies, 1964) based on the results of soreening work in the penioil'in
field, A summary of this has been g iven by the writer (Calam, 1964).
In this work the effect of random testing errors was eliminated mathematiocally
80 that the distribution of mutants in ths treated population could be
dssoribed with reasonable aocuracy,

It was assumed that following a mutation it is likely that
there vill be present more amutants giving a small degree of improveament
than there will be mutants giving a large improvement, It is therefore

sdvantageous to screen a small group, hoping for a small incresse, than a

large group to get a larger inorease.
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The difficully 1s the testing error mhieh aakes it hard S0 find
the bdeat streing; oven oo it ia likely thet the few apparently
et streaing will include these giving the highest yislde,
Nutated pepulations considered by Davies were reted poor,

standard and good, Seme oriteris were:-

WW‘MW

e oo, o o 1g8

Poer Vhﬂ 2.% m ‘/w 000
Stendard /20 3.0 1/200 1/3000
Good 1/10 &9 /% /300

As explained, these figures were based on eetimetes made with
punieillia oultures which hed alreedy been mutated many times and progress
was slow.

Applying these data the possible rates of incresss per tea monthe
were ocaloul.ted, assuming batohes of 200 flasks were in ocatinuous operetion,
with a standard arror per flask for the secreea of 10K, A ten-month period
was used asa basis : with three-etage soreens less stepe could be campleted
than with two-gstage soreens. The caloulations includsd a reduction in eeeh
step from 200 to 10, 5, 3 or 1 beet gulture before re-sutating and soreeaing,

It was found that with a “"good" population it wap slightly better
to reduce to one culture at aach soreening atage, but with s "poor” populatiecs
reduction to 5 or 10 was better, The rete of improvemsat over 10 moaths with
the good population would be around 100K, with the poor popuiation about 13
with the standard population about 45%, As has been indiceted it is prepessd




to putate soverul strains to take sdvantage of the possidility that one
csultule aay respend better than another, These caloulations are no more
then estimates dut they eover ths gemerel primeiples involved in soreening
verk,

Whea tWais qoten 1is ia eperation aa imgroved strein smay not
shew up premissatly st first, Onm Deiag pessed forward to the next soresning
stages, he groupe of 1salates descended from it will tend to stend out as
otter than the othars, thus bSriaging & consideredle weight of evidence
to boar when the ehelos is mads,

Whea ssleetion has oomtiaued for a time o« sslection of the best
streings can o givea an emteaded Sest S0 elear wp the position, 4An
séventage of he sulti-stresn mutatica agsten is that cultures frem other

pregremmts con %0 fitted ia, or soveral Ypes of sutagea oah bs used ia s
siaghs step.




-23 -
AUTOMATIOR IN 3CREENING

Automation of various types has been applied to screening work
for many years. The author has reviewed the situation fairly
recently, (Calam, 1969) and this present section ig a sbortened
version of the original paper,

Whether automation is introduced or not ig a matter of
economics, depending on labour costs, the elaboration of the assay
methods required and the number of samples to be dealt with. Nlly
automatio apparatus is probably more expensive in capital but cheaper
if in regular use. When, however, the automatio system is not needed
every duy or where it would be necessary to have a number of systems
to do different types of analysis, they may not appear as attraotive
as would be thought at first. In many cases the answer to the
Question "#hat advantage would be gained if sutomation was used
more extensively?" is probably "very 1ittle'. 1In many cases
manual systems will handle the number of samples required and the
only advantage would be the possibility of a quicker turnover. In
some situations, however, rather more expensive automated methods
may be justified when they save labour and make programmes muoh
easier to run.

In the writer's view, cnepossibility introduced by automation
is an improved flow of information and statistical analysis, tous
enabling a faster and more reliabls assessment of the position.
This should allow detter direotion of the programme with an
improvement in results over the best that can be done by intuition

alone,
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A single mutation programme requires a large number of petril
dishes, test tubes for slope cultures and flasks fcr screening procedures.
If several programmes are in operation at the same time, the weekly
turnover can be in the region of several thousands of flacks and other
pleces of glassware including pipettes and otber minor items. The
washing up and handling of these materials can advantageously be
mechanised, washing up maohines capable of dealing with 3 - 15 thcusand
pieces per day (depending on ahapo) are available whick reduce the
problem to reascnable proportions. The handling of the material between
the central washing up laboratory and the amtation laboratory can be
rationalised to a oonsiderable degree so as to reduce to a minimum
the expenditure of the efforts of highly trained sssistants on this
type of work, as well as reducing delays. Waehing up is not popular
ard taere is every reason to introduce mechanisation to the widest extent.
Glass flasks, test tubes and pipettes are used. Petri disbes are usually
rade of plastic and can be discarded, showing an eoonogy on labour in
bandling. Flasks and pipettes still appear to be more economioal when
made of glass and used repeatedly.

In the writer's view sucoessful soreening work dapends on aoourate
mechaniocal operations of the laboratory prooesses involved, such as plating,
isolation and testing of mutante, acoompanied by a critiocal and thorough

scrutiny of both results and technique. These can bardly be
replaced by sutomation as we know it as present. It is a feature of
automation that it ocarries out literally the instruotions put into it
and makes those observations which it is instructed to make, but it is

unable to exert the sort of scientifio oritioism which is necessiry in

eoreening work if sucosss is to be obtained. It is felt that progress
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is usually made because of the careful observation by the graduate in
obarge. His oritical faoilities enable him to deteot false leads and
spurious results whioh can so easily be misleading. It is therefore
felt at present that this step cannot be automated.

The analytical stage is seen as involving two or three steps.
In the firet place there is the proparation of samples for analysis
which may involve a considerabtle amoun: of worke The second step is the
aotual analyses of the solutions produced. This may involvoe a simple
colorimetric analysis but in many cases chrrmatography may ba required,
often by msaus of a gas chromatogram to avoid the effeot of interfering
substances. In screening work relatively ocrude aralyses can often
be used, but it is necessary to be axtremely oritical, espaoclally as
mutants may show differing proportions of products from the parental
strain. This can be misleading when different proportions give different
responses in the assay method.

The greatest developments in automation has been seen in
oonneotion with the assay of the samples from the test flasks. About
10 years ago Techniocon introduced the Autoanalyser which was
imsediately adopted for many routine antidiotic assays, for instance for
the assay of penicillin. Since then oonsiderable technical advances
have been made and some interesting apparatus is now availabla, Typical of the
units whioh were seen at Technioon's Autumn Congresaes in 1967, was
a ocntinuously operating filter whioh would enable samples to be put
into the analytioal system without previous filteration, thus saving
a oonsideradle amount of labour. Apparatus ascociated with this was

& Beolmann ultra-violet absorption spectrophotometer with automatio

readout which would present the results on a typewritten slip, making
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them immediately available. The automatic punching of data on tape for

computer calculation is being intrcduced. Large sample trays ere

being provided so that large numbers of samples can be put into the
machine for automatic treatment, this being important when it ise
desired to operate for apparatus continuously outeide the ordinary
working day.

One of the most significant developments by the Technioon
Company has been the introduction of computer control of the so called
automatic laboratory. This is intended for the hospital servioe where
a very large number of laborious and uninteresting snalyses have to
be carried out with great acouraoy and reliability. In addition, in
the bospital the oollection and presentation of results is extremely
laborious snd the computerised system has great value in this respeot.
Much of the apparatus displayed was foreshadowed in papers given at a
Congress in Mew York (of. Ferrari, 1965). An automated laboratory
would be capable of handling thousands of assays a day, but it is

rather unlikely that such large numbera would be necessary for the

ordinary type of screening programme. Attention is therefore drawn
to0 the considerable number of types of apparatus now available which
one might call semi-automated, for instance the old fashioned flow-
through oell for a speotrophotometer whioh enables the rapid turnover
of samples to be obtained.

A number of automatic metering and dilution units are now available
whioh would enable 200 samples to be analysed per day ueing quite a
eimple colorimeter, and this would be sufficient for the ordinary type
of soreening programme. In contrast to this, in a number of ocaess
g8 chromatography is necessary and here the time taken for the sample

to pass through the ohromatogram limits the number which oan be bandled

by a single instrument in a day and therefore reduces the effectivenese
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of automation. Automatic integrators are now being used to measure the
peaks and record the results. The autcmatic measurement of spots in
paper chromatograms is also being developed, but involveSgreater
difficulties for various technical reasons. 4n interesting apparatus
described at the New York meeting (cf Ferrari 1965), was the Kline and
French automatic system for handling microbiological diffusion assays.
The samples were applied to cups on a large assay-plate by automatic
Pippettes, and the zones were ultimately read by a zone rcading system
whioh recorded the zone sizes as a digital print-out and on tape for
computer calculation. 4 turbidimetric assay s7stem was also described
in which the results were punched on to I.B.M. cards. 4 system at
presea: being developed involved the use of calipers giving an electronic
readout, connected to a desk oomputer which averazas circle sizes and
types the results direotly. The intrcluction of computer programmes
which can acoept the data direotly from the punched tapes produced by
automatic analyses and treat it without the necessity for it to be prev-
iously listed and classified by the screeners, and the incorporation

of existing material should provide a full survey of the position.

A rapid analysis of the results should be possgible, which would give

innediate guidance to the next stage of the screening work.




- 238 =

At the present time the difficulty of statistical analysis ard the

time takon prevents this approach being practically as useful as might

be hoped. The application of computers should enable more information
to be obtained from limited amounts of data and make it easier to select
the best dose or type of mutagen and to select the best populations of
irradiated cultures for screening. In this way screening could be
ooncentratc) on those lines which arpear most profitable and the wastage

of effort on unsuitable lines avoided.

The author's assessment of the position 1s that very considerable
pocsibilities are available for development at the present time, but so
for thay remain possibilities. The introduotion of new types of data
reading, the collection of data and its study will require an intense
effort on the practical side. A considerable degree of imagination
will also be needed if the best use is to be made of these possibilities.
Ae far as one can judge, the automated lat-ratory eysteme have not yet
been applied purely for antibiotic screening. It is unlikely that
the experse and trouble invclved would produce any immediate effeot
which could be assessed eoconomically. Screeners would have to spend
considerable time gaining experience in the new methods of results
presentation and it would be some time bafore any progress oould be
attributed to the improved eystem. It would ve necessary to deal with
all these aspects before fully automated systems can be introduced into
soreening procedures.

Another possible difficulty lies in the relative rigidity of
an automated system, in which expensive apparatus and other facilities

can be tied up in a prooedure which can easily beoome redundant if

oiroumstanoes or working methods ohangse.
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MUTAGENS AND MUTATION

The earliest mutagen to be used aprears to have becn L-rays. The early
work on penicillin by Backus and Stauffer (1955), already veferred to, describes

the resulis obtained with P.chrysogenum, which was first mutased with X-rays,

then ultra-violet light or nitrogen mustard. 4 series of selections was also
pade without the mutation step. The uutagens used represent the 25ents then
beirg used, while the work without mutation arose from a feeling at that time
that mutation might not have any effect oa ricro-orgzanisms. Nitrogen mustard
was one of the earliest cytotoxic agents and a precusor of extensive work on
alkylatirg antitumour agents, many hundreds of which have been prepared and
tested. Later a number of other chemicals were found to have mutagenic action,
such as S-ethoxy-caffein, 6-mercapto-purine riboside and others, and certein
antibiotics. Most of the mutation work on entibiotic producing orgzeniscs was
carried out in industrial laboratories and has not been publishad, but numerous
papers have appeared from the All-Union Research Institute for Antibiotics and
the Xurchatov Institute in Moscow (Prof. S. I. Alikhanian). Other work has been
on plant cells and bacteria, and a book by Kiilman (1966) is of value here,
while Prof. Charlotte Auerbach (e.g. 1966) has published much inieresting work.
The present review is largely based on these sources. Mutation work is abstracted
in the jowrnal "Plant Breeding Abstracts".
Some of the oommonly used mutagens are:-

X-rays

Ultra-violet rays

Nitrogen nustard

Ethylens-imine

Ethyl methane sulphonate

Diethyl sulphate

8-Ethoty caffeir

Nitroso-methyl urea

1-Methyl-3-nitro-1 nitroso-guanidine

p=Progiolactone
Fast or thermal neutirons
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Hany otiar substances have asise been bBrought inte use. is hes et already

wontionsd ‘he sutagens are usuelly eppiied %c the cells in gl 7 duffer or

weter ot d:lutions of re. 111000, or 0.0' Moler for e fow mimutes up to an hour
ar more. Radiations ere applied to suspenstions or to sporulating coloniea.
Beutrons sre ottained from en atami: pile. Details of comcentrations, times of
exposure etc. 2an be found in the litersture but usually have to be adjusted to
suit the orgenism being treated. Usually a kill of 99% or more is aimed at,
though sewme of the chemiocals are relatively non-toxic and low kills are used.
Sonetines sutagens are used in paire, such as treatment with ethylens inine
followed by ultre-violet light (Alikhanisn, 1962).

It was found that when X-rays were used there was an immediate effect on
ceils (chromosome breakage) and that mutagenic action was greatly stimulated by
the presence of oxygen or air. The alkylating agents produced a delayed effect
on the cells and were unaffeoted by the presence of oxygen. The abberations
produced by chemicals tended to be localised, while with X-rays damage was
distributed at random both within and between the chromosomes. It was latexr

found that other chemicals, such as 8-ethoxy caffein resembled X-rays more

closely; it was affected by oxygen and gave a non-delayed effect, but the
effects were much more localised. It is typical of chemical mutagens that
their effects are on specific loci rather thanat random, as with radiations.

A considersble number of different types of action have been found to
ococur with chenicals, some being a‘fected bY anoxia, sowe not. lost give a
delayed effect, others such as 8-ethoxy caffein and streptomigrin, not. The
offect on chromosomes may involve stiockinessg sub-chromatid exchanges, chromo-
some exchanges or fragmentation. Others inhibit deoxyribomucleotide biosynthesis

or remove DNA-bound metals; individual mutagens act during different stages of

DNA synthesis.




- 31 -

While these facts are of little help in the cholce of mitagens they indicate
the wiic range of effects that may be produced.

Auerbach (1966) has summarised the way in which the geretic background
of the cells, the effect of preliminary storage or nutritional regime or the
rature of the mutagen can affect the type of mutation produced. Thus with
Neurospora a type of reversion increased many tires when the dose of
diepoxybutane was increased (decreasing survival from 49 to 12%) but the
response/dose curve differed widely with other mutageaic agents. Alikhanian
(1962) shows examples of how treatmemts giving morphological mutants did not

produce changes in productivity. With Fusarium moniliforme cultures producing

gibberellin, Erohina (1968) has shown that whilas nitroso-ethylurea and ethyl
methane sulphonate gave more total and minus mutants than did ethyleneimine,
alone or with ultra-violet light, the chemicals gave less plus mutants.

Zhdanov and Alikhanian (1964) described a long series of experiments on
the mutagenic effect of fast neutrons, diethyl sulphate and combinations of
diethyl sulphate and ultra violet light. Fast neutrons are oconsidered to be
most effective, especially when interspersed in a succession of mutations with
the other agents (see page 36).

Sufficient has been written to show that the effects of mutagens are
extremely varied and that is impossible to 8give any precise guidance in their
choice. For what ’t is worth the writer would suggest ultra violet light or
better ethyleneimine followed by ultra violet light as a powerful mutagen.
Several chemicals are effective, such as 8-ethoxy caffein, 1-methyl-3-nitro-1
nitrosoguanidine, ethyl methane sulphonate, diethylsulphate and others. X-rays

seem 1o be relatively little used at present, but an occasionsl treatment with

fast or thermal neutrons can be helpful.
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It is generally felt that a series of mutations using different mutagens is
preferable to continucus trestment with the sace one. Chemical autagers, as
expccted, often seem to give large numoer: of mutants c¢f a single type.

The inmportance of the perental strain on the mutational effects »roduced

nss been stressed by a number of workers, e.g. Smith (1961). Alikhanian's group

(Alikhanian, 1962) has also found, as Auerback (1966) also reports, that in a

putation prograzze some muianis raspond better than others. For this reason
mutational lines should be multiple rather then siangle. The occurrance cf ‘great"
mutations (&likhanian 1962) has also been referred to, i.e. the occurrence of ¢
putztion in a series which has no effect on yield tui uakes the culture able to

respond to fuxthexr treaiments.

At the Moscow meeting in 1965 Dexnikhovski suggested that after mutation
the spore suspension should be heated to kill off the faster growing suxvivors.
The others, which he referred to as "drowsy" spores, especially when treated
with a further dose of mutagen gave improved yields. This is one of tha methods
which have been described to enhance mutation effects. In some cases it has
Yeen found helpful to make the culture resistant to the antibiotic it produces,
or to another antibiotic before mutation. It is impossible to zsseas the possi-
bility of the success of such methods except by experimental work. It is some-
times suggested that a culture might be given a series of mutations, intex-
spersed with stages of re-growth, before selecticn is attempted. The writex
feels that re-growth would tend to raeinforce the population with the less

desirable strains and tha% the proceduxe is not to be recommended.

While some cultures respond well to mutation, giving increases of yisld

of the order 5-10 times fairly quickly, others mors move slowly.
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Bapid increases in production were obtained with peaicillin and the tetraoy-
clines, but progress with erythromyoin and the gibberellins seems to have
been much slower, according to the Russiarn reforeuces cited.

A discussion of some of the problems which arise in mutation work will
be given later.
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T1 THONS
Three typical experiments will be described, selected from the very
many which are to be found in the literaturs.

Describing the production of mutants of Penicillium chrysogenum,

Mscdonald { 15¢ 3a) writes as followr. "Ten zml, of a dispersed suspension of
conidia (106 total conidia/ml.) were irradiated with a Hanovia lamp Type 11 with
a 30 ca. tube, The suspengion in distilled water was contained on a 9cm, diameter
Petrie dish, with the 1id removed, at a distance of 30ca. from the u.v, source
and was nechanically rocked during trestment. The time of irradistion, usually
5.8 min., was adjusted so that the plating of the conidia on coaplete media
shoved a 1-5% survival".

In our laboratory, instead of rocking the dish agitation is provided by
ceans of a mammetic atirrer. Bectericidal lamps are often used. The best
distance and exposure are usually found by experience. The eyes nust be
protected by suitable dark glacses as u.v. rays can be dangerous.

The mutation of E, coll cells has been described by Adelberg, Mandel
and Chen (1965) using N-nethyl-N-nitro<N-nitrosoguanidine (WNXNG.). A suspension
of cells in the logarthmic phase was prepared by growth at 37° with shaking.

The cells were quickly filtered on a Millipore-filter, pore sise O.L5u. After
washing on the filter with 5-10ml of Tris-maleic buffer (M/20), the cells were
then resuspended by placing the membrane in the original volume of buffer at

pH 6 in a 125z1 Erlenmeger flask and agitated with the Junior Vortex Mixer. The
membrane was removod and M.N.N,.G, sdded dirsctly to the suspension to give the
desired concentration. The final concentration of cells wes 5-8:108/n1. After
incubation a lnl, sample was filtercd on a killipore filter, washed with 5al.,

of cold mimimal mediun and resuspended in 10ml of minimal medium as described

above. The suspension was then diluted and plated. Very high yields of

auxotrophs wers obtained with 50% survival of the cells, This method was
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developed so as to obtain highly reproducible results. A considerable degree
of aimplifiocation is possible for reneral mutation work, the principles remaining
the same.

An example of an elaborate mutation programme is given in Figure 1
(Zhdanov and Alikhanian, 1964). It records work starting from Actinomyces
erythreus ATCC 8594, which gave a four fold inorease in erythromycin
production. The propramme was enlarged to allow a variety of mutagens to be
compared, the authors being particularly interested in the effect of fast
neutrons. Spore suspensions were placed in a Plexipslas container in a lead
casing, and lowered into a reactor where the neutron flux reached 14,0-190 rad/sec,
Y-rays being at a much lower level, The temperature in the reactor was 38.5° but
the exposures (up to 30,000 rad) were sufficiently short to allow the sample
to be withdramn before the temperature rise became excessive.

The authors draw attention to the jumps in titre which occurre@ when
sutents such as LS-E 2577 end A5 were produced, interspersed with apnarently
unsuccessf'ul mutation steps, and later the production of N2612. A final step to
give phage resistance was also involved. The aspparently random occurrence of
these mutations will be observed, but the authors draw sttention to the value
of the fast neutron steps, the valusble effect of which is emphasised by more
detailed studies,

The programme involved more mutation and soreening work than would be
necessary for an industrisl programme. This was done to allow a number of
comparisons to be made. For detsils of these it is necessary to refer to the
original paper.

A desoription of the labdoratory facilities required and the

daily work pattern of a typiocal programme have been given above (page 13).
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Pig. 1. Hutation scheme for erythromycin groduoix_:‘ strains.

Zhdanov and Alikhanian, 1964.

ATcc - 8594 (450)

r 1
Unmutated
seleoted, 100 U. V., 500
¥97 (450) ¥211 (500)
I\
EI, 485 EI+Xr 793  Xr+EI, 1235 xr, 290 V526 UV4ET, 690 UV, 200 Seleo,200
(849)"  (2034) (929) ~  (920) (1060) (815) (5%}
(13°l° En)
11,7500 EIUV, 508 XreED, 511  Xr, 507 EI+Xr, 527 UV+EI,501 UV,506 Seleo,500
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ILS = diethyl sulphate
+ = two mutagens used
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6.

HYBRIDISATION METHODS.

Diploidisation,

Macdonald et al. (1963b,c,) have described the method used for
orossing fungal strains, in their work with Penicillium chrygrogenum. For this
purpose biochemical deficients were obtained from strains giving different

yields of penicillin and also of different colours (white, brown etc.). The

media used were minimal medium (M.M) and complete medium (C¥). The former
consisted of Czapek-Tox wedium (glucose + nitrate and salts), the latter a
sucrose + corn-steep liquor medium with supplements of growth factors.

One ml. of saline was pipetted onto 1Oml, of C.M. ggar in a McCartney
bottle (cylindioal, screw cap, capacity 30ml.). To this was added a mixture of
the spores of the two strains, After 4-5 days at 25° the folt was pemoved
and halved. The halves were aither (a) quartered, the pieces being plated on
MM agar, or (b) teased out, mixed with molten MM agar and plated. Heterokaryotic
colonies grew and hyphee, taken from the'extreme edges, were subcultured on MM

and allowed to sporulate. When spores from the heterockaryons were plated on
CM, both parental types grew, easily identified by their spore colour.

Diploids were obtained by plating lavge numbers of heterokaryotic spores
on WM. E.g. in one case 107 spores gave 500 diploid colonies recopgnisable by
their green spores. Diploids were also isolated from green sectors in
heterokaryotic colonies., The diploids also usually showed increased spore sisge,

Hybridisation of :actinomycetes has been described by Sermonti and
Spada-Sermonti (1956). Minimal and Complete Media were similar to those
described above. When spores of two biochemically deficient strains of
Streptomyces coelicolor were plated together on mixtures of MM + CM, oftten 1:1,

and incubated for 4 days at 30°, tuf'ts of exuberaut growth occurred at the

Junction of the colonies., These sectors sporulated and the spores when plated
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on MM proved to be recombinants frou the parental strains, Recombinant spores
were 2lso obtained when thick spore suspensions of twu kinds were spresd over the
surface of mixed MM + CM agar medium in slopes. In the case of the

sctinomycetes fusion of nuclei and recombination occurs within the hyphae and
diploid spores are not obtained.

In later work Mindlin et al. (1961) orossed pairs of biochemical
deficients obtained from Russian and Hungarian strains of S. ridosus, producing
oxytetracycline, Results were similer to those obtained by the Sermontis., Later
(Viadimirov & Mindlin, 1967) further crosses were made between deficients from
these two strains and a considerable account of information obtained about the
possibilities of hybridisation in this field.

Methods for the hybridisation of yeasts have been reviewed by Fowell
(1966). Yeast cells are normally diploid and multiply by budding. Hybridisation
occurs via the haploid spores produced naturally within the oells (in asci) under
suitable conditions. Spores are usually obtained by growth on solid media.
Gypsum blocks have been used, though at present ager slopes oontaining acetate
media are more commonly employed.

A variety of methods have been used for the recovery of the spores.
This was originally done by mioromsnipulation, Snail ensyme is frequently used
to dissolve the ascal walls and release the spores. In recent years a number of
methods have been devised for mass separation of the haploid spores. It is
possidble by careful heating to destroy the growing diploid mother cells, leaving
the haploids which can be reoovered as haploid colonies on plating.

Hating can be brought about by pairing spores, using a microscope. Pairing
by haploid cultures ia elso possible. Industrially mass hybridisations are
required and for this it is usual to grow the haploids together, then suboulture
several times under conditions giving vigorous growth. The diploids outgrow

the haploids and can be isolated and purified in the usual way, being
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recognisable by the larger sise of the cells. Inoreased mating can be
obtained if the mixed haploid oulture is shaken during growth., Some types of
industrial yeasts are diffioult to oross but the newer methods are fscilitating

the use of hybrids for a variety of purposes.

Becogbination

In general the diploids show behaviour intermediate between that
of the parents, and to obtain an advantage it is necessary for recombination
to ocour, i.e.a rearrangement of the doudle nuocleus, preferably a breakdown
Anto two haploid nuolei each oontaining oomponents of one or other of the
parental nuclei. In early work with Aspergillus nidulans this coourred
spontaneously. With P.chrygogenum the diploids often proved rather stable
and a mutetion treatment is necessary. This is of ocourse undesirable as
offects due to reoombination are mixed with effeots due to mutation. With
aotinomycetes and bacteria the diploid stage is short lived and haploid

cells are produced almost immediately.

Productivity |
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Fir 2. Distributions of productivities of segregants of diploid No. XXXI (49-133
x 50-1247). Shaded ereas requires nicotinamide (50-1247 mutants), unshaded

area (haploids) require pyridoxine (49-133 mutant). From Semmonti (1957).
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A oonsidereble amount of work has buen done with fungi, and a number
of references to this are given by Calam (1964). In the case of Penicillium
& oconsiderable number of the recombinants produced have turned out to be diploid.
Commenting on the situation in 1961 Sermonti thought that improvements in yield
due to successive mutations cannot be considered ar a purely additive effect,
but rather the building up of a complex of a mutant alleles, whioh gives adverse
results if altered. The simple idea of oombining then in a single strain by
orossing is inadequate. The general effect obtained is illustrated in Figure
2, based on Semonti's work. The orossing of two strains followed.by recom-
bination leads mostly to the produotion of diploid recombinants having a range
of productivity, the best producers possibly rather better than the best original
parent, plus a small number of haploi or diplaid segregants marked with the
deficiencies of one or other parent, with corresponding titres. The fact that
productivity is often reduced during the formation of the biochemiocally defioient
parents, impiies that these strains have their nuclear apparatus seriously
disturbed in the proceas, and that on orossing this will have a deleterious
effect rather than be merely ocancelled out when the other haploid nucleus is
added.

Macdonald has published aevera! papers indicating the complexity of the
situation. In his 1966 paper he desoribes the oroasing of biochemioal defioienta
from the same parent. These showed differences in productivity, poasibly dusito
the instability of the nucleus of one of the deficienta.

Daglish and Calam (1967) have desoribed diffioculty in obtaining croases
with Penloilliim patulum, and other work in our laboratoxy, with a Fusgriuvg
oulture, has alac shown unexpected effects. It would appear the many posai-
bilities arise in hybridisation and that not all of them have aa yet been

adequately desoribed.

Work with actinomyoetes has already been mentioned above.
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7. THEORETICAL PROBLEMS IN HYBRIDISATION AND MUTATION.

Fermentation prooesses are of course under genetioal control, and the
objeot of hybridisation and mutation is to ohange the genetio balance and thus
inorease production.

Bioohemioally a fermentation involves two main stages. These are: (1)

& growih stage, with high metabolic activity and protein synthesis (during this
stage oells are formed and the product-forming enzyme system ie laid down), (2)
& maintenanoce and biosynthetio stage when the quantity of oells remains about
the same and produot formation ocours; this stage ends when the system breaks
down. The genetio effeots involved in the two stages differ. In the first
stage the important faotor is maximal formation of enzgyme. In the seoond stage
the requirements are (a) sucoessful adaptation to the new oonditions, (b) a
reasonadbly stable system and (o) a favourable balanoce between the react.ons
whioh maintain the oells and which form the product. In both stages, more in the
seoond, energy formation (ooupled to biosynthesis) uses up a large amount of
material. Raw materials are likely to be used up in the proportions 60-75%
for energy formation (via A.T.P.), 10~25% for oells, resainder for formation
of main product and byproducts.

When a wild strain is isolated,giving a small yield of produot, the
amount of entyme is probadbly the limiting factor in produot formation. Hybr-
idisation and mutation will inorease the amount of ensyme present, thus inoreasing
yield. When the product level inoreuu, the need %o balance the distribution
of raw material between the different usages becomes much more important. Cell
growth and maintenance may have to be reduced to make way for produot formation.
Product formation may alsoc require a great deal of A.T.P., which must also be
taken into acoount.

The production of an improved strain is thus a complex prodblem involving
& oonsiderable number of genes. It will be realised that all the prooesses
mentioned, e.g. growth, A.T.P. formation, biosynthesis, are multistage ard
involve many genes. All these prooesses must work in harmony and must be changed

harmoniously. The type of ohange required will also differ as the produotivity
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of the strain incresses. At first the formation of a single enayme is
oritical, later the whole metabolio pattera is iavolved.

This brief iatrodwotioa is given to show that not only is the gemetiec
problem in itself a cemplex omne, but that it is oontrollimg a bicchemical
sechanism whioch is im iteelf complicated amd diffiocult to deseride ia

datail.

8ince most of the work deme 80 far oa Aybridisatioa in aioro-~
crganisms has been devoted to genetical research, it is matural that
very little effort has bdeen made to consider it from the poiat of viev

of breading, as has been done :n the case of plaats and anisals. To obtaia
soms idess of the diffioulties involved it is necessary to turm to writings

on plant breeding (e.g. Allaxd (1960} Mutohinsom (1959). The discussiom which

follows is meinly based on Allard's book "The Princicles of Plant Rreeding”
(Qeg. git.).

The transfer of properties frum one plamt to snother hy bxeeding
involves the transfer of genes from one mwoleus to the othexr. This coouwrs ia
the course of ordinaxry cross-breeding. During the oress the nuclei of the
two plaats fuse snd then recombine giving rise to mev miclei, soms of which
reseadlc the porents and some of which are mixtures. In the simple case where
two stzains differ in two gemss omly (2§ end § £), the doudble homosygous
Tecessive class E g constitutes 1 : 16 of the P.2. progeny provided the two
genes recombine freely. When three gene diffexences ire segregating the
frequency of the triple homosygous recessive is 1 :64. The genersl formula
for the frequency of the class, homozygous for m freely recombining recessive
(or dominants) in the P.2.,i81 in 4. Tus im plents the proportion of

descendants in which there will have been trensfered 4 and 10 genes arve 1 : 2%6
and 1 : 1,084,576,
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In the cese of the paresemwsl oycle, using haploidisetion, recombinaetion
is obteined ouly between and not within linkage groupe. Prom a diploid of
senotype ; g haploidisetion yields equal numbers of the four poseible haploida,
sb, AR, sb, Ab. T™he genersa. formuls for the frequenay of gny genotypic
class 18 1 : 2° where n unlinked genes are segreguting. This gives retios of
1t 16 for segragation with 4 gon®s and 1,024 for 10 genes. Thus when the
desired property depends on the trans‘er of & group of genes, with the pare-
sexual cycles the frequency is Righer dut the possible types of combination
ere more limited. Soreening stil. remsins a B jor operstion,

Although in some importent ceses such 88 the transfer of resistance to
8 paresite, or of fruit ocolour, a single gene transfer may be involved,
breeding {s still complex beceuse in fact the resisiant perent may differ
consideradly in other eneticelly deternined respects from the one it 1s
desired to improve. Thus the non-resistant Plant may be of the idesl type
with say short growth, lazge lsaves, numercus brenchee with well-developed
root system and eerly fruiting. The best resistant strain sveiladle could
be tall with sasll lesves and other undssiredle propertiss. T™he resistent
hybrids would thus include very few plants which hed the original idesl
propertise plus reeistance, the majerity would be quite unsuitadle and
would have to be digscarded.

Two further importemt factors in breeding would be expected to interveme
&t this point. These are (s) response ‘o ewvirommeat, ead (d) plesotrophy.
The firet is obvious enough; the behaviour of the plamt depends on its geaetie
constitution (genotype)and the response of that comstitution to its environ-
ment. Thus slthough the mew hybdrid say bave the desired new genstic comstitu-
tion it may be unsctisfectory if it does mot respond as well to ita
enviromment as the old ome did.
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This factor of environmental response is heavily stressed by writers on plant
breeding. The other factor is pleiotrophy. This refers to the side affects
produced by a gene change. It occurs in plants and is very evident in moulds
(ef. Macdonald et al., 1963¢). The introduction of a growth requirement in
B.chrysogenup, due to the loss of a single gene, often produced a more or less
severe drop in productivity which is not corrected by addition of the factor
which the organisms now required for growth. The cause of pleiotrophy is not
well understood but reflects the fact that genetic effects are highly complex
and individusl genea condiderebly affeot others, even others situatéd on other
chromosomes.

The outcome is that in the hybridisation referred to above the best plant
that cculd be obtained would probably be reaiatant but in other features would
% cnly fsirly similar to tha ideal parent instead of identical. A further ~rosa
betwesn tke new form and tha ideal parent could be carried out in tha hope of
improving the plant while maintaining resistance. This m-crossing could be
repeated severrl tines. The breeder, however, might be sble to get no further
than to obtain a resiatant plant which was equal to the ideal only in certain
ways snd to s certain degres. A breeding progrezme such as the one dascribed
oould be relatively simple. After croasing the two plants, large numbers (tan.
of thousands) of the hybrid seeds would be .l: -od and the young plants sprayed
with the apores of the organism sgainst which reaistanca was required. After
further growth the survivors would be re-sprayed. Cn complete growth the sur-
vivors would be inspected for obvious growth cherscteristice and the few most-
promising plants retained es perenta for further trials with suitabla replication.

Two othe:r important fectors which must be recognised ase important in plant
breeding sre (s) preliminaty selection of parents before orossing and (b) the
availability of highly diverse populations as a source of msterisls for breeding.




- 45 .

Preliminary seleotion of parenis is regarded as the point at which ma jor
improvesents are mads (Hutchinson, 1959). Extensive selections are nomally
made for this purposs. At the same time it is important to have availabls
highly diverse collsctions of plsnts, each possessing important cultural
features a0 that breeding cen be directed in the desired manner. Large stocks
of verieties are maintained and searches sre made for new wild forms.

A difficulty which develops asn breeding proceeds, which is referred to
by Allerd, is an increass in closeness of linkage. In effect the improved
etrains become so highly apecialised that when crossed most of the new forus
sre inferior snd the only ones which stand a chance of selection, or even of
eurvival, are those which closely resemble one or the other of the parenta.
This phenomenon ie refsrred to as "parental genome segregation" and it can
put s sevsre breuke on progress. Closeness of linkage can imply that ths genes

involved i{n making the strein so highly productive ars aituated so oloass togsther

on ons of the chromoaomes that they oan only move together

during orossing, or that althoughtthe genes sre aepareted, good growth snd
perfommancs can only be obtsined when they all move together. The loes of a
singls member of the group of genes is sufficient to neutralise the benefioial
effeot of the whole group. It is recognised that the most diffioult tsska
sre those involving quantitative changes in yield, not only because strein

improvements will involve the trensfer of several gones but slso beceuse such

ohanges sre diffiocult to detect (Allerd, Joc.oit.). Amother fsotor of import-
anoe is the csreful choice of a well-defimed target so0 that the progreame can
e clearly laid down.

The uss of mutstion inateed of genetio recombination, does not sppesr
to change the principles involved in strein improvement. After the prelim-
inary selection of the best oultures from the original sourcs, diversification
ie produced by mutstion irstssd of hybridisation. The oyols of eeleotion and

msutstion is then repeated.
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8ince with mutation strein improvement ocours by chance, the possibility of
directing strein improvemsnt in some predetemined directiom is not available,
though acreening can be déaigned fo favour the selectiom of strains, of a
particular type. Changes in titre are sccompanied by other effecta, poasibly
dus to plieotrophy. These changes particularly affect growth and sporulation
which tend to decline as mutatica proceels. is has been indicated above re-
duotion in growth rete may be needed tc allow product formatiom to compete
aore fevourebly for raw materials.

The advantage claimed for genetical breeding is that it introduces the
posaibility of producing new cultures which oould hot be obtained by mutation
and allows some direction to be givan tc the ocourse of the work. It ahould be
posaible tc selsct the parental strains in such a way that progeny will be
obtained which have desirable qualitiea which can be chosen beforehand. Aa
obvious cese with P.ghrygogsnus would be improved titre oombdined with improved
spoxulation, by crossing a highly productive strain with a high sporer. Very
1ittle information ;.l available which can be used to apply genetiocal theoxy
%0 strein improvememt. Thus in a recemt work on microbial genstios (Finochem
and Day, 196)) the paresexual process is dealt vith in ome and a half pages
end thexre is no discuseion on streir L.provesent. It is mede clear that fumgi
are being weed to help in the study of gemetiocs and not vice versa.

The viev has beon expressed that struin improvemsat in P,ohrysopumn
should be based om a thorough kmowledge of the genstics of the oxganimm,
ineluding chromosome mapping etc. Such a progreamme would take at least seveml
yoars, and although Sexmonti (1961) and Macdonald et al. (1963, 1966 ete.)
have dome a large amoumt of work in this field, it cammet be seid that the
back of this problem has been broken. Ome canmot but doudt whether this methed
is really viable, Al ard indesd (1og.git P.67) hes given resecms why “plant
brvooding hes not deoomes the emsroise in assembling favourable gemss that was
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optinistically predicted by early genetics" and gene-by-gene analyses between
parents have not been carried out. It would seems that any work done in an
industrial laboratory will have to pProcead on empirical lines and the main
purpose of theoretical genetics will be to suggest ideas and give possible
explanations for phenomena observed in the course of the work.

It is recognised in breeding (cf. Allard loc.cit, p.25-28) that it is
desirable to have available large stocks of strains suitable for crossing, and
large sums are paid for plants and animals for breeding. In the case of peni-
cillin (other antibiotic producing strains are analogous) since practically
8ll the high yielding strains used thoughout the world come from the sace source.

it would be difficult to obitain new high yielding cultures from outside sources. 4n

8lt ernative would be to develop new mutants for crossing, making a fresh start.
In the case of penicillin this would take a long time and is not at present
regarded as a practical proposition, though with other moulds the situation

may be different. Another approach would be to cross high yielding strains with
strains from other lines and ther back cross the best decendants.

The barrier that exists in the way of using bybridisation to increase
production has been discussed by Mindlin and Vladimirov (1967) who crossed
oxyteiracycline producing mutants of Russian and Hungarian origin. Prototrophs
baving a wide range of productivity were obtained. Although some of the racom-
binants vqualled the original, none were better than the best of the parents.
It was considered that this was due to the original strains being genetically

sed. Macdonald (1968) has discussed the problem of parental genoame seg-

-on in some detail. Hs considers that when using mutagens to bring about

*:;ation from diploids, oompounds giving minimal chromosonal danage should

L «sad. It is also desirable to oross olosely related strains if free recom-

bis..ion is to be obtained.
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His work with nitrogen mustard mutants showed that parental genomes segrega-
tion is not due to preferential selection of parental segregants, but to
differences in chromosomal homology between parents.

An interesting mutational device has been used by Russian workers in
connexion with lysine-producing bacteria. In order to obtain lysine s
glutamic acid producing strein is blocked by mutation so that it requires
homo-eerine when the biosynthetic route to glutamic acid is disturbed
resulting in the formation of lysine. Unfortunately the blocked strains are
not ocompletely steable. After a time during the lysine fermentation rever-
tants begin to grow in the medium 8o that lysine production slows down and the
product is mixed with other amino acids. Various methods have been used to
deal with this, for instance Legohilina and Shishkina (1966) found that if the
blocked lysine producing strein is given a eecond requirement (o.g. for
methionine) reversion is greatly slowed down snd lysine production increased.
It was also found that many of the beet lysine producers are dwarf strains
with demaged oytochrome metabolism. Theee streins are lese sensitive to

deficiencies in eemation.
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8. I PROBLEMS IN STRAIN IMPROVEMENT.

In this seetion will be considered some of the more Practical or tactical
problems.

On the whole, the techniques involved in strain improvement are not partiou
larly diffioult in themselves. At the same time it may prove dilficult to get
results. In ths first place it may take some time before satisfactory mutations
are achieved, quite often mutagenic action is too strong or toc weak with the
result that the isolation plates are completely overorowded or ocompletely blank.
This can be overcome by experiencs. Diluting and plating can be very laborious
but as experience grows methods can be found to reduce the work involved.
Testing of cultures involves a varisty of praotical problems, but again s sound
routine oan be established.

Asswming sdequats routines have been set up, several difficulties may now
arise. One group may be the sppearance of inaccuracy in the selection test, as
shown by & high degree of flask to flask varistion or by variation in the results
obtained from day to day. Often the problem is related to diffsring degrees aof
exowth in the flasks. Alternstively sssay methods, sapecially in the early
stages of a programme snd also when biological assay sre involved, may show
changes in value from day to day. This can be s great muisance in assessing and
averaging results. With experience and a degree of sxperimentation it is usually
possible to reduss day-to-day variation to reasonabls limits. The more assay
orrors oar be reduced the bettsr, as they make strein improvement work much
baxrder and discouraging. To decide whether to push on with the autation pro-
gsemme or o stop and try to improve techniques, ocan be a quite diffioult

ssmagerial prodlem.
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One of the most diffioult problems that is continuously experienced is
the failure of mutants of the desired type to appear. Sometimes moxrpholagical
mutants appear and this is at least evidence that mutation is occurring.
Studies of distributions of activity of populations of the original and
autated oultures may differ and these also indicate that mutations are occurr-
ing, Quite often the problem arises because the worker is not able at first to
recognise the occurrence of improved strains among the isolates. This wav be
because the test procedure gives migleading results, especially at first when
the worker is least experienced. A oonsiderable degree of optimism and an
ability to seize a chance are needed. Once again this is a position where exper-
ience is helpful. 48 a rule, after a few month's work many of the difficulties

experienced at first seem %o pass away.

Ono serious obstacle to progress is the initial absence of an improved
strain which makes it impossible to test the soreening prooedure. There is no
doubt that the isolation of an improved strain is a big step forward ani makes
a serious contribution to progress. While waiting for this to arise the seleo=-
tion procedure can be cheoked by using such naturally isolated strains as nay
be possible.

It is well worth while when starting strain improvement work to obtain more
than one initial oulture. It is often found that one of them will be distinctly
better in yield and other characteristics and thexefore makes a goond starting
point. On the other hand streins differ in their ability to mutate and if

progress does not seem to ooour an alternative strain may prove a bdetter
starting point.

As soreening oontinues the assay of the mutants may prove troublesome.

This can arise in a nunber of ways. Then biologioal asaays are used a consider-
able degree of variation is possible until complete standardisation is achieved.
Methods of bio-assay have beoome more or less routine and conditions are far diff-

erent from the early days of antibiotic work, not only aa regards aoouracy but

also as regards convenience. in soreening it is
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a matter of balancing the effort svailable against maximum numbder of samples.
When sales products sre being evaluated it is necessary to use large numbers

of inhibition sones in order to reach specified degree of acouracy. In
scxeening these sre ocut to s minimum with o reduction in the degree of socourecy
that may not be fully sppreciated. In fact the result of @ single flask test
in the first soreen, with a cinimum level of assay, oan easily be misunderstood.
Instead of appreciating that the main purpose of the test is the elimina-

tion of the worst strains, attentiun is concentrated on the most impressive
working results.

Chemical assays ars usually preferred, wherever possible. Care must be
taken to make sure that the method truly measures the substance in queation and
that interference im not taking place. When a new substancs is detected it may
easily become associsted with a simple chemical test, e.g. the production of a
colour with ferrio ohloride. It may be found that the moat active cultures
give the strongest colour with fsrrio ohloride so that the reaction becomes the
basis of sn sssay. leter it will be found that the colour ia caused not by the
active substance but by acoompanying metabolic products. At a higher degree of
refinement an ultra wiolet absorption band can be misleading, owing to inter-
ference. In any ssrious seleotion programne the desired produot must be investi-
gnted ss carefully as possible end any side effects and other misleading details
oleared up. In some ocases thin-layer chromatography or ges chromatography should
be used to separate the product which can then be measured directly. New appar-
atus is oonstantly being produced to facilitste this type of analytical work,

Troubles of this kind occurred frequently ia the early days of penicillin
development. Thus ths early British work was done with pentenvl-penicillin, the

Amerioesn with bensyl-penicillin. In Amerioa penioillin'K' appeared at one time
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as an impurity. These penicillins have different moleocu-

lar weights and different relative activities towards the common test organ-

isms (Stanh.g!geua and Bacillus subtilis). Fortunately the introduction of

paper chromatography combined with ~olluborative experiments did much to sort
out the situation that arose. In addition (o this it Lecame possible to
isolate and crystallise the peniciilin and weigh it to check the yield.
Although;::ohtion and weighing procedure is laborious it is often a well
worth while method by which to check discordant analyses.

When the product is soluble a representative sample is eaaily obtained.
When it is ingoluble the obtaining of a representative sample can be diffiocult
and requires special care. The homogenisation of the whole contents of a
oculture flesk may be advisable.

A problem that often causes trouble ia the provision of @ suitable stane
dard for checking assay results. As a rule a pure orystalline preparation
can be obtained. However this apparent purity is sometimes misleading.
Crystals may easily oontain water of crystallisation or retain solvent, or be
mixtures. Again penicillin presented a problem, sinoe the sodium salt proved
capable of crystallising even when quite impure, and at one time there were
considerable differences of opinion over the aotivity of the pure sodium salt.
Espeocially at first, when only small quantities of material are available,
laboratories in the same organisation mey be in possession of supposedly
identiocal standards which are in faot different. When irreconcilable results
atart to appear, careful attention to standards is often helpful. This should
involve checks for purity and collaborative assay work.

As strain improvement work proceeds and new oultures start to appear it
becomes necessary to decide whether the improvement achieved should be regarded
a8 worthwhile cr not. Judgement on this point depends on individual oiroum-

stsnces. As a rule it ia intended to use the new strain for plant wozrk,
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An inoresse of 10% may be difficult to demonstrate on tho large scale, especially
if only a few balches ars available in the test programme. It may well be better
to wait till on improvement of 20-30% or more is achieved, which will be more
easily demonstrable.

Thie rubject raises the questinn of the degree of testing that is required
when a new strain has been isolated. The arrival of the new culture is usually
8 matter of considerable importance and brings equally great disappointment if
it faile to justify itself. The testing programme should therefore involve the
following steps:-

1« A repeatlevaluation, fuily controiled, using the method used in the
final atages of screening. The writer profers two ox three small experiments
(ny six replicate flasks each) to s ningle large scale test which may by some
unhappy chance give a misleading result. This test ahould confimm the original
claim to have achieved an improvement.

2. Stirred culture trials should bte carried out to check performance under
conditions more closely resembiing the plant. The size of the feimenters and the
mumter of replicates is a matter of choice. This test will probably be carried
out by enother worker and it is mainly a matter of convincing him of the improve-
ment. Care is needed at this point, lest too much time is spent or wasted,
before the orucinl plant trial is started. This is especiallr the case if the
process is difficult to scale down and possibly less relisble than the plant
itseif. In some cases it may pay to proceed straight from shaken flusks to the
full scale.

3. The culture should be plated on seversl media and a careful study mede
of variability and any other important points. The transfer of the oculture fros
the development laboretory to the plant will aocon bring queations about any diff-
erences from the original one and it is valuable if they can be answered clnrl’.

Crowth rate and growth fcm in surface and subtmerged culture ere important,
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I$ is also important to make suxe that the culture is free from infection by
tests under a variety of conditions of medium and temperature.

4. The culture should be put through the early stages of the plant seed-
culture process. This will protably involve growing i* in large shaken flasks
snd then transfering it at a high dilution tc an inoculum culture. Often the
levels of inoculation are lower in the plant then in the laboratory owing to the
differing cize of the apparatus. As a result of this, differing maturation times
may occur. This can cause a good deal of trouble if it is not anticipated.
Additionally the criteria used to judge maturity mey have been upset and require

re-adjustment. The mutator may regard the new atrain #s rather a blue-eyed boy,
in the plant a more cynical attitude can prevail especially if the routine is
upset.

5. When plant trials start it is advisible that someone who 18 familiar
with the mutant takes a close interest in the initial trials. One recalls the
elarm caused when the first sample of a new culture was taken from
e large fermenter and turned out to be bright ved instead of the expected white
golour - expected by the process man that is - the mutator knmew it would be
red but had not bothered to say so.

Tuming to other aspects, the importance of master cultures has alresdy
boen mentioned. It has been recommended that at an early stage of a mutation
programme s slope should be aet aside as a master culture, snd preferably put
under oil eo that it will keep fresh for et least a year. If the strain becomea
importsnt a new master should be aet up, prefersbly by first plating, isolating
and growing alopes of typical colonies, and then preserving them by s relisbdle
sethod. These isolates shoul.i then be checked for productivity and agreement

vith the original culture.
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h‘;‘&ff ug}e\zckn of master cultures, say at yearly intervals, are desirable though
thn /usuall,y last for several years or mcre. The methods used for culture pres-
exvation have already been indicated, see also "Methods in Microbiology".

Strain improvement work usually involves fairly long-term programming,

at least for several weeks in advance. For this purpose a large diary is
sonvenient, which not only lays down daily programmes, material requirements
etc. but also includes details of holidays, awaintenance shut-downs (if they are
allowed to happen) and the like. Such a diary ic notr only useful for regulating
progress, it also provides a convenient recoxd of past work.
The compilation of records also requires care, as with a great deal of data to
be bandled, the cooying of resuits to and fro nay waste time and energy. The
use of specially designed sheets in loose-leaf binders may be advantageous.

A long termm mutation programme involves a great deal of routine work and
can become monotonous and difficult esgecially if results are not forthcoming.
This is an aspect that requires managerial attention. It may be desirable for
& group to operate more than one lineg ol mutation and sclecction so that there is
a better chance of variety and success. N.t all workeis are happy in mutation

work and tnis needs to be considered when workers are engaged.

A sudbject worthy of discussion at this point is the desirability or othner=

wise of purchasing improved strains. This is move a commercial rather than a

research subjeot, oni the other hend in general review of this kind some refer-
onoce should be made to it.
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Stress has already been laid onm the importeance, in the first stage of
fementation work, of obtaining en organism whioh gives a yield which puts the
process on a practical and economical basis. If the only strain available is a
wild one giving a3 low yield it may be expscted that a year or two will elapse
before it is sufficiently improved to give the venture a good start. Whether
$his can bs achieved in such a short time might be difficult to decide reliably.
The purchase of a strain would thus save sy two years of work at a oconsiderabls
expense and ensure an early start up. The saving of time could itself be a key
faoctor. The purshase of a strain is usually accompanied by at leasst a minimua
of information us to working methods, and this too can be invaluable. When
buying e strain it is of oourse vecesmary to obtain some sort of guarantee as
to its productivity under large scale vonditions.

Against this it can he argued that the purchase of a strain deprives the
fim of valuable experience that would be gained by developing ite own process,
while at the same time it might find itself commercially restricted in its
markets and in other ways. On the question of exporience, this is a matter that
can be exaggerated as a mmpid etart under good conditions may be worth more to
the development group. As to any restrictions, this is a commercial rather then
e scientifio matter. On the whole, Lhere are many circumstances in which the

purchase of a culture can be very advantageous.
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9 LONO TEFN_PHOPLENS IN BELECTION WORK.

While mutstion work usually proceeds in a straight foxrward manner at the
start, after a sound routine method of working has been established, and can
continue for a considerable time without too much trouble, 8 number of diffi-
oulties eventually begin to appeasr. These arise partly frow practical diffi-
culties but also frow the reaction of the organisms to repeated mutation.

The main practical difficulties arise from slight changes in
medim constituents, changes in practice and the like which arise over the
years und which may produce slight differences in the appearsnce of reactions of
the organisms. Along with this may be modifications to the media or in methods.
of working which are introduced to save time or give better performance or
8reater convenience. The mutation process itself may result in colour changes
and changes in the growth pattern of the organism. As & result of all this it
may be difficult to compare current results with what was happening in the past,
end this i8 swkward when it is necessary to refer back. Most of these diffi-
oulties can be overcome by csreful comparative experiments at intervals and
careful examination of the cultures and accurate recording. In spite of this
it may be hard to overcome all the diffioulties involved especially if there
are alsc changes in the staff. It is impartant for those operating the prog-
ramme to understsnd their ocultures intimately and casrry out a good deal of work
to make sure that changes in appearance or performance de not pasr unnoticed.
These problems most often srise when a culture is being used by seversl depart-
ments, one of which may feel that .he culture haa changej in some way, or when
local sub-culturing is prectised without 2dequate control.

The most serious problem srises when e culture ceases to respond to muta-

$ion. This is again illustrated by the work of Baokus snd Stsuffer (1955) om
peniocillin,



- 58 -

The initial 1951 B25 strain P.chrysogenum was discovered in 1943 and by two
mutation steps productivity was increased -4 times giving the strain Q176 in
1945. The prograwme was then continued with the following results (data taken

from Backus Stauffer's paper):-

. Yield (u/ml)
Year Strain in uhakonqélaaks
1945 Q176 640
1947 47-638 980
1949 49-133 2230
1951 51-20 2510
1953 53-414 2580

There is clearly a marked slowing off in the rate of advance, giving the
impression that no further progress is possible. Quite similar results are

seen in other published work.

This situation can easily arise in a mutaticn-selection programe after
a few years, depending of course on the rata of working and the culture being
used. It can give rise to considerable concern as to the advisibility of
continuing with the seleotion programae. One difficulty is to judge whether
the level of production has rached a theoretical maximua which prevents any further
increase whatever. This would neen unlikely in the case of antibiotic pro=-
duction vhen conversion of raw materials is low. With a direct conversion such
as that with citric acid or glutamic acid the theoretical limit could well be
approached. It is known, however, that with glutamic acid an important
limiting factor is diffusion of product through the cell walls.

An analogou: problem arises when only a small advance in productivity can
be oblained in spite of a good deal o. work. It seems that some species of
micro-organisms are particularly difficult to mutate.

As it turned out in the case of penicillin considerable further advances

were made during the next few years, mainly in industrial laboratories, titres
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of 10,000 u/ml being reported in the sixties. These high levels of production
were mainly achieved ir stirred reimenters using highly developed medium and
stirring conditions, though high titres (6000-8000 u/ml) were obtainable in
shaken flasks. It is clear that penicillin production by the mutante had only
reached an apparent limit. The application of a wide range of mutagens and
mutation conditions overcame the limitation and a further sdvance was made.

It is probable however that in this field the rate of udvance is atill quite
slow.

When progress becomes very slow a variety of mutagens should be tried ~md
numerous strains should also be tested in order to find one that mutates more
readily. Tt is possible to think of a number of theoretical ideas, for instance
that a hitherto unused mutagen ahould be tried, perhaps neutrons if they have
not been employed previously.

It would seem that the trouble arises because the long series of mutations
(which may humber 30-40 or more) Bsturates the nuoleus so that it is impogsible
to Induce any further changes. It might be assumed that perhaps o single
important block has arisen with little hope of its removal. The possibility of
restarting is sometimes suggested, but the idea of waiting until current pro-
duction lavels are reached before there ie any hope of an advance is rather
daunting.

Alikhanian (1962) has suggested that a change in the test medium used for
éoreening can expose new lines of progress. This is certainly an idea worth
trying.

Another possibility is to introduce a hybridisation step. This may take

time, but if progress is very slow there is little to be lost. Some care nust

be taken since if the mutation and screening steps are allowed to atop for a
long time, the time lost can never be regained. Prolonged mutation often seems
to weaken the etrain, resulting in alower growth, reduced sporulation and diffi-
oculty over inoculation gencrally. Hybridisation may be able to help here, sinoe
diploids often show increased sporulation.
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It is unwise to give in too soon since progress is often resumed after
8 %ime. With a mutation programme that has been in progress for a long time,
it may be necessary to carry out five or ten or even more mutat'on steps
before another rise begins. After this there is another period of progress.
Sometimes, before yields again begin to increase, o diminution in productivity
BaYy occur temporarily. It is however worth while to check procedures to see
that advances are hot being missed. If the agsay is rather erratio it is
possible to select for rescruening only the falscly high results, ell of which
are followed by fafilure on retest. in all thi: it helps if more than one
mutation programme is in operation, since if one ig working it implies that the
general methodology is satisfactory.

It can be disturbing at times, when rending the literature, especially
patents, to see quoted very high production levels. These may well be higher
than the reader thinks possible, or at any rate higher than has been achieved
in his own experiments, which he believes to be of good quality. It seemg
reasonable to believe that the puvlished results are true; on the other hand
the assays may have been by a non-specific method and include impurities which
interfere with the analysis. This could occur with some of tetracycline broths
when measuced by a ferric chloride aggay. Alternatively, with amino acids
isolated and weighed, impurities from the medium may be co-precipitated or the
amino acid may contain a percentage of other amino acids. Yields actually

obtained are usually rether lower than the highest date recorded.
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L _DISCUSSION

In the first part of this review tho general methods used for strain
improvement are outlined. In the second part a number of methods and
problems are discussed in more detail. There ig a danger that the impression
may be given that strain improvement work is exceasively difticult. This is
not in fact the case although a high standard of work is needed for success
to be achieved. The situation is that at first many practical difficulties
may be encountered in establishing sound working methods, after which a reriod
of progress is made. Finally the more fundsmental problems begin to ausert
themselves and a resssessment of the position and a review of methods may be
necessary. The beginner's problem is usually the failure of improved strains
to appear. This can lead to enquiries end discussions as to why this sit-
uation has arisen, possibly to stopping the programme. A progromme which has
been stopped will not produce results and it is usually bLest to press on, at
the same time checking wherever possible that all is in order. An early stage
when progress is difficult is not uncommon.

The sections on mutations, mutagens and methods of screening are
intended to give typical examples of work methods. There is an extensive
literature on the subject that can be consulted. Usually it is necessary
to work out the most suitable procedures for a given case. There are very
many papers describing mutations leading to the production of improved strains
and it is impossible to test all the methods that are suggested., Often a
choice is a matter of common sense. The accounts of hybridisation may seem
rather pessimistic. Therc is no doubt that hybridisation methode have been of
the greatest value in genetic work, but for strain improvement results have

been more limited in velue. None the less in some cases useful if small
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improvements in produation have been achiaved, or s move towards suwooessful
autations started. Inoreasee in vigour of growth may also be obtained.
Provided the extra time and effort is available hybridisation work may be
worth while. Yeast hybrids are used commercially,

In this review a mmber of basic and practical aspects of the subject
bhave been stressed. These are, the choice of objectives, the importance of
the strein used and the need for high standards of technology in mutation and
selection work. It is not desired to overstiess the latter points as thisg
aight make the tssk seem insuperable, but the need, which is achievable,
remains.

On the subject of objectives the value of s clear, straight forwanxd
objective has been stressed. Such en objective can usually be reached if a
serious attempt is made, though it may be long and expensive. Where the
target is vague the difficulty is as great but its worthwhileness, being
diffuse, the effort and finance may be harder to Justify. Where the objactive
is to start a process already being worked elsewhere there is the possibility
of buying a suitable strain, but to rely on this limits the possibility of
breaking into unaxplored fields.

As g field in which objectives were foreseen and attacked, one may cite
the case of the Japanese work on glutamic acid and lysine. Here a large amount
of work together with biochemical acumen gave valuable results. Generally
speaking, the foreseeing of new microbiological processes, the isolation of the
strains required for them and the improvement of the strains to give worthwhile
results is a difficult matter.

Throughout the review of mutation and hybridisation work the importance of
of the strains used has been stressed. While good techniques are valuable their
effeots are limited by the starting strains involved and by choicea of strain

made at different stages of the programme. The obtaining of the
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dnitial strain is of course a vital step in the initiation of

e projeot. In improvement work the aveilability of alternative strains can
also be importsnt especially when progress becomes difficult., In the obtaining
of strains the national culture collections may help as sttempts are made to
keep 8 wide range of strains to meet possible fuiure neede. The obvious step
is to buy a strain which has already been used successfully. While in nany
cases this may be quite feasible, with a new process, to be worked under
special local conditions, this may be impossible.

The methods of selection which have been described sre bssed on ideas
which are basicslly sound and which have proved successful in practice,

It has to be recognised however that a great deal still depends on the sbility
to "spot the winner" and additionally to understand the behaviour of the
complex types of population which sre produced by mutation. That is to say
these populations contsin abnomal distributions of strains with only a low
proportion of improved mutants. Selection work with then is not only
difficult but requires a specisl knowledge of the subject which is st present
lsrgely lacking.

Looking a% the future, the writer cannot but observe that the seleotion
of microorganisms has much in common with plant-breeding, where there is the
same lInsistence on the importance of parentsl stra'ns, combined with diffi-
oculties of selection from special types of populations. A great deal of work
is being done in plant breeding on both thege problems, but it is as yet
probably too remote from microbiology to be helpful in strain improvement work.

In the Synopsis it was sugg sted that U.F.I.D.0., because of its central
position, might be in a favourable position to help with strain improvement
work, for instance in obtaining strains and obtaining advice on breeding and
selection problems. In oonnexion with this the intereet of United Nations

organisations in orop improvement might be helpful.




The development and exploitation of new strains of wheat snd rice
heve been of great importance in the activities of F.A.0. In this instance
the new strains were developed independently under the aegis of the great
philanthropic scientific fouddations, so that this particular worx is probably
not relevant to the present case.

One can see tremendous difficulties in s proposal of thia kind. Many
groups might be unwilling to participate, for a variety of ressons. In addition
to this there is the practical problem of how to run and co-ordirate such a
scheme, eapecially if the objectives were unclear, as they probably would be in
the first place. However, in considering the problem of starting new industries
in the developing countries; the possibilities of new fomms of collaboration are
thought worth mentioning.

xS
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