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nol ecul ar genetics to evotvethe yenones oi cells and- organi snms to
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Eﬁpgm?l[)bi ol ogy. For exanﬁéﬁ%ﬁ?%@%ﬁb@ﬁé@am ! Shﬁgstjzefsoir "

mani pul & ing DNA in processes such as transfornmation 20 and .
reconbi nation. Cells ar QRgpéa%. ' conbi nant
protei ns encoded by DNA 'gélrag%%fo.rrre lefd?ﬁ oﬁﬁ%ﬁ%ﬁnég%ﬁgagc%bng types of
cells are al so used asTRio@RFRYifatiasy derivegepaiariby Sromr H8Neni c

ani mal s and pbpots, 0% | hpiDdd Afdnfry 17, 1ReFe WhQERS$8SiALErPOYatedth e,

i n general, thg genorres oft25 it he ce Iségaed I n these processes have

evol ved |ittTEFTORATENET 1t5 TR h&tdr BYTEEPPS; and particul arly not

toward10 acqui sition of new or inproved properties for use in the above
processes. The trad&hb&ggbﬁppigﬁﬁh to artificial or forced
30 nmol ecul ar evol ution focuses on optimzation of an individual gene

having a discrete and Tefettvgntelphamnliss thee techadieg) fieldiefto clone a
gene, identify¥lacdlss’ §éRet i OEFlvd MMOYRRomes o8NdeNsagsay by which

it can be sel ect edé nuf ate sel ect ed positions in the gene (e.g., by
error-prone PEREBFPEsERt FRISES Tl STIRIP VeI PLOPEEELGEr i ants of the
gene f@5 i nprovenent i n the known function of the gene. A variant
havi ng i nproved function can themgQe.@pgssed in a desired cell type.
Thi s approach has a_nunber of l[imtations. First, it is only

WO 98/ 31837 Cells have a number of well—ep@yb@gggpgogggs in

2 appl nepbtel&e BEOESgY hatrdaexdigare i w@l1aked randohtdbal i 0faklyas

characteri ze 5 §ec gd, t he ap roacnjl\it usual | onlsysuch agpglrl cahl e to.orl
genes that hAPETE APSCTRREPRIRCHIGPNA dibdgeesss afisEormati
20 and recombination. Cells are also used for expression of
recombinant proEé}ns encoded by DNA transgprmed into the
cells. Some types of cells are alsoc used as progenitors for
generation of transgenic animals and planﬁé. Although all of
these processes are now routiﬁe, in general, the genomes of
25 the cells used in these processes have evolved little from the
genomes of natural cells, and particularly not toward
acquisition of new or improved properties for use in the above
processes.
The traditional approach to artificial or forced
30 - molecular evolution focuses on optimization of an individual
gene having a discrete and selectable phenotype. The strategy
is to clone a gene, identify a discrete function for the gene
and an assay by.ghich it can be selected, mutate selected
positions in the“gene (e.g., by error-prone PCR or cassette
35 mutagenesis) and select variants of the gene for improvement
in the known function of the gene. A variant having improved
function can then be expressed in a desired cell type. This

approach has a number of limitations. First, it is only



words, multiple genes that cooperatively confer a single 5 phenot ype
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is evotmnaﬁaq:tignamrifmamm Jdy rel ated between species. For
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to the nouse C4 gg since the sequences and 35 structures of these two
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not yet understood.

25 The present invention provides inter alia novel
methods for evolving the genome of whole cells and organisms
which overcome the difficulties and limitations of prior
methods.

30 DEFINITIONS
The term cognate refers to a gene sequence that is

evolutionarily and functionally related between species. For
example, in the human genome, the human CD4 gene is the
cognate gene to the mouse CD4 gene, since the sequences and

35 structures of these two genes indicate that they are highly
homologous and both genes encode a protein which functions in
signaling T cell activation through MHC class II-restricted
antigen recognition. |



under goes reconbination with a segnent in the genone or an epi sone of
the cells to produce nodified cells. The nodified 15 cells are then

screened foworBs3i$37ed cell s that have evol ved t oward a®@pIVEs9s/Hess2 of .
the desired function. DNA fromthe dified cells that have evol ved
toward the desired function IS then econbined with a further library

of DNA frag a (o} es reconb nation with a
segment in ggrnhﬁtnhﬁn gﬁgnlhég§§£?ﬁ(£e]§%pji tha &S( oRSHE ?f’geﬁ) oduce
furt her noditheegezm ngturaélywccmrinmmafarsc@ol gnaprBhEnas presemxt ened
for furthera”BQhLbﬁ@h@beicéPr(ﬁﬁﬁiigﬁsé3¥“fﬂd%%ﬂaﬁ hs sth akh@bufgv

further evolved toward acquisition of the desired uncti on. %t eebs of
reconbi nat i G¥PARE séP§eﬁPﬁg?E%?%%?1 on are 25 repeated as required until

the furg her nodified Aebkﬁahaﬂecomblnataﬁtﬁﬂ|1r53(i'dd&ﬁ1bd.ﬁ§tﬁ.@ﬁ buBGHt-ORg

In sone rretho h Of ¢ further I|br of DNA fragments is
coated with™ g@ﬂ“& gpgl u?%&s‘t. PmrEle-©® r%’c%'hﬁl FXEPER-wi th the segnent
of the genone. In sonme 30 nmet hods, the library of fragments is denatured

to produce si ngl e- st ggﬂﬂgﬂY% THE CorA A -SiveaRdett DNA are anneal ed

to produce dupl exes some of which contain msnatches at points of
variation in the fraghBnPBe ageedlupl i@ simmntdion myovidest ®rEBods of are

sel eCtﬁﬂhbé ea-bfl;\]ra YaCbéQM?tegé@@hﬂré(hldE&&*éd Mchz'labfﬁ 3Buch method% hl n
sone net hods, .t esired functiop,is secr of a.protein, and the
plurality of &8t ﬁs FIFEREPCEBADP i SEREHEY °fe%sftrﬁ95‘fm§ﬁcégfzﬁg 2t he prot ein.
Opt i onal | y, pllwerapiseiofi cells wheveby. at ldwstplanesalift yhef frabhmental ess

secret ed,~ and 4 o1 MGk 984 3837 -
PCT/ U898/ 00859 I%%oes reco 1 a segment in ghe genome OFI eﬁ or

further nodiePié®meePfs thgvFRgleveP REPIuRmrpdifiedycqdilsi-t | Eheomoflhéled

desirers f un@@mrs afre s%ﬁeﬁeﬂebijed for pﬁ@maetd RE11ke cealkl aaa:ade{remwarl ng
survi vi ng c%l

.the d r fu1t|on|s
enhanced 5 FEESRRSREATIPR OfC%h ‘?%olcﬁe t Lg’qtill?f’ary%?f‘ %Fg ﬁ
sonet i mes cmcvplmfs@sl gedllgsthbat chaygerreokird dumvarsl y:l'@odfegm:edgfunctlon

reconbi nati qp %mc'ﬂe\eonégheenwehcanf@&m'ﬁﬁ%ﬂ%&gnﬁﬁl k?.agmentéus her

conpri ses a_gene encod |ng a marker whose expression is ented by a
mut ati on ren&@S 76y Ofe B%Fnﬁ?@%ﬁgO%g%@W%mr’aWét&Peéﬁ@ﬂem} their
expr esxi on «het yensmek er thauépmgmé r@fn the mcrdami\eai cefllsheonptratiuea by

reconbi nat i Is an dﬁ'flce{dm reéi I&leﬁ Ielar% ég gg_,ecgheﬁ are

p| ant Eh;ty 1S | I‘OVG resi stance to
chemical or Stﬁr@\e@@éi ford fonthas @@‘Fha drehes siapFurther: Bodifsarf F@éllér
further nodidhzed Heelel iu%ﬁ:ﬁe@xﬁﬁtswe&oté‘b@r& a.Jltmn o@r tE’eCH@QQréad

nodi fi ed or

ff ttﬁ ified ellsrr[}% ng, volvedto ?L
acqui si ti on o émdes FERSf BhcFPOR™RIRAt1on egg:fes(ﬁrg&nt}? P& FCE&B%FF? to
survi Va5 t he repeesede 2s required until time sumethet hredslfitelde cellisahiatre of

cells are chmﬁ%@ygw Cd%@'ﬂﬁfédoffuﬁ@ f\&llrral and the nethod further

conpri ses propagatin e trans or med ceI | s to transgenic ani mal s.
The invention further IFr c?ﬂ“&e%‘eﬁ%‘t’ﬁ%dstlf%rllbrar}bé?lf Surthen Aibrasy of

reconbi nati ona HiesmeiRishadsceated! with re¢dn\hidgim teelst imngapabl e of
expressing %é%%&bf%%ga&fgath the segment of the genome. In some
30 methods, the library of fragments is denatured to produce
single-stranded DNA, the single-stranded DNA are annealed to
produce duplexes some of which contain mismatches at points of
variation in the fragments, and duplexes containing mismatches
are selected by affinity chromatography to immobilized MutS.
35 In some methods, the desired function is secretion
of a protein, and the plurality of cells further comprises a
construct encoding the protein. Optionally, the protein is

toxic to the plurality of cells unless secreted, and the



are introdu a cell, the segnents differing from ea in
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i brary having acquired a desired 30 function. The
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tion a
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30 function.

25 gene. At least first and second segnents fromat |east one gene
r

The invention further provides methods of predicting
efficacy of a drug in treating a viral infection. Such method
entail recombinigg a nucleic acid segment from a virus, whose
infection is inhibited by a drug, with at least a second

35 nucleic acid segment from the virus, the second nucleic acid
segment differing from the nucleic acid segment in at least
two nucleotides, to produce a library of recombinant nucleic

acid segments. Host cells are then contacted with a
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regeneratlon of eé% nex ste |s sel ect or screen to
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repeated, a e regener at ed ce lls in,one cycle be| used
to form srepet]t Qtf astogf |n\nM d %gx? “Bycte unt?fmﬁﬁ%e raéd'é%aésr“ﬁ:[ ed %I
have 30 a Jr%%i:}t e deds rdé@gpli@pér??tlngmge wkeus. preferred organi sm

for conducting the abowg rﬁi@ﬁ%onsgﬁﬁtﬁgihﬁgévia'éé hﬁéthods Of:%dl%%l?lg
step of selec n or s reeni ng .for fuse ﬁ%oﬁﬁmasw free from
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pr ot Op| asts are provi tl ng Ila or ores wt enzyne
that degradet easfceﬁqmwﬁ é"hllcll‘il YBAETHBL ﬁ@a@mbm@tx%gusth segrendg lia
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PCT/USQS/OOSS%lls Modified microorganisms are propagated in a media

25 containing the drug, and surviving microorganisms are
recovered. DNA
from surviving microorganisms is recombined with a further
library of DNA fragments at least some of which undergo
recombination with cognate segments in the DNA from the

30 surviving microorganisms to produce further modified
microorganisms cells. Further modified microorganisms are
propagated in media containing the drug, and further surviving
microorganisms are collected. The recombination and selection
steps are repeated as needed until a further surviving

35 microorganism has acquired a desired degree of resistance to
the drug, whereby the degree of resistance acquired and the
number of repetitions of needed to acquire it provide a
measure of the efficacy of the drug in killing the pathogenic
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of the desired ro ert g@g %hen 35 Iect d.or
Her % B

p
The i nventi of <FiiP SEHeR et he e vt metiods Shals Sgrmine
cl oned 2tnt o awoappﬂfastsabfchrpmxsbarlelcb@rof dlffanﬁmtswtaldls of Taedesired

property. Th hBads gRkathen fused /
PCT/U898/008§§%t6§ en fused to¥RBA8/AAE34 protoplasts,d%ﬁ

library of v&%ﬂ&ﬁtgeﬁPm?ﬁef§8@nEﬂ? P%@&kaéﬁq%uﬁec°mblﬂﬂ 6ﬁe§°FﬁtBY?€ﬁ§rate
copi es of angehbinkisCi alrhehhpbbs@nproddiglasts LaPiiateudlaticde uakdielf | ci al

chronosone ar n 0] ti of ceIIs The e |1 are.
%nd&%aggg ﬁgothgnghre%%ng &%&éi (¥]ce 1s % e

cul tured under con sexual Teco |nat|on SolEtTs " b&Fweén
cells &d to ﬁ@ﬁ@lc@g@m'sSﬂ@@@ﬁbﬁ‘haﬁ@iﬁ@%@WQﬂ%ﬁﬁé‘@ﬁl cepiles thatt heve

artificial CE%'IQ%@”EO%%H' aeqabslyféhaaf St:he gl d iaRds pefoeetzle%n DNA
screened or sel ected for evg ution,toward ui sition of desired

property. 10%Xchange and gg eFE%%ﬂ(?%ﬁe?%ﬁ?gl tﬁﬁ%ﬂﬂzﬁe§eﬁVﬁ§Fﬁecéﬁblnogenlc

needed, with regenerated cells in one cycle being used to form
protoplasts in the next cycle until the regenerated cells have
30 acquired the desired property. Fungi are a preferred organism
for conducting the above methods. Some methods further
comprise a step of selecting or screening for fused
- protoplasts free from unfused protoplasts of parental cells.
Some methods further comprise a step of selecting or screening
35 for fused protoplasts with hybrid genomes free from cells with
parental genomes. In some methods, protoplasts are provided
by treating mycelia or spores with an enzyme that degrades
cell walls. In some methods, the fungus is a fragile strain,



recA proteins. Exanples of such proteins clones 2, 4, 5, 6 and 13

shown in Fig. 13. BRI EF DESCRI PTI ON OF THE FI GURES
Fig. 1. Sch™a9%4dB3% n vitro shuffling of genes. 15 PCT/U$98(§0852 :
Schene for enriching for m smatched guences using MitS.

Fig. 3. Alternative schene for enriching for m smat ched sequences

using MitS. 1acking capacity @C&‘ 1ﬁta§€h€§§lf\9£lfvé§r}@ﬂ&1§ hor none

genes to 20 produce larger fish % chene for
shuffling byPTRRRIASSY Gt Spontaneously. In sqmey mehhoghe Rrateplasts

i ntroduci ng #reefsithed Y} & reditdng mycewagm@hea/m oirH b tapale1af weexual
repr oducti on scheme for shuffling of fung

Fig ner al
by 25 prot%m%tilcfrhstlo [fenerate prOtOGEaSE Btg. 8: Shuffling fungi by
prot opl &st fusion w tHn somepmetdpdast shgedesated pmopess-yofis rexpyeiseisnof

enzymes aﬂ&?%?"ﬁ%é%é%fdﬂ'd%3|l W%Eklﬁoéga%égg?dazélmetabollt f&%%én? -

Shuffling fungl y proto ast fusion usin strains de
cel | -wal I syf¥eki s fhaome ot %paﬁﬂ:aﬁééusweféwﬁm%mmm@ is

Fig. 10: YAGapmsk oy Or o ahes @AROME 18hebinki A8tRéds, the%eté‘éw erty

cerevisiae and rela ani s AC- nmedi gt ed
shuffling of*¥ af ﬁﬁoﬁslgcy fPa M & heterokaryon w&h KFZ" EE2EB- C
and D) 1DNA sequences dfha invealttype furtheecprpvibies nne(ﬁ&.&isgrmt efdralerng a

gﬂg?g?_gg;) an‘gejii V€oward Jy&{ﬁrsri%q-%%bioi%ogeaggi¥3&L@c}f@é@f{)g se methods WO

10 entail poyidipm aapopslasiense§uehEberent oo lait ygal doa

protein and {fiyeatwdefF&if AHRRGeRSH¥RLLARLSnt HErERt - dlfferent cells and
DETAI LED DESCRI PTI

as Appr oach
The | mvent | TPETRR IR et et fOPORPREF ci BFPYOPLASTR S| i wadt (Earh o
acqui r @5a nesemnd npeopapb @Etdger of lhe dlffeeentscahlseqummomes are .
reconbi nati Of'u xg%tl.ﬁ/ i &oﬁa%%%ée%gréggrDﬁﬁcﬁﬂ?ﬁ éoﬁ

successi ve CyC es reco nat on eenl ect | t (0] gener ate
nol ecul ar di V¥FeRtYR Thaihe §r°t°P13§rt§a?§darP§ﬁ¥‘P§/n%‘~F W&Fehé% a;ﬁrwmes of
mol ecul es shemé r;grcsw;slﬁtts Al The px&%@ezaeesaagléom&ﬁrba@édmﬁidéxdent ity to

each ot her but er| n(%ft esence, 0 i ons. E[? Cg

r econbi nat i oﬂeq%nera%w &qrﬁﬂed%ﬁ§eg‘fﬂ?§é§? %’ﬁ %%/%rfeer% G%e ng or
sel ect 26n fmrﬂotb@mlﬁslmd\gaxa stusiened €har evobution ctowdred the desired
mol ecul e(’s) dﬁver5| 14 .1 e gnd il fi %rghteﬁerébea%agw{r@ﬁeééﬁié t-lhat hafx%r

generating "in the next rou
evol ved can %’éo%‘é%‘ﬁe‘?%ﬂrd X0 dasdirsch RECREFLY oF SR aFYOLE cf%?f&Fr&f—iathe
constitute aphpubgeh@oust different cells in the next cycle.

The invention further provides methods of evolving a
25 cell toward acquisition of a desired property using artificial
chromosomes. Such methods entail introducing a DNA fragment
library cloned into an artificial chromosome into a population
of cells. The cells are then cultured under conditions
whereby sexual recombination occurs between the cells, and DNA
30 fragments cloned into the artificial chromosome homologously
recombines with corresponding segments of endogenous
chromosomes of the populations of cells, and endogenous
chromosomes recombine with each other. Cells that have
evolved toward acquisition of the desired property are then
35 selected or screened.
The invention further provides methods of evolving a
DNA segment cloned into an artificial chromosome for

acquisition of a desired property. These methods entail



cell line or mxed culture. Suitable cells for evol ution i ncl ude the

bacteri al age guggdyotic cell lines comonly used in gfé’ﬁfj'd%mnssz
engi neering and protein expression. Suitable manmal i an cel'T's 1 ncl ude
those from e.g., nouse, rat, hanster, 25 9 primate, and hunman, both cell
lines and primary cultures. Such cells include stemcells, including

enbryoni ¢ stBRPERALBRg a libxguy fmpsiiants ofetheeskegmenygocach variant

fibrobl asts, cL¥ARROEHESS ' t '
Fibr obl ast s (N Loy ce sepajace SRy OFR Srrdtatial Trondrnee. o T

eucaryotic cEPPLe80CL BRejaxetigial, ghrpmosome; age| Latreduredsing® 2, rice,
Wlneat, f _poptulabjosoybeeasl 1 sugaraa | r&ntsgfa&@.c_ eulangedr ahdgopsdsdit i

al gae, fungi i i | l.us. podospora, neurospora

sacchar grryce‘g{’,ggl%ée%%h?%i g???%%ﬁaot%d@pioﬁgﬁr%r éf,tW?Sﬁsf‘ef?S and i cchia and
sacchar onycebBomstngeus atetambinatiompmdmirs hetwe®s copfiesnofreke are many

bacterial cehlttypesal bothofsasmdanas 'mﬂgg the vad Jgkam p@é&&&%@s éﬁﬁﬁ&

Bacillus subtilis, B. |'t cehni for . cereus, Escherichra co
Pseudononas, Screened| apngelacted i Mucdiuts o ForakinrETUTRLL Eonpp St the

genone desir¥® PB6BEBSY.
PCT/ US_S_)L%/ 0085 sequences of

2 , . . 1
E. col it’and Bacillus stBTi tTFEeRriehfMnhssy aRpvides éVHFFﬁE?"‘@P“&‘PQ?mC
Sci ence 277, rédB84ptd6eing 9978xamhiest oft sich proteiNst ulen8802, 249-2566

(1997)). and 13 shown BYOkiiOfy commences by generating a popul ation of
5 variant cells. Typicall the cells inthe'ﬁjo ul ati on are of t he

sanme type but represent varP%ﬁ% SR OGBhiQFo T e FILGURES some

instances, the variatiBfgi slnatsetdmeasEorhem diffrer eALEE1ingCBE! §eAESs.
obtained fromdifferent,indivi |s withina, .. species, o frgm
differ g%t species. In %%#éréi ng#cg'h%“ées,é% enrjehing, %ﬁri g"‘?ﬂﬁéﬁ%ﬂgby
mut agenesi s 8equepregensing ¥ets. Mut agenesi s can be effected by

subjecting the cell topig, 3MUtA0RNHE @GR S heRle EErtQﬁrEEHFn%SfarnUtator
cell (e.g., tations in genes involved in DNA repliTation,

has
reconbi nat i oﬂlsmatcaﬁgyﬁ?q‘l‘%‘b%ﬁ Whieh Mifor i ntroduction of nutations)
sinmply by 15 propagafFigg 4he sehaiorfqeldvwwlviMdt atrowthehbsmens §eénes to

gener at,gd rob[LOM $UE §sjfi/§hsel ections for sinple phenotypic changes
BFP ? r§§ i

(e.g., acqui ron o “fanpi cin-resistance, then nalidixic acid
resi stance then | ac- tBiBac*: (seehems far ghuffling by Buotepilabt fusion.

417-422 (1997)). 20 Fig. 6: ScHemOUNSH INSIRREESg Kakbahh®Nci81Lhento
result of transferring ipto t celljcs e.q., by con%ugatl on,

transf or mat | GHP9tr BREYLREFDR HheRAR I o??g%{agnEé’Per}lF Fafy of DNA
fragments. At |east onBigand. usGendzalresghenie tfox shuffliiagneft guhg bire

l'i brar s shoy,-§pRE1 4 QUL onpl ete, 25 sequence or structural identity
with a cogna%g% orgsa?Pel F{CIQEQ%%'e within the cells sufficient to allow

honol ogous reconbi nati BhI- 8: t$hwlhing thmdii byapyospplragnénssosawiteri ve
from one or protofDa8t80YeRESat &N erys AL & Ofi HHiddWRALS oESeRzgRAQNM C | ibrary

"ndi vi dual {FSPERE-BEF| EOBCT T (TATBr A BE A n ths o si tuation, many
of the fragments in thEigi b? ar yShaf@l ima diyngie by protoplaktefueiganesingt he
cells bei ng enagalosiediRYt a&k{éfdnd rHMNcell-wall synthesis that
spontaneously form protoplasts. ol
Fig. 10: YAC-mediated whole genome shuffling of
Saccharomyces cerevisiae and related organisms.
Fig. 11: YAC-mediated shuffling of large DNA
35 fragments.
Fig. 12: (A, B, C and D) DNA sequences of a wildtype
recA protein (designated new Minshall) and five
hyperrecombinogenic variants thereof.



that gene due to the presence of naturally occurring species

vari ation, polynorphisns, and nutations. Alternatively, the 35 l'ibrary
can be der i WOP8BLI8MH DNA fromthe sane cell type as is PeAVFR8/00852
transforned after that DNA has been subject to induced mut ati on, by
conventional nethods, such as radiation, &Pror- prone PCR, growth in

a nutator organi smor sette 37
PCT/ US98/ 00852 Eca§ &4, Amino acid !@qggﬁg’g‘g E a w:.ldtrm d:eeﬁg‘SI s

I n either ofpPrdksin sAnd afivndiyperregonbinogenic vabiants ddrensofa conpl et e
genom c library or subgenomc library deriving, for exanple, froma
sel ected chronosone, or - part_ of a _chronosone _or an epi somal el enent

within acell. As 5 well as, HAETAIERARESFRIREE@sources of DNA

fragmenss, the Genetabrary can contain fragnments representi ng natural or
sel ected vari antsAof ﬁgl eBcats%% gen%% o¥ known function (i.e., focused
l'ibraries). ragnents in a library can vary
froma 10 single frdipemnvantisouprodides]) methods | for arwst hmndldy f rom
10[ err] extrglg‘ﬁ[lﬁréélfé ARG, 128 agngamnlmgé&éaagf@@%f ld be
reconbin

sufficiently long that they can under .go honol ogous 1 ion and
suffici ent | yreReFEiYRFeIURRCT ifdsEbinatippe r oBhERELY ntEreMEEIVe samueance
necessany, ”ﬁ@t&uﬂnﬁﬁz@@l&@f&{@ﬂ% suddiesedyet byalesFéﬁgﬁ@é&mxsirz&&&araﬁ@nge

from10 b to i zes of 500- 0 ses_bei ng

Fragrent s caRCERSRLng/ SEART O, £, HRheEa?, Apjagurer Grversity? SHRICYs,
fragnents casréatend rbauckd dhtroidiailcs agddwimollecules gmmm smbsatsmtlal
conponents ofg éﬁ'éé‘san@}é"ﬁ &%ctﬁ%@% 1'2%%?1%195/ £8 eagl‘?‘ 7 ﬂcﬁ{\:r agnent s

i ntroduced as are, in case al
|l ack an ori gf&f Beprm%w%atflil%rprqﬁse@% of mut@FﬂapsfraEﬁ%t%eWWnatlon
si ngl e1st r andpgdl @enonEsl Ddwed Bihaat leastdoaat agelefoﬂeéd:t/@émﬂgg fggnments in

single strande not.es re n. The fragmentg can
o 00 be b5 "SEEeREIM for st RAA HILED BoRBRR-PR, FoRraTTer s e

of fragment smoheaulzeé$brs¢13awtrfgi dm @rieginoupfl feopini thei sharting afdordisals

| onger peri Oﬂoﬁ%éhé@aéiﬁ&rdﬁléfé&q}%t 'rP'EHenthTthﬁound cel I in which

fragnents can undergo reconbjnation wt cognat e gene. before being
degraded or sel ected af3fnStlEhd3de eIV(?Q*t"eFir GAt H@ BafFeridkr eby
I ncr eagiong t Aechaepattéepia pforadddaryotiaMahid beno&bnaantugen@rmanogeneous

SATRSIGRRTIR O o 2 Pt b I L P e

exi stence than an 1so rrent capabl e 0o per manent
retention inipaéude| the bactemial qpd &al%mo@rlcwﬁlﬂ-r hh@@%nwym@&bw eaged

mar ker for ajigSq enéﬂiéléh i&eéfiﬁgtéMi@ﬁQQ%théx@&e§§h@ﬁt aS@ftébP§ar|ng
t he vect or P IS clgqof;an herw se rendered i ncapabl e
of expr essi nfaha ?'rﬁ?k%? & oFs9can™pBse. ra delé?ﬂ‘%"g%‘bm
i n per fa@r m ngrimbsequand hmmml.s hxith exdnbiliateisoand primary cultures.
Such cells include stem cells, including embryonic stem cells
and hemopoietic stem cells, zygotes, fibroblasts, lymphocytes,
Chinese hamster ovary (CHO), mouse fibroblasts (NIH3T3),
kidney, liver, muscle, and skin cells. Other eucaryotic cells
30 of interest include plant cells, such as maize, rice, wheat,
cotton, soybean, sugarcane, tobacco, and arabidopsis; fish,
algae, fungi (penicillium, aspergillus, podospora, neurospora,
saccharomyces), insect (e.g., baculo lepidoptera), yeast
(picchia and saccharomyces, Schizosaccharomyces pombe). Also
35 of interest are many bacterial cell types, both gram-negative
.and gram-positive, such as Bacillus subtilis, B.
licehniformis, B. cereus, Escherichia coli, Pseudomonas,

Salmonella, actinomycetes and Erwinia. The complete genome
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ssed bel ow. For exanple, sone suicide ve #
express a |8§’g"‘?’5‘ d toxin which is neutralized by a gf}ijﬁ%/ooész
nmol ecul e expressed fromthe same vector. ,; Expression of the toxin al one

will not allow vector to be 5 establ i shed. Jense & Gerdes, Mbl.

Mcrobiol ., ééquaﬁéeglgf E. cou%%a  B&E TR s@ﬂot&'lls @Q‘aedééarlﬁéa 8$0.

Al ternati veI% g 50: can be rendered suici g | ncorEorat | fn of

a def eBLAVENSF ﬁFna f'rﬁﬁ?%%?lgoW'(ll"é‘* et #319 é- KBRS t?se

or by om Ssi NatakeaR90[i gen-p56 1 €PIITIANI on. Vectors can aI so 10

rendered suicidal by i o) s h as

oraB in yeast or sacB ?ﬁgrfrg{:?g% é?&ﬁ&?ééé’ebfﬂ@%ya%ﬁnﬁe g@{ﬁge 8§<l| éfonl y

in the [resevMasiantspedlsic TyplC@bl@om ceddeh l\vle@-ﬂ'l@r popuhabéonepretef to

have a w de Eﬁ@gﬁame ty?é §ﬁ@bféﬁfé§§ht:¥%rlants of a péBb%hltBEr@g¥§t'ofn
into cells, the f gta S can reconbi ne wt sent genone

or epi sones 6P"‘Fhén nCeg) | §heyVaBHRF RS IaégU Fil§EF€e§EeC| fic
reconbi nati onelEer aﬁéesbﬂhlﬁédpﬂﬁ@tﬁ dhﬂm&e}gpumdlmma@awmmn a nakes

t he nost si gnlflcant con ribu | utd on of th because
this form of “Fecomdr ndti ﬁo‘gn%f‘ff?]é%n ecies, eX|I§1t In | ve §eﬁét ween

t he DNA Oof ther@ethgnbesngnducedtbﬁmmwm athe mghnagmnt:gllFor
example, if gubblencsisl £AATBA! eBELAGLd MBPShaL A i kS L1AMEE cognate or

allelic gené at two positions here are four possible _reconbination
25  product BRtaHENAScAIBRLENEIE %éc%%l%ltlt of B FMFeEerc 56 1Be (€-9- . Pafmed

in different mgebksoh8 thegbthassifrobee®opnulmia %pllcamoﬁbua—ecbaﬁahag@uﬁ
reconblnatlonﬁg/thefra iversit

it
LoneWhon nBRG/PragRRRLE PHLSROFRESE Laogyer it ot BrREAT R0 RAPBLY BV
al | el i dxgeneprophgadingr theymotaBor cekbanbiMutidtmr weddgcrcanwbehgeaspetedt o
starting prOQEBﬁﬁsuccesshggr§é§§§t§5ﬁ§"¥$§'éﬂﬂ%ﬁ(a? AR beangks

fragments Reconbi nation results in nodi cel I $"havi ng_nodi fied
genonmes and/ ¢f-8pirs@fgyisition of rlfamplq'%“iﬁasr%%ﬁnct?el cde Hei*ife
result of natudid radsistuackeathen, 18t agenksts, (e MO RAL.I, 0 .ar e
screened or Bacte?:%l 1(:.'lct §q9t o4hqe£|5§f Y1895 set of cells that have evol ved
toward acqui SIti onN~of "a néw of i nproved property. The nature of the
screen,2®f course, dep@ndotbart hespmwtvatsmnan@ the result ofip

98/31837 transferring into the cells (e. 3{ 324,
14 exanmpl es will BQe discuss the scr.eeni,n

t I I
'S ¢ epeat o BEPORECTEPEGTRY nh ERBSSERETE &5 'On il S e ary
Stringency caf D¥NA feagaeatsi.n hepkatet oyel ea;nd usua‘iflysmae_anqug.tk&
The subpopul g&la%%e?lftsc%' %hé“ﬂb?éh?gbﬁ%ﬁ%”é&ge 2kt not YA to a

further roun econbi nation S . _ ,
25 sequence or structural identity with a cognate. or allelic gene

within the cells sufficient to allow homologous recombination
to occur. The library of fragments can derive from one or
more sources. One source of fragments is a genomic library of
fragments from a different species, cell type, organism or

30 individual from the cells being transfected. In this
situation, many of the fragments in the library have a cognate
or allelic gene in the cells being transformed but differ from
that gene due to the presence of naturally occurring species
variation, polymorphisms, and mutations. Alternatively, the

35 library can be derived from DNA from the same cell type as is
being transformed after that DNA has been subject to induced
mutation, by conventional methods, such as radiation, error-
prone PCR, growth in a mutator organism or cassette



i nstances, the further round of reconbination is effected by
propagating the cells under conditions allow ng exchange of DNA
bet ween cel WO 98 4837%exanpl e, protopl asts can be formed 10  fRGHVIRE0852| | s,

allowed to fuse, and cells with reconbi nap genones propagated from
the fused protoplasts. Alternatively, exchange of DNA can be pr onvot ed
by proDagat'rﬁlﬂ:é&er‘f@éi§ ' r]Ir?”é:.t:her SkeEI’x L& H.@L? % Ceélf{)es %éq'x

conj ugative transfer appar at us, exc ange_ o onot ed sinply

by 15  propktR¥ang 3 Reld $omplete genomic llbﬁarérr@? srhgRRemiq he

further rounthilefairecdsmivialg, orfor exatn@leer E%ﬁesj é)é/l@ct%zildh@m)éaa@ or
appr oach. That is..the Vi vin to two ol's. DNA

i s isolated Part 9% 0%%onb:§ame a2 eﬁéﬁ@@@ ? fs q?e lrhr‘?d 2@s
transf obned weitb ase ot hierstiped of Abesedsngrges DDA Iﬁmagﬁmgr&nts, tﬂ-re_o.m t he
first pool copstifyites @ éd‘Httarl%r £l éh\ésoiceﬁ{»égé‘f‘}@{:?% natuxa‘ﬂ;j c{rTe IL8a

with cognate fragments_ in seco

diversity. Vvariants of Sequ’Fe@t H@Peﬁepﬁob§ow§oﬁﬁn@)¢l% I (Jo-fe t:hef%'é#slesl
surviving 251ibs&rees) ng are transfected with a fresh library of DNA
fragnents, which can Qﬁ?ﬁ)h ane %r di fferent frogillt_he | i brary used in
the first round of rec Sn of) FreAment s $8t # ohtP¥arY a3k e LTOM £he
fresh llobrars'lmglrler@mgmrmmahomt wioth, with dagmiiz&e@ermes'lng them 103
surviving cel ]_gae@ge% r 3 f vector,
conpati bili ty o th| S ectt%r %elﬁh QQH&SHn O'\T/%%f%?a? se |n a g'r e\% ous round
of transfect¥ohfsmbRAtlbelong thagn&heyr één pndergo Veerrakogmed in a previous

round was a reccmﬁmﬁi&\&ca%fftﬂ%atw BRoRE OBh&M ey NEAML i DIl i ty.
I f, however, .t he. vect or gi gr evi ous round was not a. suicide 35
C

vector, a vebtoFORATho i 1 ToREPBRPRTY dPATRRLated BRfATE be
used i &5t he smlﬂasqﬂmmﬁonourﬂj:agmmcl lsizkst heserange foomul®,b fuw tle0 kb,

recombi nat | ap: GRNE! 2 SR klid 0N ooTbEES! bl ing cobflod ® PARAIRONSE

the cells resultin
PCT/ US98/ ooe%?uble- or Slngle ‘stranded. 15 nmodi fied cells.

The further nodified cehé an’ﬁgﬁxéit@ e@heﬂet 9nepeiiiesd into €8k sts whole
screeni ng/ sel ection accordéon %amargrl nci % . %fcé h rst
round. Screefthnglsel BetTdrY e |e§D a'5 S?ﬁbp@ A Fon
nodi fi @8 cel BACs har ¢ravedd wrrttmgduced agv Ghegdarevaid weigh staseomldf drhe
property. ThiSst of SHPORIGREHAQN 18kkC ekl %r‘i@ﬁn%f%@%?f&@&ér? fusddess
rounds of fc nbi nati on and screeni n% ﬁ rdin 0 the sane
principl es, Vira %?mﬁ% th SiRgler StRge e§ gen t&?%e?ﬁffgr Bty
i ncreased atad@ant@gehof adeldi veriventfualgmgnteeli hssingl ¢ detrtaridesd] fdwai, have
acquired th r i, at i

ewgféllx rffsjo t?eﬁse dek '&m&r &atlo The frggmgﬁ]{%_ 1? P so be

1. Coating Frag rec requency of
horol 088us rb%mqln‘a@u@nsqkq%éﬁe markelr breép'yref meﬁ@dmtm cofr@kusion

endogenous gefeSrigieRes in a WEIRASEVENgCaAl bRUgiheof rAGFENd St h a

;faconbl nogen] Efords Q fér?glenr %eefrglroe Ionft Ii:ggt\lécglifggrl Q}n(:)ro ﬁééloéefntpgtéhe

cell in which fragments can undergo recombination with a
cognate gene before being degraded or selected against and

30 lost from the cell, thereby increasing the proportion of cells
with recombinant genomes. Optionally, the vector is a suicide
vector capable of a longer existence than an isolated DNA
fragment but not capable of permanent retention in the cell
line. Such a vector can transiently express a marker for a

35 gufficient time to screen for or select a cell bearing the
vector, but is then degraded or otherwise rendered incapable
of expressing the marker. The use of such vectors can be

advantageous in performing subsequent rounds of recombination



Mol ecul ar Bi ol ogy of Cancer 1, 1 (1996); Sena & Zarling, 20 Nat ur e
Cenetics 3, 365 1996) Revet et al., J. M. Biol. 232, 779-791
(1993): KovWPI#RWEKi & Zarling in Gene Targeting (CRC%’,S’“@? 7.
The reconbi nogeni c protein pronotes hgnol ogous pairing and/or strand
exchange. The best characterized recA proteinis fromE coli and is

avai | abl e 2%o Yd de%wsmplb@lbla SC@b@Wéséamﬁblé, sdie agteh di i Jxtdies

wi | d-type r ot ei of nutﬁ recA-1ike rOtcf' ns have been

i dentified (BRESST & A L?%{ X1 HRY CBr S nPEREE bY g eca-like

r econbi nasesshmith—]srtveemdndreanﬂfeele:@msseﬂl €sofietlge, same vdggaowa, et al., Cold
Spring Har bgs %g)é)j a 3 76 ( 993)
Johnson & Sym on%l*j/rbﬂfjq-’éle(%ﬂi':%éﬂ'l EELXE %ll_lL h858%%13§5‘6€5%@g ugl sawa
et al. ,SNucleswgﬂensef%% Jense & Geryisr3 ModgsMicrobinler Hl. 2WCeidlM4, 885

(1986); Hsiefnsds); Berrtlrd et aBi.0l cebleiE2264595088. (]ﬁﬁcgérnaﬁlﬁr@t ety aI
Pr oc. Nat!| . Acad., Sci. USA 85 3&33 NéySS%g?Cassuto et a I\%)I

Gen. Genet . ‘?fé“’ﬁc?a(riéﬁ)rer’&?ﬁ&& Siig FP@Ftiory of a’ 3124
(1987); Moraefdctlve akiddimlaf (Ehs@liuciiﬁ;l.oﬂlllﬁme(199&)1perature-l‘%§mﬁveﬁ)| i,
Nucl . Acids 57 e Spr Har bor_ Synp.
48, 675 (198‘%6 S"”’Kﬂ"r%r“eﬁsg‘é)mé‘e(cl@%ﬁ bﬁk gq]“ ot ggpglc%ﬁ%%ml ot Cdn A
PCT/ USB8/ 00> rendered suicidal by inclusion of negatipve select(:;]ggrse)

Kol odner et @rkerd 0Gudiatds cﬂ%@dlnsg’easysér8§a §5§IQ many bé(?iﬁé.j Sugi no
et al., Proc.,  Natl. Acad. Sci. USA 8 3683 )5 ooak et al.

J. Biol. ChetheSmAensmPeemsadLrxic °n1YEil§eHh§tP§‘FsemFi?o%f sertifiad.
Sci. USA 85,catdfiur{d88)suctb vedvaZar iy, Bk sklecPe@cto Nédve #AGatHe SedngdJSA
85, 5854 (1908]@) tabi 11J_loev@nhaupt et al., J. Biol. Chem 264, 20568 (1989)
Exanpl es suclh reconbi nase pr ot ei ns incl ude recA, recA803, uvsX
(Roca, 1A. 1., Cr| t. ReALBIDdndmodvsitdeon Bhob. cebls418he¢ 1mqents carsepl

Kol od t t 4,
(Kol odner  etyédombiHOGeithd ﬂNA g&%@en\‘éc'ln %ggsgén&mé or %%ﬁﬁ%%r%%?%z%t

Ti shkof f et al I%%G lﬁ

al ., Nature %4s q'(CEL G9CUspsFenhRERE °9°us °§“(Rﬁﬂtftﬁl9<%°c'¥%1%t al ., Ml ec.
Ce: : gl 0: ﬂégorﬂ&&ﬁat(ﬂcﬁﬂlg JEor presS"ﬁIE[ pnlrbbBSEl héhal kg@ls ai"ecorhmimlon
Ce 10 .
S (02 Rind B R i e b OB0E 8 B evdT oAU ofER,
et al.20Ce| |cells bgmusmghidorm ofj ﬁr@ﬁamléatapn agplif59s sy,

RecA prot ei NedDEtBn diied AP tl&!tﬁlreférﬂ arenbNrhen the cell§0§é§n§1
single-stra nongQner of

ded nu oprotein filane
recA protein % %%taﬂ?oarééootd}e %"ﬁu%r rESTERES - 250:: ?ﬁ?‘gpb?t)p’e‘?t?/ FPrrecA to
coat single- fsrtargarreted NG ssransfeatssediifdey Sequeaceogmatepemdentlelic

al t hough pargd.cul & two poéﬁ%.ﬁége%ﬂe@éo'ér'enfbhﬂl pl)%_ﬁgf)ﬂg féc&%ﬁxé\{‘i&la

pol ynucl eot i de 9 ation sequences e nucl eoproteln

filameRP(s) PrOduc‘%:Fan fRAFH P fo ik hesee FECaMP} Nak§ OR cPHRAPS f % BRd can

form 25 Cofﬁhgmslﬂ\ﬂ d:hfitwéhtildwll%- Shf %h@edraﬁdfdﬁidédiepéﬁuﬁé\ldﬂ&w i R
procaryotic and eucaryotic ce fore nt.act i wi t
recA or ot her'fr?hrect)i’l |gn§s%°us reco“fbrlgatlﬁ’tnsogr 5h8f Fgﬁg‘aﬁﬂ%t 78 e% € by

heat - t r eat rrexnl.ti:@bﬁdlvermw cﬂtremhuss gellen aWbed many foageentatierowbine
about 1-10 [@{¢h Morresponding cognate or allelic genes, the diversity of
30 recombination products with respect to starting products
increases exponentially with the number of frag&ents.
Recombination results in modified cells having modified
genomes and/or episomes.
The variant cells, whether the result of natural
35 variation, mutagenesis, or recombination are screened or
selected to identify a subset of cells that have evolved
toward acquisition of a new or improved property. The nature

of the screen, of course, depends on the property and several
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for enrichneatedteic £ie8Ubskaptially mividdia REReAcoVReEHEdLl fer at a
few sites. 20 For exa substrates can’represent_ conplete or

l e, the DNA

partial genoffB®3FELYS, gREH?BﬂBs%%EPWA¢ﬁ%ﬂ)Be19§9ﬁqme@féﬁ@ﬁﬁy by
i ndi vi duial s wrbpatshe idgf theeoaekss bei ng due to pol ynor phi sns. The
substrates can al so repre i t f ild .
The DNA substrates ar e Booriar Pacisds | Ul uthed roung"bl LURGEFHELSE.
produce fragfenPeréPraeAgby-a spliktanthdaplDNERPrHeshsi nghatsipanthd DNA i s
then all 0W]§d s'{u?vivipg[}%%mmgab?:eng?iéé@g%rﬁfééﬂv?“%&fsﬂa?mﬁt §fsr @?Pﬂlééédw th
a perfe mat ched_conpl.engntary strand to genera rfectly
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fragments, which can be the same or different from the library
used in the first round of recombination. In this situation,
the genes in the fresh library undergo recombination with
cognate genes in the surviving cells. If genes are introduced
30 as components of a vector, compatibility of this vector with
any vector used in a previous round of transfection should be
considered. If the vector used in a previous round was a
suicide vector, there is no problem of incompatibility. If,
however, the vector used in a previous round was not a suicide
35 vector, a vector having a different incompatibility origin
should be used in the subsequent round. In all of these
formats, further recombination generates additional diversity
in the DNA component of the cells resulting in further
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25 from Pharmacia (Piscataway, NJ) . In addition to the wild-type
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Ogawa et al., Cold Spring Harbor Symposium on Quantitative
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13, 7473 (1985); Hsieh et al., Cell 44, 885 (1986); Hsieh et
al., J. Biol. Chem. 264, 5089 (1989); Fishel et al., Proc.
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35 Gen. Genet. 208, 10 (1987); Ganea et al., Mol. Cell Biol. 7,
3124 (1987); Moore et al., J. Biol. Chem. 19, 11108 (1990);
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Spring Harbor Symp. 48, 675 (1984); Kimeic, Cell 44, 545



is recessive in cells having wildtype rpsL. Thus, selection 5 for Sm

resi stance sel ects against -cells having a mﬁldtype copy sL See
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fragments are often denatured e.g., by heat- treatment RecA

protein is then added at a concentration of about 1-10 uM.

30 After incubation, the recA-coated single-stranded DNA is
introduced into recipient cells by conventional methods, such
as chemical transformation or electroporation. The fragments
undergo homologous recombination with cognate endogenous
genes. Because of the increased frequency of recombination

35 due to recombinase coating, the fragments need not be
introduced as components of vectors. _

Fragments are sometimes coated with other nucleic
acid binding protelns that promote recombination, protect
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between the incoming fragments and endogenous genes results in
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are useful for a var| ety of purposes in nmoPecul ar genetics 35 i ncl udi ng
the in vivo for rec;q:r5| ve sequence ‘reconbi nati on described in
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di ver ged equences ui ture 3
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e
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formed by m gipe ¥8Ghart dFerfud RN ous known reconbi nati on
genes and sites. The library of fragnents is introduced
into the recipient cells to be |nproved and reconblnatlon occurs, 35
gener at2isng nodi fied cells. & hbéVic Excha :

mar ker gene whose eXprfﬁé'%&%&F%ﬁﬁ@b@%ﬁ%é methods of enr1c1ng

for cells bearing modified genes relative to the starting

cells. This can be achieved by introducing a DNA fragment
library in a suicide vector (i.e., lacking a functional

30 replication origin in the recipient cell type) containing both
positive and negative selection markers. Optionally, multiple
fragment libraries from different sources (e.g., B. subtilis,
B. licheniformis and B. cereus) can be cloned into different
vectors bearing different selection markers. Suitable

35 positive selection markers include neo®, kanamycin®, hyg,
hisD, gpt, ble, tetR, hprt, ura3 and sacB. Suitable negative
selection markers include hsv-tk, hprt, gpt, and cytosine
deaminase. Another strategy for applying negative selection



manner that can be corrected by reconbinati on. For exanpl e, the cells

can cont ai Nyl j es of a marker gene bearing
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Suicide vectors bearing a positive selection marker
and optionally, a negative selection marker and a DNA fragment
25 can integrate into host chromosomal DNA by a single crossover
at a site in chromosomal DNA homologous to the fragment.
Recombination generates an integrated vector flanked by direct
repeats of the homologous sequence. In some cells, subsequent™
recombination between the repeats results in excision of the
30 vector and either acquisition of a desired mutation from the
vector by the genome or restoration of the genome to wildtype.
In the present methods, after transfer of the gene
library cloned in a suitable vector, positive selection is
applied for expression of the positive selection marker.
35 Because noniﬁtegrated copies of the suicide vector are rapidly
eliminated from cells, this selection enriches for cells that
have integrated the vector into the host chromosome. The

cells surviving positive selection can then be propagated and



sources that will allow themto continue grow ng. _ Sone cel
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by reconb|naundmv1dhe§ezed improvement of recA, the diverse forms of rechA
can be pooled with fragments encoding other genes in a library
30 to be used in the general methods described above. 1In this
way, the library is seeded to contain a higher proportion of
variants in a gene known to be important to the property
sought to be acquired than would otherwise be the case.

35 5. Harvesting DNA Substrates for Shuffling
In some shuffling methods, DNA substrates are

isclated from natural sources and are not easily manipulated
by DNA modifying or polymerizing enzymes due to recalcitrant
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sequences showing only 75% sequence identity.

30 ~ III. Applications

A. Recombinogenicity
One goal of whole cell evolution is to generate

cells having improved capacity for recombination. Such cells
are useful for a variety of purposes in molecular genetics

35 including the in vivo formats of recursive sequence
recombination described in Section V. Almost thirty genes
(e.g., recA, recB, recC, recD, reckE, recF, recG, recO, recQ,
recR, recT, ruvA, ruvB, ruvC, shcB, ssb, topA, gyrA and B,
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30 recombination genes, such as recA. Alternatively, libraries
can be formed by mixing variant forms of the various known
recombination genes and sites.
The library of fragments is introduced into the
recipient cells to be improved and recombination occurs,
35 generating modified cells. The recipient cells preferably
contain a marker gene whose expression has been disabled in a
manner that can be corrected by recombination. For example,

the cells can contain two copies of a marker gene bearing



35 expression. Selection of substrates for reconbination follows
t he general Wr&gg es di scussed above. In this case, focusepc,rmsgsmossz

libraries c vari ants of genes known to have roles in
expression. For evolution of procaryotic ¢galls to express WO
98/ 31837 PCT/ US98/ 00852
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25 chromosomes. In minimal medium the cells contain one or two
chromosomes. The number of chromosomes per bacterial cell
thus depends on the growth rate of the cell as it enters
stationary phase. This is because rapidly growing cells
contain multiple replication forks, resulting in several

30 chromosomes in the cells after termination. The number of
chromosomes is strain dependent, although all strains tested
have more than one chromosome in stationary phase. The number
of chromosomes in stationary phase cells decreases with time.
This appears to be due to fragmentation and degradation of

35 entire chromosomes, similar to apoptosis in mammalian cells.
This fragmentation of genomes in cells containing multiple
genome copies results in massive recombination and

mutagenesis. Useful mutants may find ways to use energy
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replication. Genes involved in replication include tus, xerC,
xexD, dif, gyrA, gyrB, parE, parC, dif, TerA, TerB, TexC,

30 TerD, TerE, TerF, and genes influencing chromosome
partitioning and gene copy number include minD, mukA (tolC),
mukB, mukC, mukD, spoOJ, spolllE (Wake & Errington, Annu. Rev.
Genet. 29, 41-67 (1995)). A useful source of substrates is
the genome of a cell type such as Deinoccocus radians known to

35 have the desired phenotype of multigenomic copy number. As
well as or instead of the above substrates, fragments encoding
protein or antisense RNA inhibitors to genes known to be

involved in cell septation can also be used.
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or specialty chemicals. Improvements in efficiency are

particularly desirable for proteins requiring multisubunit
30 assembly (such as antibodies) or extensive posttranslational
modification before secretion.

The efficiency of secretion may depend on a number
of genetic sequences including a signal peptide coding
sequence, sequences encoding protein(s) that cleave or

35 otherwise recognize the coding sequence, and the coding
sequence of the protein being secreted. The latter may affect
folding of the protein and the ease with which it can
integrate into and traverse membranes. The bacterial
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In one variation, the marker gene encodes a product
that is toxic to the cell containing the construct unless the
product is secreted. Suitable toxin proteins include
diphtheria toxin and ricin toxin. Propagation of modified

35 cells bearing such a construct selects for cells that have
evolved to improve secretion of the toxin. Altermatively, the
marker gene can encode a ligand to a known receptor, and cells
bearing the ligand can be detected by FACS using labelled
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approach for ev O HEBESS8 ™ ard a larger size. Initially, a library
IS WO 98/ 3183311ls can also be evolved to acquire increased

PCTlusgglooaégpre531on of a recombinant protein. Thé4level of expression
is, of course, highly dependent on the construct from which
the recombinant protein is expressed and the regulatory
sequences, such as the promoter, enhancer(s) and transcription
termination site contained therein. Expression can also be

30 affected by a large number of host genes having roles in
transcription, posttranslational modification and translation. ..
In addition, host genes involved in synthesis of
ribonucleotide and amino acid monomers for transcription and
translation may have indirect effects on efficiency of

35 expression. Selection of substrates for recombination follows
the general principles discussed above. In this case, focused
libraries comprise variants of genes known to have roles in

expression. For evolution of procaryotic cells to express
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human ti ssues, therebﬁLSLﬁﬂE@ELﬂgllé the source material available for

recombi nation in vivo.p Mether apbm&aexoﬁaafafé&lﬁ@% fge@adiaet eri a known
to be resistant er tr?ns{orrratl n anddarol%a atlon of

bacter?% ecomb1q&§¥ﬁ9:§f8§%e %voéuglon o] ant s, an
PCT/ US98/ 00&h2ant s derlved from the same, to acquir&Sresistarfay tan

appr opr i at e ,pari e 0. O Ch8FQER1 871 {993 £ Qa@8 CUfung1 o1 AU} T ecombi nant

genes to be ‘expre act eria are screened by exposing themto
the drug unoPé'FSGE‘é"sltCJéiﬁﬁ tQﬁarg BT &opigdti H@rEH?W%rge %ur\ﬂfﬁ Na&eri a
are subj ect éIygﬁ'losef.ﬁE)t hatd m@&wblﬁeeonbwnat sabstrdites sfdasequent round

can be effected lit and poo%‘ pr.oach. | |ch
Cohsor 281 s D S e PRORbelRERASRLL AN I LLAD.0s
bacteria. Altlrersef vt yfoauseaddH brisiasy contBhning vazrmrgmem% mﬁ@é
i ntroduced it QnsUyi Midiibiatd &d @onklr rodlseqHest & e (s) e %ﬁﬂcﬂfé' on
can be perforned at i ncr.easi n% concentrations of réjaqi t£|e£ n¥ _
i ncreasi ng 1 fgents. Frequently, library fragments are o ne rom a
different kind of plant to the plant being evolved.
30 The DNA fragments are introduced into cultured plant
' cells or plant protoplasts by standard methods including
electroporation (From et al., Proc. Natl. Acad. Sci. USA 82,
5824 (1985), infection by viral wvectors such as cauliflower
mosaic virus (CaMV) (Hohn et al., Molecular Biology of Plant
35 Tumors, (Academic Press, New York, 1982) pp. 549-560; Howell,
UsS 4,407,956), high yelocity ballistic penetration by small
particles with the nucleic acid either within the matrix of

small beads or particles, or on the surface (Klein et al.,



stringency of selection. A simlar strategy can be used to
sinmul ate V'W6|9 /31837 acqui sition of drug resistance. The obj esdA §9s 9852

identify 15 rugs for which resistance can be acquired only s y, if at
all. The viruses to be evolved are those 2Rat cause |nfect|ons in
humans for which at | east nodestly effective drugs are avail abl e.

Substrates Atyzg d&lnatd P ddi98ddse use offpailendde eEFRBNt™ nat ural
variants of gdyep1ede) Vldxalus%.o of Stzxg@oba%e@hfzfneEﬁﬁéf&tiéﬁ@&raﬂéfdﬂaﬁed ar get
of the drug |s E\l fg_e anal ogs whi c£ (gl bl,%t

reverse 18h #hch F&%@é“gé’%’ew&lc I%& SREUEHEFi BF ArF e htal'fﬁhg1
vari ants of gmwmg&t tgenesuctiartede tpr pdanedceRésonponainbectoion by a viral
genomne th f al; Ly p itr
ovever® | n ATitBiftdatin (AR LA, YR SER1 DERE QurRted Ml d he
vari ant s of pxlacran qrnwes(Hgrsch et farlagn§|¢ﬂ§nFﬁa23éan4%@“é?1%oh3p%%%)ed in

such genonmespraley et SCPNMDI Mald OvLQaAN alcsE.bgcper beaned, i Msyivoro3g) ., by
transfecting cel I S vvlth nul tlrS}e sub tra%g co |es éaee Section 30 h%%ﬁFor

screeni ng, reconbi nantPIWWFEF gk e &18Ce OEnEF 8685 Dy genqt e hyss
suscepti bl e betwadecplatt pyrddupldstss aaadbrdieag to theekbamse gpeiecipbes to a

Thed oPeC L e O p 6y 2dd Suncal deolcbidebk X pkQUeBIPEENELR | OT)

The cell's can ected er a period
of infecti onfOESatlcpm oechyLus fams exf @érﬁlnﬁ}epéf@ﬂ‘-lo@éﬁéésf £5f dpacEiPedriay

medi um dt he Takaha%Pg?E‘Yal/![ [, Qﬂ—{l@s%nr mla?% tagr a¥i[ usss.s;_hg@ Ty e
acquire | eas ial resjstance e dru atjye
virally inf e%?’e‘ﬂarﬁ%‘?‘?serc e B adPGt3si s&%@n& aft gevn hg p E‘bg J)ZO

98/ 31837 After a suitable period oECIhUSBBtQGBSQo allow
36 resi L YEpSes. ) solaked dd %&p'e@{g%%z«,mﬁhagEergeaﬁbgﬁgxkdes
sone |nalcat|0n oT -t égree viral Tesi

viruses survienesg, sbheemlwgt el surectcanyacted yddht tbRarILBENES Y?)]fllCh
reconbi nat i ope@Nge 668605 NPo e | A BBERT %nd.%%&hﬁgﬁﬂgmeaht|célls are

predeterm ned | evel of drug resistanc as been quire

pr edet er ni neﬁoﬂe%ﬁﬁ:egf d? er%’él%s]t]arﬁé %e l:’la“"ltefcle Fﬁ@ xF’Hﬁ?r?ﬁBs‘éﬁe

of a drug pracfuf:aherOradmilndaStmcomblnatmcm Eatd eatreentthgut Ewenteadble

si de effects J%g égfi¥sh vin rﬁgkééab%aghg'%eénE8V§§éigating
%%’ %o var ous co

acqui si i on resi s anc nation of drugs, such as the
growing |istobtaappfleved anti-HV drugs (e.g., AZT, ddl, ddC daT,

TI BO 82150, nevari pi nethdd&, c€11Xivan wHwh Hd Qﬁﬂ\ﬂdr)ed into trhMsgBneaotion
of CGenetic Ex

hange 1 1 CGener al sonme
met hods of tﬁga’f‘ﬁgent gﬁﬁn’éf ?%%?n‘?]é%tolfﬁg nfdf?“br?‘ﬁturegf PESFPRLAP  BNASby
propagat i ng dektsibadeincBuansiensal ndutirgroplastex dsadgsionr BRA bet ween
cel I's. ;ONA exghange Gaﬁaﬁg.b%ﬂ@feﬁlant cé!b’l gﬁilﬁétﬁlés\’ 1apﬂb'4(1§b|se nmet hods

such as el ectroporation, brolistics, |1 fu5|on or in
i nstances, byMasMidgari BHblishing Coqy c?ﬁﬁd’tt‘@?qlirm% dt Q&VFﬁ’ansF@Fenﬁor
exanpl e, DevAlbphaater iintRanchl tusd el Redtedtdione ofi PlahtDNA, whi ch

LS Protoplasts," Protoplasts, (1983) pp. 12-29, (Birkhauser,
Basal 1983); Dale, "Protoplast Culture and Plant Regeneration

30 of Cereals and Other Recalcitrant Crops," Protoplasts (1983)
pp. 31-41, (Birkhauser, Basel 1983); Binding, "Regeneration of
Plants," Plant Protoplasts, pp. 21-73, (CRC Press, Boca Raton,
1985).

In a variation of the above method, one or more

35 preliminary rounds of recombination and screening can be
performed in bacterial cells according to the same general
strategy as described for plant ceils. More rapid evolution
can be achieved in bacterial cells due to their greater growth



incorporated into the yeast genone by both honol ogous reconbi nati on
and a gap . nechanism (Piers et al., 25 Proc. Natl. L, USA
93(4), 161§$§%@i’€§§ )) I n some nethods, ini Fégﬁgaslverm

bet ween cells (i.e., before genone gxchange) is induced by chem cal
or radi ati on-i nduced nutagenesis of a progenitor cell type,
optionally frak:lao‘aﬁd bhesgfesﬂéﬂgefﬁc:&rrtq»simdl phéoht D¥A. cén B ot her

IO ST, DY e 8 B or monhapgad o

shuffling mnodblnandgoéacm@nam@e @fDMragmentl dibxagyasst ﬁéCQB‘Pée‘ﬁeans
of effectin r%ﬁpngtgﬁihoanantféﬁgEormed M eref ﬂ%ﬁ@gb'nQEEOM1bfﬂr?ther

met hods, induced exchange is used I n conbinafion 51 nat ur al _ sexual
r econbiat | G#ToEifRer be ao?@'&ﬂ%%‘h‘f- PR O FOFESernddPEaTExchnge
and/ or nat urfaqused 1lbe&u§tl caﬁcsabpf@amwi ane angad fiieacaohi Babinopriinehst he

bl 31837 opecitic I Plant LeendSY Ay plpfY ppquences 1O

37 carknoema owhsluspgehedetoahave | @ ke nios canfexrrgngupesistance.

functionally or genetically |inked genes, a plasmd, a cosmd, a

m t ochondri al genorre a Vi raI genorre (reI i cat |tve and pl i cative)
e me \E 4

or frabfhent ) : #&&828r or can
be in free fmrdﬁtnldson'@s‘é@@bﬁbﬁas atr@@ﬂﬁ@l cfamlameg gre@mt mgAhamil ogous

h | h
contarn . M pere, ehERIERT EERE BibD LEAJON NI, ARl WTERLC
beads, soni efitdmybiadr. GRenid3dB-3878nty985) c de Rpusa &G ¢d.- .t 9-10
stinulate VW%I 078, 2894-2900 (1994 eAptb Pife DNA aan ke axehanged

bet ween cells after it can undergo, reconbipation t form h¥lbr| d

genonekSs Celﬁrsa%‘@éif‘:l ﬁ@%ﬂlﬂggéﬁéﬁ'e‘gaﬁr%n‘%c’?’e]elrféﬁ 1pserted;dnro. 4
phenotype, agadrelite REvipugishi sapbepokypelal ef ddgmerits dattadningh@seBcel | s

formthe startl s _f.or the n Q e i on a
ecurstve.  was RheHiTIed SrEaRREA inconEHE ANREL VudP THRES ORI
pronot i ng emmmfeme@etfmmnpﬁﬁlmswmh ECCP%I B¢ BASH .o ZEeMiEh such
as by prot 0@&'&%&1 Fasd mnd‘tﬁo anB' Qh@%@éhﬁ@éﬂié SwdFeOrad-ne gatigdy dntior 0m a
cell of |ts cel | eavi n% rrg ﬁ rﬂbecell t-hat deper}’d§3 on
an i sot Jcs d?‘lgfﬁﬁiﬁrq SR REQRINAR rH?ﬁ%ﬁl H;u ni Ty i 4 &5 1.
| f the cell mwlindértpardrtalind ngerbzadanthrteRsithtpUCig&eldotial plasmitdictly
referred to a%a gsptpqctﬁpl ast and if it is conpletely 25 renoved, as a
weve

pr ot opl ast . ere the term protopl ast i ncl udes spher opl ast s
unl ess ot herw se i ndi Raatksive sequence recopbpRp}A tWEYRWTIL ST i bed

bthhaf fner | £41B8bws.  The IQJdrﬁ'_QLre'\l@t la. kﬁcﬁﬂasﬁﬂa wé@ﬁtﬂgatéﬂﬁalit(rﬂ.gﬂ&)se'md
s 605, 350, 30 S REEIR - B - Bs1f oW oRk: e SRS SRR 2000,
16. Prot opl asnd {260 @rohasetegelr mltfadzdbet m‘henfsagmmss were asgrmdlesd and
an b pr epal B o BT Bt ST A L b e e T hn
manmal i an ce?*@eﬁndppﬁeﬁﬂ MgQAcy 400 puM dNTPs and s ria i utlons o

fragments. The assembly reaction was performed in an MJ

30 Research "DNA Engine" programmed with the following cycles:

94°C, 20 seconds
94°C, 15 seconds
40°C, 30 seconds

72°C, 30 seconds + 2 seconds per cycle

35 go to step 2, 39 more times
4°C

We were unable to amplify the AtzA and AtzB genes

o 1 o W N

from the assembly reaction using the polymerase chain



35 by several neans including chemcal treatnent to strip cell
wal I's. For wuagRi®y cell walls can be stripped by digestion pcrmsesibgsh

| ysozynme in a 10-20% sucrose, 50 nM EDTA buffer. Conversion of cells
to spherical protoplasts can be nonitored31 WO 98/ 31837
PCT/ US98/ 00852 38 by

phase- cont r astagti igws cipyinsesdopleapusifandaP¥d Hrom the preqetian iy
propagat i Onsﬁ{ ert Sl | Sxd P dedip ﬁ@@tﬁ%@ﬁ.egr&ﬁ?lé@tlon, 3L b:lig%!s@d aald
wal | synt he ,

or_. use of nutant strai,ns ackin Jzze%{ ﬁ_lell
wal | for mat |%$§3‘W3e?%r% With a &gesty}GEionc BRFEMS,
phase by ar rﬁeﬁéfsmd h(k dpnI hﬁl‘lﬁdm;irﬂl’ &1suchnapuaiéﬁwa9rlo$<t dhamimg killer
t oxi n, najm nd .adenyl.at e i bit Opt
sone buf not® "§F O opt ST (?*B‘é’f% gpgg P I%%Ié%)nd/ o%ﬁﬁ%yﬁ%%e
t heir DNA frpﬂ;.;amniédnm gekgunefiied t isetllft-ﬂagachét OYernlght aamdt i on,

hydr oxyl am o) \ t Al F rokbfle LEIRs99,
193- 198 (198%%56%g%|%é$%a?&% strai EIMIEZ(zj r(()%élglgts %re re?serred

to as donor sSCEREN\Wa®| WIPOT LAy o VEHYadiis tAe Qééém-@r% RRPFgTHRLHC YR s

Cel I's an 3eobta1n@&vmrﬁlg£cmﬁnbd3: siflbsﬁwtcbmﬁéeemgmgl agailsple cettsing t h
ri en S e ' . Further, breaking up DNA I n

donor >c{gl l's ggcg{ﬁh#ﬁ?gg%guﬁ%&s#ﬁﬁ%gt)i ng reconbi nation with

accept or DNA. Opti onal $griak chipiuricnsd/adr thes sdapsfpsmationcupagt son beere

briefly, but fﬁgégtgﬁé$yL%8ﬁfggégjédhﬂ&inlng SbrMQQhﬁthﬁﬂléHIibﬁr tRe

stimulate red I nat1 on grotop asts can be

stabilized i remainderygf|hy ‘b‘fa%frﬁﬂ‘%ﬁ%nar‘ﬂsc&%ﬁéuﬁé dBcHl¥seERl;

chlori de, froﬁléhaéﬁl ugp 68| ordntes tsnmlwarwmmﬂt eelpset Rask UL pEpsahatite

sucrose sorhitol i e presenc n fer,
reddci n Pﬁaéﬁfl Cﬁﬁ-.g otRbT iR %%%l e&fﬁ‘ ;b be %}"eg nmgtz)gda?ld 56

d| fferent cebh Lgpesm dPameopt asla;t&mrcdm:alnlng |5r@@ugedm&oaf:nsem«y and

treatment with a chemggh such as PEG cal cium chloride or cal cium
propi onate or el ectrofusion é)quone a, Acta M croblgrp'I gl ca Bulgaria
24, 53-59 (1989)). A Atrazipemd D10 i mk FQTHe EfpFEFP a-g FPectric fields

has al so beeﬁrael idaseli bede pfedudimangt Whe At¥A ahBAAtzBogdnksons can be
ot er o0t yonE=EBAERFR AETBERBIEEC® 2 SPTURAT B oS one e P ofonF ALfins
Fused cells the WéldntiyphedtzA andfitzR wﬁmdma@i@awléél It§1u§yb§ucrose

gradi ent sediRaLY %la@a By a QieéE@'ﬂla:@&r&ﬂé& tHd @t iReC hals bBehhe
het er okaryons can fuse and hanol o %gs recombi nat ggn can

yoga
occur bet weeAegraded. EEﬁoﬁEEe af‘ﬁ‘gl %r%ﬁﬁ@s 280 SLEYE G at
asymet ri cal mpre rapiBie@yubt tbgar nhabgentl htkskmpraidgrast ont harazane-| ost or

gg&?ﬁgéga008§?nta1n1n%/%%8§25 Positives were picked as those colonies
that most rapidly formed the largest clear zones. The
(approximately ) 40 best colonies were picked, pooled, grown
in the presence of 50 pug/ml ampicillin and plasmid prepared
from them. The entire process (from DNase-treatment to
30 plating on atrazine plates) was repeated 4 times with 2000-
4000 colonies/cycle.

A modification was made in the fourth round. Cells
were plated on both 500 pg/ml atrazine, and 500 pg/ml of the
atrazine analogue terbutylazine, which was undegradable by the

35 wild type AtzA and AtzB genes. Positives were obtained that
degraded both compounds. The atrazine chlorhydrolase (product
of AtzA gene) was 10-100 fold higher than that produced by the

wildtype gene).



39 whol e chronosones. The frequency of reconbination can be

increased by treatnment with ultraviolet irradiation or by use 8)
strains ove &%@i ng recA or other reconbination genes, PCT/USPEM0832 Mut S
or MutL or the yeast rad genes, and cognagg 5 vari ants thereof in other

speci es. Overexpression can be either the result of introduction of
exogenous reconbi nati gn_ Trande@escOAnifgisesult of selecting strains,
which as a result of natural variation, or induced nutation,

over expr ess endogenous 1. odZRBEASRE RG2S fused protopl asts are
propagated 10 under omneydailom grhnsgegesigeherat i prodfces eddansgend.c
reconbi natiq AP for an o] nt geny
cells fromt eq{iu%t ero aryon g‘ﬁ‘ éx%%ggg};gh %?ggg @f%g I nan’t aquﬁes

After, Br oc@%ﬂﬁvalﬂ%ﬂtﬁ,tﬂmgeaoﬁe@@mbﬁgant pr0¢%hré)v3e!r3}:hﬁ “TJlJ-é‘éd ®ells, the

cell's are soypeanesbd & agied phy sgor:ygyewiyoeb&w& @.rﬁ%e&%le
property. Thereaf er F’%ubse roule“EEFr reconbi nati on

can be ]p’erf]??ﬁ?r&l BRPORETa ARy BP&E s F?‘Brﬁ‘t qESdt dSheng
sel ecti on/ sctesafi ,ng:u B a gy emmmouﬁd1aEbegbohﬁbm,asac5Lchrv&1ey prdussied,
reconbi nation_ o d pr ! S cell 5. 280 bi qnarat ed
fromthe fus%la %r 0 ai‘lrb\{r&%s 'P%o%o%?‘ggt tgiqugﬂgef e%e%e cf?a[ egener atl ng .
cells aPe smmgtﬁﬁmncrﬁerand a tganscriiphion §%¥'@é¢ﬁ~'~?ﬂg3n site.

Al ternativelypt fogaPBEIuetird; eOfcaheﬁﬁﬁgliQaﬁthﬂlple ckihde e formed on
a split pool :€S| as descri be ve. . Thatﬁ#‘;}b‘bf first sub opul ation

of cells surPvrhgrain Pr%ttﬁ]ébt |s(51r‘F Carseé‘ﬁ Al R m s i ot ¥ B used
for proteptast ciaimatden ushaddyoiadivtidoplil ut operatplicel imked to

surviving se 'E% %r g:.sé: een fdes ?)ﬂ%r e‘&&#ﬁn%ﬁ&ﬂgs atsn L§§§dopt1hmlz£ fbr

source for ry” prepa atl from3 e second
subpopdBat | cexBEeseien and tIrgratisems tor FeEUrALYet ﬁ%quence PFREIPP AL I om

the first suppopsbasi Sbsthtecdd &ecombmad%ﬁomcw@@r&wmamwth t he
I hant g

genones of the prot ogl asts to cogg?l k

regener at ed FEERENCES FCh A %‘%“0%&’ ?é‘%e gRFEEP e ’ﬁ?rﬂgmzl‘]s a%’b‘?'ieejdlto 35
regener at i nggenegegnnerdaiﬁfhmitl spediesa cruindévidaal atnbmele. Cyclds exfh
library of n?&l:S!nﬁl £ 8oh @Qf[’ﬁég érsfdz’?&erdoqyzc%‘h%t 8r 1n n@é%fpéﬁyst&f

surviving selectio screenlng revi ous
08/ 3182% the formats dlscussed 1n ection V. PC$FBS§B}@@85% performed in

40 vivo oANcEXeaPéaryt frdniidryf-@fl asldu ikt fgduséhys pr otclpl astHCL1
yre shows the f

br ot opl ast {SENMRFEN SFAREErCath i e arfe Pib0fcpr cofptiices
formati on, kangbgaaythoseodbsmetserh, akowe. 5Aft§e‘gsegar?~bncﬁ¢l¢%c@f’rbl nati on

genones int Oréee%%stishlénd scredPidPnaldahsdehtsr QEQHDtﬂﬁQtlﬁeﬂQEES i f
havi ng a sexual cle can undergo furfhér reconbi

other & a rEéHPFSt 1eV%3rs nef oRreFR- G dsy Se@é’leltéoﬁr ath%ﬁt’s’%?E%ﬂeﬁf%‘P
sel ect ed théomammdesi gRan@ropesiey .clahire swilisvang asedctoonrsusfect ng

10 ~are thep ysed s 06§t ALLRG SRIIAS Jfh RebUbleE S¥checeis,

pr ot opl asti ng
whlch are matured into transgenic animals.

30 2. Whole Animal Optimization
In this approach, libraries of incoming fragments

are transformed into embryonic cells, such as ES cells or
zygotes. The fragments can be variants of a gene known to
confer a desired property, such as growth hormone.
35 Alternatively, the fragments can be partial or complete
genomic libraries including many genes.
Fragments are usually introduced into zygotes by
microinjection as described by Gordon et al., Methods Enzymol.



2. Selection For Hybrid Strains The invention provides

sel ection sty@b@sHsgs to 15 identify cells forned by fusi ON pR/UROHRBEENT S
from parent al cells fromtwo or nore distinct subpopul ati ons.

Sel ection for hybrid cells is usually3performed before sel ecting or
screeni ng for cells that have evol ved (as a result of geneti

exchange) tot@tqutstt (bR8HE: é{?ﬁﬁf}r@édaé-r PuAa5é§Fc°§0thep¥€H?§e of

nmost such sekgbiion ACb@BBﬁatézy‘rh@énﬁalszo (lcmst M. N.Y.,subpepukmbises have

two distinct rkers I with h 0 c S
 donti i ed bSTREY &L BT BEml R oy iature 4130TEB0CbRYD (BEhpys, ana
schene, at |pastivecesbbypopl} afamdpldfi et al.geld.s Repapd.aFertec8lve2dm2&er
attached to '(i§a§?|-|Rp poLanse 2., 7 qgﬁggm s¥|6t ale. gggbr(ggg%ymr kers

i ncl ude bi oti uorescei n ‘an mar kers can i nked

to amde (vaet ambryge bupad &YQﬂﬁQStﬁgr?tmé‘rle rspecREP&Cder Feat 2881 oALl5-
cheni Istrl es, 7§ucm1§§9) od@a?fﬁéﬁétgsau ?dﬂ?Q&tﬂagfgesrertl 72, mabeLmkges. tFor
exanpl e, a rercan e_attache ol | ows sts are
washed with 188# ér ’(1& geym at., 1’\‘/%'lc"r?"ed’t?e\l?giél"ot'zL7 ngéﬁpe?ig%?h t he
chemi cal coupboninef embryos) bhemfmfér;ceaaln \eéheiirgemdt iwetyhfozasld with

am no QfOUpSEBLposes? 'yégQSéeQr téﬂéﬂ’HﬁtJyEdKN¥HQEBﬁuQ%d”§HBrane

protelns I's either am ne reactlveltse
i sot hi ocyanaﬁ-@?;rOQBCEdsEl@épnrﬁ?h@}e@'st@@l%tﬂﬁws hieh a§§ra6|e khe

activated byedbryo anaegﬁrebbiymtwr@ltfatrmg%rm(cec&fsg&@ag S| AB, SPDP, SMB)

LD

to becone ani ne rfactl Ve, and is a nol ecul.e Wmdch 'd

easi |y bound by proteift 8@?’”?35%1’? e LS Be dpfepduced into
98/ 31837 embryonic stem cells (ES) These ceRQH E3e80b0883Red from

41 5 cap Ld.SHP s FOI &xaup! g

succi ni m dyl bg%?ﬁgzlitg gbglgﬂ g &Fl roblgls Jh&l%o %E}%dﬁég} Q@ 13

S-1515, S-1582furehp8s)| aﬁérZP' Ké%%‘%)ed %ngene%m%@@o&%reﬂuﬁﬁét &rhS
residing in gadnoeelihe BYr Ea@et@ép@ra&onqezrImlcfelelg@admnar e Thraes formbad

t bel | th.cells_f th
second - BB BERAPaPT Bn BERIPRE At doP Rt V& N Ak ap ek ahi L e
The second s@hpops! atlds oblorlike the etlstydesd an somerratﬂbtra'ws Ferkethe

al bei t d'fgchﬁgntl1%%”%'5539%”?&58#{1&%%1&% Caann(aslt U R LaN-

Al ternati vel e second subg ear a genetic marker. The
geneti c mar kSCie@seconrftlr A468-1432¢| £:98&%- property such as drug resistance
or a screenable pR@g@ﬁ:’ﬁlesSUﬁHeﬁﬁeﬁXWQﬁtSés)rbﬁ)fEsgraﬂ:@:n ddedgr exererhing

tein. ffiLrst | f
15" ool s al PEESOEPSY BB FEORPcBiPeknci LS T ey Suc R
presence of rmckersedn siaehapdyent growtbpomts at i S lﬂ:(ﬁrXtraCteé(ér?ﬁ’lﬂ\e
fusants;are eRfikaRed h%%n@n%vawehat;b@ar@ya@ﬁpépﬂ&ﬂ of thd Qdse@d ic
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split and pool approach. That is, DNA from one subset of such

30 animals is transformed into embryonic cells prepared from
another subset of the animals. Alternatively, the DNA from
animals that have evolved toward acquisition of the desired
property can be transfected into fresh embryonic cells. In
either alternative, transfected cells are matured into

35 transgenic animals, and the animals subjected to a further
round of screening for the desired property. _

?ig. 4 shows the application of this approach for

evolving fish toward a larger size. Initially, a library is
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30 fragments can be a mutated version of the génome of the
bacteria being evolved. If the target of the drug is a known
protein, a focused library containing variants of the gene
encoding that protein can be used. Alternatively, the library
can come from other kinds of bacteria, especially bacteria
35 typically found inhabiting human tissues, thereby simulating

the source material available for recombination in vivo. The
library can also come from bacteria known to be resistant to

the drug. After transformation and propagation of bacteria
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PCT/ USQ?% 0085;>2erformed in vitro. However, in s:.tuat:.o‘hds in which the
library of fragments constitutes variants of viral genomes or
fragments that can be encompassed in such genomes,
recombination can also be performed in vivo, e.g., by
transfecting cells with multiple substrate copies (see Section

30 V). For screening, recombinant viral genomes are introduced
into host cells susceptible to infection by the virus and the
cells are exposed to a drug effective against the virus
(initially at low concentration). The cells can be spun to
remove any noninfected virus. After a period of infection,

35 progeny viruses can be collected from the culture medium, the
progeny viruses being enriched for viruses that have acquired
at least partial resistance to the drug. Alternatively,

virally infected cells can be plated in a soft agar lawn and
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567-569 (1981 Li posonmes can effici y I ol hOk sDNA
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promot e recoﬂpjé¥¥iégkore genome exchange) is induced by chemical or
radiation-induced mutagenesis of a progenitor cell type,
optionally followed by screening for a desired phenotype. In
30 other methods, diversity is natural as where cells are
obtained from different individuals, strains or species.
In some shuffling methods, induced exchange of DNA
"is used as the sole means of effecting recombination in each
cycle of recombination. In other methods, induced exchange is
35 used in combination with natural sexual recombination of an
organism. In other methods, induced exchange and/or natural
sexual recombination are used in combination with the
introduction of a fragment library. Such a fragment library
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in the same strain (sebiipg)1Q%r bEINRAD &Eldessi®Bd by Shaffner et al.,
Proc. Natl. Acad. Sci. USA 77, 2163 (1980) and other exemplary
procedures are described by Yoakum et al., US 4,608,339,
30 Takahashi et al., US 4,677,066 and Sambrooke et al., at Ch.
16. Protoplast fusion has been reported between strains,
species, and genera (e.g., yeast and chicken erythrocyte).
Protoplasts can be prepared for both bacterial and
eucaryotic cells, including mammalian cells and plant cells,
35 by several means including chemical treatment to strip cell
walls. For example, cell walls can be stripped by digestion
with lysozyme in a 10-20% sucrose, 50 mM EDTA buffer.

Conversion of cells to spherical protoplasts can be monitored
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Penicillium &% ,ﬂljﬁﬁorpden@gapgﬁrplum prop:.onate or electrofu51on
(Tsoneva, Acta Microbiologica Bulgaria 24, 53-59 (1989}). A

method of cell fusion employing electric fields has also been
30 described. See Chang US, 4,970,154. Conditions can be
optimized for different strains.

The fused cells are heterokaryons containing genomes
from two component protoplasts. Fused cells can be enriched
from unfused parental cells by sucrose gradient sedimentation

35 or cell sorting. The two nuclei in the heterokaryons can fuse
(karyogamy) and homologous recombination can occur between the
genomes. The chromosomes can also segregate asymmetrically

resulting in regenerated protoplasts that have lost or gained



Cephal ospori um chrysogenum Neurospora crassa, Aureobasidium 35 pul | ul ans

have been keiy/syiigpssd. Cenone sizes generally range bepepegosddsand 50
Mo anong the Aspergilli. Differences in karyot ypes often exi st

between simlar strains and are al so 39caused by transformation with
exogenous DNA. _Fil anent ous WO 98/ 31837 . .

PCT/ US98/ goddwle chromosomes. The frequency of recgmbinatiorn Lﬁ?dhlbegenes
contai n int rinfsreassadildy tredthidtbwith slzeavivvlét irradiatian aorisenses 5'
and 3" splice:s ences.  Pr tion._an t ] | 0 ]§' J ten
Cross-r ecogn°|efza%l S Ehab %rr?gc%t%ﬁ(?sm% cﬂ”faa%fc}r 855?%%%&%‘99%%’ paf%‘m%/eq}egdm one
fungus (e.g.sychms Mithilmutiin canshieyepst gra®. genes s cchsggnate

The maj gr commonaits Wedddr fiudrhetelhbe¥abl . ar verexpfdiididh (@n ¢l tosan),

[err]-glucan,, and mannoproteins., . Chitin and err]-glucan formthe
scaf f ol di ng, SHehfiogitr ereritldr ©f dpéredperapn of %%%%CL%%%EW%J&% e
the wal | 's ppemsd tor i iganile of aedet@ingadbeains, witddhias syntdmilaset

t al th | izat,i. f . =(1.4)-1] t i :
caalyzes L RELISLCRLION O oo L0 LU Lot |0 g Sl v
[err]- (1, 3)-xpemerinat ioms\geriest.as dhec fuskyz prohephasbporyeepiopadaiedf
gl ucosey under %rfdjhticg'ée agﬂw.ifﬂgt i&%@'en@}aﬁlﬂHﬁf bENgeld 1 EY0l ve fungi

to 15 becone use] hosts for genétic~engineering, In partlcu'l ar for
the shuffl i iEPPRIRIF LR PIHEREITegatiicduPanFerSTganartal §§1omes 1HL f ungal

organi sm of EREG&EEy tCFRE Erdk® thedeiter@kasyol and ekpbépsidhions because
of its sexual c%{%ctlg and wel | - est Iisheglr casisSg %f C]'géifézi:é:alra@@r‘n

nol ecul ar geﬁ%‘f RN t%eé'f'esg‘en aergo§I SGeasigng Yrrprove tPe capla(,Q‘ty of
fungi to nakeespeeryief chrpolimislls, the( @edlsanrebacreensd sof pealetted ns,

cephal 9§pori fis), evolut {GNddHIRS desiFedeptopeespdi NS, aureobasidins), and
wood- degr adi ng enzynes). There 1s sone overl ap beiween these gener al
[

~goals, and thus, some safF e Grstnsedusre Goupdl O55reCeRPinR b R SR bot h
goals. = be performedisy lctmellgaaf(ir@ Qﬂ@t’foplialst'fshﬁfbiﬁt thdueéibs sgirxmev fid C
appar atl 1 nto ungl esent | acKl n a_sexual C e e (0] t
SPPe bl | el SR SRSt AN A B ABI o BN © 48 Sprotont Al L
sexual cycl efused, t hecéminbhatRior lrgsugeriomt3ged pratephgatsi npedfeetly is
shown b Fi 0ar8. reghthPPREALE NG e fused RrOLOBhASES. ar PréospRasts oM A

ni dul ans (which hasS a sexual cycle) and P. chHsogenu V\:h%Ch does
not. The tworSE¥FREFRted or IRINGLANPDCHL LG AFEr EHPI REFKEPsTUFHRSRA,
ni dul ans selpcoionl astscrsenicd] ed by treatnent with uv or

hydr oxyl am ne. 35 Thﬁlt‘i g@ngéjgp%)l&lll faat Lsgﬁ%ae%ggfﬁg%ggﬁéoogoggggﬁggﬁgg%ﬂons.

I n sonme het erokaryons, nuc ‘ ‘ reconpi nation
occurs. Fused@ageb¢sperformed wrd Rldt aandi biegis 86 gereraped abovenpgy

cell wakl s apdathes, t9 Allow SeEBuIAGUMIdRIKHAN st Gurviving WO 98/ 31837
PCT/ US98/ 00852 ) , . 4
selection/screening from a previous round are used for
protoplast formation. A second subpopulation of cells
surviving selection/screening from a previous round are used
as a source for DNA library preparation. The DNA library from
30 the second subpopulation of cells is then transformed into the
protoplasts from the first subpopulation. The library
undergoes recombination with the genomes of the protoplasts to
form recombinant genomes. Cells are regenerated from
protoplasts, and selection/screening is applied to
35 regenerating or regenerafed cells. In a further wvariation, a
fresh library of nucleic acid fragments is introduced into
protoplasts surviving selection/scteening from a previous
round.



occur. Cells with reconbi nant genones are then sel ected (e.g., by
selecting f nment ati on of auxotrophic markers Pr&SH he
respective %‘%@z{{%’frai ns). Cells with hybrid genomnes afe n%grS}ew?slakel y
to have acquired the genes necessary 5 or a sexual cycle. Protoplasts
of cells can then be crossed with killed protoplasts of a further
popul ati on of cells krfswexemplany Havmas §oxuahufilimg (udiersamtaplast-

different as rEYi OSwn i .aung) i he SBROAST

sel ection fofrﬁ%%?l?sfé/ W th ﬁé/l%?l g:geggrgreglé 18 nhé @d&%‘(’)&?ﬁé—'@’
desired propdteRst s RFRCRIRflcticgmagion of dopgraapd XRFEBIPWF FWHAGRS Such
a fungus caméeepsRages fyrmatiorshibhhiang, f vagekbshddidch catidi ning a
mar ker gene with one. re _myt.ations that .%lggalr or tgrev t

or no
expressifon ofS@redation o irsey . I8REFFFantE F P ProPadfdt f under 15
conditions tbptisedkly, e expraxgsinamtobenbaeposifi havimy kersexual dydlid,e

allowing a s I i . i { hoyt ﬁé{)r |

Shuffl ants grg?\}vi %‘g@%‘%eﬁrgﬁ% se é)(r:[%%\%tgo o‘r”%ei‘l eaCht?lte S a%siséng&)sult
material s fopfthelaeis ardimptingshudelilsgare then screened pptsrbediad red
property is tgrexpadsitde pesierdnge cdlls alrailingusedect okhdctddiing

het K ith f i .f th _ t at . tibilit :
I nconpadtabi | 15 BRFReRred a5 Wik At tiog FREFABHE hE FrfBraeT RS OF

specific al | ptesopiastingdi fferent inconpatability |oci (such as the "het"

loci). If two strains undergo hyphal anastonosis, a lethal cytoplasmc
25 inconpatability reaction may occur if the strains differ at
these loci. Strains mdtceekschimmiforHvbydd SErpdngntirel y

conpati bl e. Several ofmaeﬁevé@giom?&ﬁw isdeattfibadstPategies Vigs | OUS
speci es,_ and,the_ipco ii bplit f efct 1 S sqmrewhat additiyve tfnce,
TPart: &5 | nciRBaEHbYI PEpLE ot iy Tded 28 CoPRPReaRe SROMRITTRGAL  ve
nut ants haveckéda Gesurtwedorf grore disttimese swbgapudatitnsg. Dalest Lowr iy,
2o on. MCTAbLela ddfis i usddity HAdrh@¥hlrobldl EBgbet PnfOber ance gene

(tol) has bee _report ch suppresses mating-type_ heterokaryon

i nconpat i bi | FEjeeRABEf EPRGCELL Herial haveavmdrdpraeopl 588418501 FNeEIQjns

}‘ romdiffer eekchaﬁgapatgbad:d';wsmmtp%f daAc?yss_fx@rdr @toperty.f ORNBAsiSES ﬁ .
ive aggeptor_strain _and a UV-irradi at.ed dea . a tor straj The W
11 adt &0 on_ BERDEEer oF! fiefh ol St Bihenes 45" ERED] Bhat it Tat e,
genes. The t@vbpppulations have two\Qigg/idng83markers. Cells with hybrid

PCT/U898/008§gnpmes can thus be identified by selecti®n for bSPRULErREAS .
different genetic markers. Protoplasts of th stralg are fused,ogells

e
- are regenerated and scrBeRBE Fufh schengftehedsh PBF SHEPREPREREICD
Subsequent reends bkasbBuhfkebgective mdxtkear|anidahedcan hespeeldrmedbrant he

Same mafpher Ehkgi%@go?. suit'gbgé"xLémﬁzLLHé’ir&Lq:}éef‘xfse?@cEQd@ Bgoéf;ﬁf otoplasts
of a freésh opul at'i on”_of “donor celTs. nother desired
property is fhuorgsesdncahdnribpdamine | Fhepimarkars ¢aor pr hénkedt hal pRsde

into Asconycekethdbd B¥BHbs or thFD@SH Gidde WHIifde AekivaEmBhtyosXhi bit
this propert h Thi_s .10 naﬁ;ng sgit_emeg_hl |.ows aqut reegl ng W t hout
sel f - br eedi né. SMEFER LSS, SUCRREF Pt E acta‘??'bél‘id%taFS 88848y shuffling
Asconycetes ammdeimides. For example, a marker can be attached as follows.
30 Cells or protoplasts are washed with a buffer (e.g., PBS),
which does not interfere with the chemical coupling of a
chemically active ligand which reacts with amino groups of
lysines or N-terminal aminogroups of wmembrane proteins. The
ligand is either amine reactive itself (e.g., isothiocyanates,
35 succinimidyl esters, sulfonyl chlorides) or is activated by a
heterobifunctional linker (e.g. EMCS, SIAB, SPDP, SMB)} to -
become amine reactive. The ligand is a molecule which is

easily bound by protein derivatized magnetic beads or other



Fungi inperfecti with DNA from Gasteronycetes or Hynmenomycet es, whi ch
have such aweysi3ess? Anot her desired -propert ypdmusysmossaneous
formati on of 15 protoplasts to facilitate use of a fungal strain as a
shuffling host. Here, the fungus to be evéilved is typi caIIy

mut ageni zed. ﬁﬂgores of the fungus to be evolved_are bl’lf g treated
with a cell FUing P hf RJEROAS a Forngxample, | KRG 1984 SR P onpl et e
pr ot _opl( a)st ;mcmimnmdﬁhchﬁﬁvdﬂé@(bﬂln V(Mbhlegﬁmhﬁpi_pﬁébe?f rnmmdn,ere-
strain(s) o gi to I |

different sub %)%%UI atll‘%‘g $ f§é2$) T&’é‘ﬁt 9‘?‘5% b XS %%glgﬁgorio her

sel ect i on/ orastnesrdups ast protemmasb@dngbgmeanahesetbeoswfa@e sofira used

to regegerateeu Eﬂélcééifsaé@eté}féh SRR twnu_-emotferakaesssmﬁéwgn

mat eri al for e next round I n the next round, at | east
sone o?g?lh’e ]E‘El?‘%%l FRPIIF Y afich F&}tléd fﬁPf“h"-E@l BEGAPR renovi ng

enzyme but fﬁﬁbpop@pa'léﬁéntbé@rirh’g&rh tslr%d@{dewelo_@g;tﬁwnﬁlar}%éter f
treatment, the partia str s.are |a e irst

| abel . These cel s ar ehg‘ﬁe% ?f?‘gcgos‘&ﬁﬁor?%a&tl(? 8§t §e 35 caﬁh?%ﬁongeaﬁe?l ve
from ot her cmeétbrave vinarker sedbotitom idifferent mpmbvapesmeokad, fnomftbm a
fresh shrai nf?i‘s{: Unglbp%\g BES€ion. Alw&{%%l%tlif argePRYSHAA! Eﬁb% %5@901‘{“ th

a secon | abe I ncubat’i ng the cel under condit
protopl ast ¢can beesuengemeh@ suaFker hotTe 8@@1‘3§l§r BagEPECFen. ccméee a

fusants 35 s@lectsed bpoogerey adecHLeldruan@sikeaasel o hhechexhabbend of
shuffling, and so ‘t_ort Event ual I%s progﬁn% t hat e c@%@t aneggﬂly form
pr ot opl ast s ?F?@?,r Wtﬁ%ﬁ? AT O Ot reen f\*élPF aegradpﬁa agent) are
i dentifi ed. Atro8fedB3yY of first and second subpopulations of

PCT/ US98/ 0083115 and recover)ﬁ cells are screened cé‘lselected for the
Anot her desired property Is the ulrsition and/o nprovenent of

genes encodi Hﬁeﬁﬁﬁ'ﬂj’ﬁe@flﬁaﬁk%ﬁn‘?% Pteh Parenﬁ]é@h\ﬁé‘??"%‘%ﬁééoéﬁcod?ﬂﬁ
tran;plo_rte][I pKAinplLas, fagdneeneﬁe enricEd s d@feotpespu&fajcmml bydgdaorbtlorg
met abol i ¢ X €O S|tuat| ene t can be
i ntroduced i ﬁ?opfﬁglglc L?ﬁaauin‘? = %S%\F(ﬁei/egi é‘gtsl?gr egl b@’e ?IQC \e\g%]ﬁange
wi t h anot her those expaeasoﬁgfengmeposs@@m@umve@ehmyhoscwen for

i ntrodugf i ONpgEh mark@rk’ 898CPhobd PEAFINd MY d%feggﬁlo% nassesakhent Nend
pat hway. Genreltalrc 1r:natt ergl al ofétheseng% ung |&c%an t hen l?g subj ect ednto 1:’LLO

further shuf PFPn§h§ﬁ8f§6?e@ﬂt‘:ﬁg?-§]é?%%t‘?%rPEB‘SF HFREPRLGEs I8NOMEF g cedur es
di scussed i nUtehkilgppkheainbeRerShaté | sditesiddicrs select@fd fsepgiragedy .

sel oot ed/ scr GRNRS.LaT LBLANURLLED 0! LUG CAMANILL, carPbluRRbq By

met abol i c pa recursors her
property is ﬁlﬁ@ﬂ-@&§yn§n¥3héh@§a§| f-*PFyt}l% celgf mMemyiance arkead ec6ndi tY¥ons

such agdeat anh@nbhfﬁsed celskt YAt hQNaf HBNES, GRIHER)I.NG E‘iﬁxa@ﬁahbleqalfoﬁe
acquired by t ransf or

th o m tr
hat o BiBS RaBeRBEAtE, DARFLT Ceol1q (S ALl ray, st et bl
evol ved can lsetrepbpedtide- boateddmagnutiagebmd$ (MzerEdt)i.c  Theserieadsalaref

the fungus t%a%ﬁeﬁ"%'e‘(r%?aﬁae:ﬂgss@ﬂf I‘%ﬁc?\(%)ytl‘?@yncﬁ‘t fused Hd® RiGagdures

described in this application elng selected b
sur vi vi ng exﬁé§&F@aFéV€}VPeﬁﬁ ¢8nd@RRj BAspanned against an éﬁ@u

propertap i s aepdtahe e@brRekungWs hOfurther variation, if the membrane
marker is fluorescent, cells bearing the marker can be
identified by FACS™. Screens for genetic markers depend on
the nature of the markers, and include capacity to grow on
drug-treated media or FACS™ selection for green fluorescent

35 protein. If first and second cell populations have
fluorescent markers of different wavelengths, both markers can
be screened simultaneously by FACS'™ sorting.
In a further selection scheme for hybrid cells,



grow under altered nutritional requirements (e.g., growth on 25

particul ar glg nitrogen sources). Altering nutrition

r equi rerrent 89 {)b&?u cularly valuable, e.g., for natural gh’mlsgsl?os?

fungi that pr oduce val uabl e commerci al pragucts but have esoteric and
t heref ore expensive nutritional requi renent. The strain to be evol ved
under goes gehiatstc aHA saamtmmuaadﬁenstbﬂneéblmd Gre viivdedikpiream a

be | ouctoRereny Y SRom JebetbRRTIgEs (SPAS Ubantpd Bne”

as descri bedletenm@@pmﬂnlcatemnuaw twor @tbherenthtsuumbitss but be| ng
sel ect ed f ory GapAGM Lo O W AYmeRCndGShESEnhAML I | £ 2PAr JRore different

circunstances. Optionally, the nutritional circunstances can

varied Pn s BdRRItR SRR ﬁedshqutfl PRgCBE¥PE| RRS Jfo%S n EWO g the
natural requiieferdrsc ofuliiel faingasnt eubangvotyrdo@nekpiressed irsubsequent
rounds approachin the esir d nutri |on VWO 98/,31837 i
PCT/ US98/ 00 ]ngeige poPu ation o ﬂs (e.g.. %téree Subuneatw réhent s.
Anot her desi terepragepogulatimppli sior oeref thanueae subunirgrst dice in a

fungus. The Q§£ 9&%& {07 18C Whnsd oplilationN8kUEa] 1 £0M@ES eNChdy
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shuffling is descri bed in PCT/US977 04494, The fungus to be
evol ved9t ypi € ?flféln%%r%fb%SSUbPOP”d-éﬁéPPe EY@hﬁHBEanSH%r%f?ﬁ‘iﬁﬂ on wth
DNA from a b@%@@p@iamon) strain or fungal strain that al ready has this

property. Cells i nant eno s are te Ci ty
to take up a pl a%]?imb rﬁﬂ' gc?fll g‘grr%rﬁ t‘—%ﬂ r? Po%%c?
r econbi nat i onf aﬁtlrstelmdlwm sb@zqwm‘l@rtmd ggmpgneny ©¢ll$1ecan then be
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transformati ¢a. @rpm:ap@&ﬂey tsd rmdtadoldwe ko shbwerbbe desthedenzymelpr operty.

Al t tivel i t
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sel ecti on/ scpéeai ﬁgbssna‘a@ eko a PrOfbm adths gl flusrepcenhgpr SPeheypisal | y

lysed to rel e§§§1§0det@&9589éeémﬁs1%%%et&rtﬁe S'Ihéoﬂﬂdiﬂﬂdtﬁ@ﬂléhbuﬂhﬁe
presence of such enz or lack thereof, can be ass

contacti®hg ©f athetaEary YW"E"‘FF%C fqrtﬁiiz’?sé’éﬁfi ey §Bﬁpeat*e?ﬁ§¥%dp]f%f%r@?}&bort
via a pepti drave BblAehipkageactdeityadgion ofiddeeilitedagerm, orratebsast have
det ect abl e fgy §§§8Q3?1%01e9§ {?ﬁqéﬂtfﬁﬁq dlﬁioc1atedA@8£HeEzgﬁs'red

property is pr UCI n transporters . MVDR) .
Such alter edaﬁﬁaﬁeéeﬁﬂeﬁgm Preferaiisf.ulthes sreldganpre, IPA Hﬁb?nt%%‘?k have

been evol Vedahoendogenaﬁﬁdﬂéﬂnn@ﬂ Hec o idkeriitesnzife al bpvaenieystof

precurs uired for.synthesjs of the new sec ndar
into a eII ﬁ% t 818PF'6\3\F F? xi‘?ﬁ's t%‘P CREFa A Uiy %gf“%bg%g‘tl %romr{‘he
cell. Tr anspheterrsmuam1tnerevoéneyjn®yformed hyntfuedwet oéncella. | i brary of
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reconbi ne by sexual or parasexual reco i nation. % evol gl
transporter @®PEhPE5iciddpBcREYLEFRRIERIGRS 21E FETRISSr OF nfY R Bel | s,

cells are heteromultimeric enzymes. These enzymes are encoded by a

30 - single gene, which is translated as a proenzyme and cleaved by
posttranslational autocatalytic proteoclysis to remove a spacer
endopeptide and generate two subunits, which associate to form
the active heterodimeric enzyme. Neither subunit is active in
the absence of the other subunit. However, activity can be

35 reconstituted if these separated gene portions are expressed
in the same cell by co-transformation. Other enzymes that can
be used have subunits that are encoded by distinct genes

(e.g., faoA amd faoB genes encode 3-oxoacyl-CoA thiclase of



propagated in the present of precursor, and cells are then screened

for productyeyysiisafet abolite. To evolve a transporter pgdbsoaanssaity
to export a netabolite, cells are WO 98/ 31837

PCT/ US98/ 00852 43 53 pr opagat ed
under conditions supporting production of the met abolite, and screened

for export &FendpamonasefragéuflBieehem. J 2R ukl5-820 1159m)Y" A gener al
met hod of fungal shuf g 8ﬂet‘n§l§f‘§9v\éhiﬁn§ is ehicd11i8per a&ynae@ arbmozen
stock or fresh from gn a% lg at’e are%ﬁaed to mocg1 ﬁtﬁ Sui tablg

i qui d medi GRCASFICAIa cdld, cuhish BRR dir BPTELS EPRGORR RYpRaPIBRER h
(2). I\/%/cel | gene. a&'aghanves?‘l&dtharglemsémbdi;ng idhier &wcosubadics
centrifugation, n e ' D ~
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addi tion of wgldh Wl @ﬁasaehagse%éaﬂ@ﬂfng acylase u@tqmm 234) ced). Cell
wal | degradlng enzgge i's renoved re atfgré:m %g_vmth sm)tlcally
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sone prot oplcast thesi de (SE)leCFasll on egarbplswmqtt@e;mg Hﬁ}n&}d—ﬂ{lﬂ”oﬁ'of

PEG (e.g., / p &4d ugation and resuspen5| on
wth or wt houté’liqg) de%l}ng&e%?r gétlglgjélril]érén&%ﬁ perforne r]&d
prot opl ast s can J#t PHREPEY BaréAkieRedfys &r %‘}'

sucrose cc@r@@u@ﬁta%e_@nmmt auketrbphiot fetanes hocﬁazm‘nts:dr eeni ng 25
descriped above sed prato sts_ca Vi t
P SopuatSed PO 08h 5t 8,620, 0BL o0Ald v(%fh L

ultra | et § %% C&t Cri atereco na otop
are cul t ur ednwratgsmsti c dlbproasbiveilyedavyarrephiegutatiqns rlégéﬁesrtétl%tlé’@l I

wal I's and f dpymisldp o(flg)ell-gh%aﬁyﬁél b@nerate@r%éﬁ%é&ﬂ%%ﬁt&mﬁ
(11), which™are used as the 3 star round of

g t
shuffling (189 .2 mutageS&Ce@Bﬁ&ﬁ foFeé E’FFNEda%%%%‘PE%}%éW% SHted
ei ther on seled’tﬁigfw ate@d.uaacgllamﬁg s;aomﬁmmlellamﬂ ctdsm]esftre)medla

In an alter | ve et hg rot | é&é ggké}f one
or nor J)enzy I Squ“‘ferseucd]lL 8 I%rrg@gy o és(‘:l:tsm% see F L : The
i nhi bi t or sm@mum@%mw\e, in gﬁasﬁeﬁomaﬁlwr@%@daﬂm&%ﬁ%

condi tions ofndISeitamixX BIYLHthetic Q,Ethaaygl t oA st éACtwsiborand £ fpb[hgﬁltal
s s 18Pt d Sigugsipm Frond 2030307KRH £ VPadlk: LA By hes A0

Chenot her .
PCT/U898/00852pac1ty to grow on minimal media. Theseb5dells can then be

25 screened or selected for evolution toward a desired property.
Further steps of mutagenesis generating fresh auxotrophic
mutations can be incorporated in subsequent cycles of
recombination and screening/selection.

In variations of the above method, de novo

30 generation of auxotrophic mutations in each round of shuffling
can be avoided by resusing the same auxotrophs. For example,
auxotrophs can be generated by transposon mutagensis using a
transposon bearing selective marker. Auxotrophs are
identified by a screen such as replica plating. Auxotrophs

35 are pooled, and a generalized transducing phage lysate is
prepared by growth of phage on a population of auxotrophic
cells. A separate population of auxtrophic cells is subjected
to genetic exchange, and complementation is used to selected



279-291 (1996); Lyman & Wl sh, Drugs 44, 9-35 (1992)). O her exanpl es .

i ncl ude chi ase inhibi-tors (polyoxin or ni kkor 1 unds)
and/ or gl uc?ﬂ%ﬁgse inhibitors (e.g. echi nocandi ns, %@ﬁg&@%i ns,

pneurnocandins). Inhibitors 5 should bewsapplied in osnotically stabilized
medium Cells stripped of their cell walls can be fused or otherw se
enpl oyed ascdadhsr shat hasesumhem igeretdas tachangenasdr aécombination.
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mat ur ati on O her useful strains are . S.
cerevisiae CLY nutant Isrt raai ectpeel akjstbspnt sgeneti msexchange is

30 performed between two subpopulations of cells, one of which is
dead. Viable cells are then screened for a marker present on

the dead parental subpopulation.

3. Liposome-mediated trangfers

35 In the methods noted above, in which nucleic acid
fragment libraries are introduced into protoplasts, the
nucleic acids are sometimes encapsulated in liposomes to

facilitate uptake by protoplasts. Lipsome-mediated uptake of



(Paravicini et al., MIl. Cell Biol. 12, 4896-4905 (1992)), such as a

del etion ofwgbsgsfse 1 gene (CLY 15 strain), a strain V¥ chhfs9s/iboss2 .
mutation in srb (actin gene) (Schade et al. Acta 15 Hi stochem Suppl. 41,
193-200 (1991)), and ses, haploid mAants with increased sensitivity

to cell-wall _digesti ng enzynes isglated fromsnail gut (Metha &

G egory, AppNA by prpgoplagts\i&rdeseribed imoRestford el .oMRdr uSERuI
straid_nsI Gaa@léft.claal,bEﬁaFSGthﬁlQBl?b &.ﬁpﬁ'&%d&bsﬁ_r)dﬁrh_ ;%tf&a@ienewoaémi&er
renedi al condi tional |etha apts_(Payt.on i ani rr. enet .
705 266 argsoppLuses, br, PRACED Rt et R HR s caek B enavdd o oty HH0)
cell -wal | digedt,i d3F3ar2yAis (L866h) ed Fuorhesnaithe DNA cguxt beMdelavé&r€degery,

1981, prak;: S - I iLkof f,

At i o ob. AERRE, YraShEREs, ek gne ofedld b dehoniirgRii BRBE S o

and di vi de Whodgugegomes. &g| FORg| melody| eﬁlfa}ig}erﬁiﬁ e Z'QF@rtﬁFCPE#@éTuce a
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cont ai ni ng %Ombmﬁml(%‘o%cgeaflgn@o‘f‘?g?lﬁ ho”h TEYHRARSS opeo’g ‘t'arget ed, a 30

posi tive selestirdretionk endoatntéensehe befiotegousapsylaniorans & iposomes

negatiye sel.ect] rker . Sl he honol ogous regi ons (see

'Capecc]h(?, U§ 5?&%%0%9) : cﬁﬁggﬁégr%?%fi on, the negative sel ection

mar ker can be an antisense transcript of the positive sel ection

mar ker (see US 5,527, @74) shd%fling filament&hdefursy table cells can be

sel ected by random ., _hutagenesi s or shu In r cedur.ets j n conbi nation
with sel ecti on. FRJATERERYFe TURTt PEE BYBHHPH 3L 10 bf eéJqu:IOS are

nmut ageni zed pesdficaweichg tchree cbwEIf 1fingnmathade ndsssrilsadjasiwd t Filamentous
WD 98/31837- ;  <pd : : ;

2o 1900 fungi, ave divided into four main classifidactil Hilia on

prot opl ast s @¥eiF wespSpY servalorepEPRYCtigdt | (RBXEIECEteS, peari ng

mar kers fr omdusni b p Haatiidaem ekdgndi thedr(a§i Impesseti bed above)

and used as the startin terigls inab subsequent_raound of shuffling.
Thi's sel et i camaint dho) (Begs - Xndagged, ipced! ESTR  Fopith dRgF DA
spont aneous gyatapgiast. The fsporesi oanahd fni oxl helwinuckydtncadl often
recombj pogenj Ly ysesptated harghae (coEﬂo@yEFEs her auarhpbéPds Geld s, having
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cells 10" h‘hﬁﬂ@@ﬂeﬁ%ﬁwoéfﬁqr@@@%anog@nﬁeﬂwu@bop%ﬁu%i%@m&ﬁlhe?rpm%dds
3}1 Ithe i nverdn cens;c;u?a_ﬂ@én&rxiehﬂ@ lo afeeoﬁablt }iwk_aidﬁly. suhseblteypicallhosts for
ol e genone_shuffling. . .. S W tio i WTESe
i nvol ved i n €&F1%H" fg“v\?aﬁqtlscyl?trﬁéié}icgsdr blfrl:gi R ré’ﬁan%%g%%ﬁ %Jn 2 Toe on
sinply as a adBlitiemil tnidfotpicoskgdsiiog -t hBagériiomyaebeavtRel pidt ected
culturgs  meile-ddnsSPORIANC AR RiRic@Phast rhehMBELRAL shotde sRItEHd ON is
conditional, cells are shifted to a nonpgggllass e condition

. v .
Prot opl ast S RERTDPER FafiB i tan I5e 22 S emYE§tandi TR 28 of
pronoti ng agenisrocmoh tdse BPESiarivan iel eatividedel dIqSeem2Basi®homypates &

Venkov, Yeasé%% %?9‘%1; (2158 8%R Bhwt! fungi (UsEEMR,MLE10D) Olthe

Lett. 51, 61- é
basidium is divided. Fungi imperfecti, include most human

30 pathogens, have no sexual stage-vegetative reproduction.

Fungi can reproduce by asexual, sexual or parasexual
means. Asexual reproduction, involves vegetative growth of
mycelia, nuclear division and cell division without
involvement of gametes and without nuclear fusion. Cell

35 division can occur by sporulation, budding or fragmentation of
hyphae.

Sexual reproduction provides a mechanism for

shuffling genetic material between cells. A sexual



5. Shuffling Methods in Yeast Yeasts are subspecies of

fungi. that g;&)gg/ﬂ%fl ngle 25 cells. Yeasts are used for t?@ﬁﬁg&g&l on

of fernmente beverages and | eavening, for production o as a
fuel, | ow nol ecul ar wei ght conpoundgg and for the heterol ogous
production of proteins and enzynes (see acconpanying list of yeast

strains and tdmiddutaasie cyc@@ﬂmnbhaﬁaaéeﬂé@d NSy &{n A tent@dsn igFchude

Sacchar onyc evi hi

Schi zosacchg'? ﬁlyceas{ Bjarﬁ)ée and’ %1P9°f‘dcaﬁa5%eve1?’aﬁ1?’5ﬁ§’es°%ﬁ“%8’€’8&‘s t¥Pe
avai |l abl e fdraldlculrd r@mete nucdeyeﬁasel r(nkhnplog@myht edrled igeangreasmicd eiYkeph,
yeast S cl S

vect ors%, yeast ep| so n%g&%gg HE?aﬁtﬁ E:ge?lrz%ﬁféér]%tﬁer) es“%?’ s gﬁ
(YCp), ©or ye:®& ﬂeqtr*}achlac cﬁﬁ%ﬁ@soﬁe got@%hc fungive dihsr R?ér@n@aﬂry
mar kers usefgiriinselamd frdim teaphesencaifferent métf‘ﬂlg? d such as
ngusggﬁgoéggglp%osl?’d coerllt hc%n%%sr?:gc to I'xaplon.dy via Vt\%)%:hloSJ.s, zpﬁgx pl asni d
such as URA&i@a@E:raaHyha:tons.Mnf twocdh.tri:sgommmf the imudlemspr esence of
5-fluoro or S nd
asexual A e(:vrgs%t atl vbés oc? ecldlvm‘f'ﬁ?a{a géxﬁﬁ? éﬁr‘%ﬁyl&%@%$v?@elt I‘?C%?u%t%
reconbiAat i P oIne Heeifie mme@ﬁfaﬁhé‘lohgnh%@] reekei) me In somehe cel |
passes througded®) a5imitdllc FVRidn Woedrdi REeéd melos§§| |§1ﬂf rise

cerevisiae are exposed to ni tr en angd carbon limti n t| ons
di pl oi d cel Iars u?\’cé? ]?ﬂéf S-or ﬁ?‘e arrgugpmeRy atsl?:% q‘ ur
hapl oi d sporeslls V\blsﬁalrﬂm |errg:lt@sed tippespdaesantdesewbbés nlﬂiatng:ﬁ Wiee "[err].”
U t t
pon return réé’réﬂ@%‘l ?tradl 'u%heha}.@n%'tﬂ. 8@0%513 R%Q%’P&Sél ted'%iatdlgi ype

mate to for cell s once I'ng type
can 15 nat%tW‘?%lchlﬁférsas’é'hSYa@Pqu fpﬁglascﬁgngx adeehe f or

e?ﬁrml e vvlth:aﬁmi eefése ahﬁ-plnsar@ %3* kaecggcaayeeweémmrae&nasil from
ot her ascCli | VI es a formt en enous
oemomes of yaameTid HES s R dneneiS5TE pbSvnr | Wtk St Anhey
yeast. This paugegamylksuiterdas otherswdepigng Sacabasuomyaes orexsvigdned)d
genes, and fQfet8fploia ﬁwfadgeﬂ%foftx%a@hqge% S £QUERCLFoFARF ESb TR i NG

cells. Yeast strains vin t| ons 1 n sever aI known
genes ﬁ&ve pFopRraferr rekqRiglor Sl ﬁﬁpr‘l’ﬁ%‘élﬁ?oﬁ%‘{‘t?%ur betwes ude
i ncreasi ng taellseimeticy Ddme eydiimaldeQfiagy or betwesraseliDs tfwod r equency

of spont aneo#ggggggﬁ# O&'S)i%)ﬁ"ég1cgd&cross ﬁ%lr)ll:e These properties can be the

result of nu ron o Seq or altered expression (usually
over expr essi on) %X@de%mlwdl(@gogeqaahces The sEParri®ase

effects the proquctiSNSPOShdiOmR ddlald %&@Ln@nQnFWBﬁééﬁéﬁ& wcémaa VAT
| ocus resul ttgg In natlng1gggasmntc lng Mut ants_in tgﬁ %e
encodi Ag t hi §#1s is 2% AARREhERR FHPERg RYPROY e
enpl oyed to 8Ramplescereriassiang teenisildisns (ohedebousdrgenalygbeskuch
as oneg; {89k PR LG & dd Y e@%w‘g %E QEEQSS”QH‘Q& ”'%é{
prevent in breed?ng é)? <'aif‘er sﬁéﬁ?eﬁ:;w f@ élk&) %S are
i nvol ved in AFSnBeLh-iagRmpatapiat iThes simplesse form isgehestup| ahkgkepne
nmut at or phendbype éﬁbﬁ@@eéﬁ Wt flg tys/factors, illustrated by the
30 following organisms:
A and a in Neurospora
a and « in Saccharomyces
plus and minus in Schizzosaccharomyces and Zygomycetes
a, and a, in Ustilago
35 Multiple-allelomorph heterothallism is exhibited by some of
the higher Basidiomycetes (e.g. Gasteromycetes and
Hymenomycetes), which are heterothallic and have several
mating types determined by multiple alleles. Heterothallism



35 Cell. Biol. 16, 6110-6120 (1996)). Mitations in TOP3 DNA

t opoi soner a 6-fold enhancenent of interchronosonal '
honol ogousa‘?gcyg%iﬁrzat ion (Bailis et al., Ml ecular and P%’P 931,038r52
Bi ol ogy 12, 4988-4993 (1992)). The RAD50-57 genes WD 98/ 31837
PCT/ US98/ 00852 58 confer
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are usef ul TG/, 4SS OITYE) 9 WoliNnon-pakaRESIN HEAOM CFdJAUP My ik 1ald her

protopl ast fusion or 15 ~ el éctroporatton. Kar-1 Is a dom nant ‘nutation
that ptevently recombinaidaf. Kar-1 nutants are useful for the directed
transfer of si nglmlyeanRIoreprbaadtdcoppbvided 4 efiftilesy ndard for
Thi s techni qye . _been wi del sed_iLn, the tran r of .. YACs bet
strains, ancq#f%gglslsr%? GRS ﬁ‘at%ﬁglfap'aﬁgp EreBf c%i/%VedT 1?03 process ?‘ﬂ%%
genes/ chr onosmme imawidrercfopgaensad PNAr WishowaCipyol et of matimdunana
Press, Tot owapdl) ol Wies HOBh S edlad £GSEBHI 8b8rs by hYGEOMDARALdON

hot spot _w t hi) %t%eo p_rormefser andaer?hara\lcer regi on ,S_ %f faﬁe r DNA r epeat
sequent®s. THHERIDAASE fuGe SHMOS: Cytoplash, gephpiniRg i bherffadeitlel
sequences- preswwedpuciuel teard idivdded Andbpkadehtlyans cthtrasul tienes

and/ or path s inserted under__t tanscriptional.co S
regi on unde\r,%élotemq‘a%%r? eba %f Crﬁats&tofl?rﬁ cOMBr nat P%&r"ﬁo%dé f(;én%%a“éés)é gﬁp
pol yer ase [kaploidizatiwmh, syvhictessoar pnvolvei Loskcofephremrsenes cgnd

Overexpressipitotic Qfoddliry /G GRRWRRNUSEHOI Bods SEEdhEsomés MUt at or
strain, A 30 te eratgre_ sensitive nut

tion in CDgA haltci the cell cycle
at 20 g1 ORI IV &8 SfOrHt Qe PARASESHRY TRPIRBYE PR
synchroni ze protopl astwitloin ogitd mbesed ffosirornlasdesubfenmindre also

reconbi natig Py ' i . OUS i, al s
of a5 b rTasstbled by veqspltivd HonpacdBREY LU0l | R OREERIn OO
or gani sm f orve@eert EvenerRARgi tvasFonp £apr agmt Pekerokarveppayitls for

various conpeaiiSothéRe dEsid ekEdy @@HahgeN of gene€ith@at&85811 Betweenprove
Lg;lﬁgggfbgéggéfggggé éé&gﬁggQ§§ éHg%i, the fungivggg86§&§§2y prepared
from the same vegetative compatibility group. However, some
genetic exchange can occur between fungi from different
incompatibility groups as a result of parasexual reproduction
(see Timberlake et al., US 5,605,820). Further, as discussed
.30 elsewhere, the natural vegetative compatibility group of fungi
can be expanded as a result of shuffling.
Several isolates of Aspergillus nidulans, A. flavus,
A. fumigatus, Penicillium chrysogenum, P. notatum,
Cephalosporium chrysogenum, Neurospora crassa, Aureobasidium
35 pullulans have been karyotyped. Genome sizes generally range
between 20 and 50 Mb among the Aspergilli. Differences in
karyotypes often exist between similar strains and afe also

caused by transformation with exogenous DNA. Filamentous
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's also evolved for i % erﬁl gogEC ?téﬂ ffi}ﬁ%ﬁfg &?Eﬁkﬁk%g%ﬁigl to

pr ot ei ns. théer “goal ©6f %Eh east IS to I ncrease

the 3015 tolkecans wiefdadosts Somamohet is ehgineemitg oEadcls for

comer ci al mxg;dt&lumqug fhanelklatld §ehekhe @rqdmﬁlﬁb Gfs generalQke
al coholic be rs a\g{lxnes The y ashostral n to be uf Ied a qU| res

genetic mat eTi SRS <Gy © 1CPahef BFHET i %}Fﬁ"‘ | n(s)
of yeast, Wrmmpm},amlronmxbesﬁusenoﬂf heskrexuad tavke sarpiarwairl-rmaéﬂa:mdto

ethanol . Thego 1n cBid A dh 1t A Re n BLYEY ! ggﬁgei%éed éﬁgkﬁgyﬁ dritfd Yo

sel ected or capacity to survive ex ure ncr easi n%
concentPat i obS ‘%ﬂ’ el e weagdsy Ph §H@Eés§?v@alﬁ%Lﬁﬁﬁc igfic compounds
98/ 31837 (e. g antibacterials (pen1c1111ns, cEEHA LSS 0852,

60 shuf f | @_g%g Q Ssama pr.i ncipl na can Qgrgggds (? uff £ baki ng
yeasts for iHprovEPdsiotdiEr &% anains, Yy ’deS| % ed property
of shuffli ngvgedsiegsading ammrtast)y t Bhgrewiandere d@suleap Retwedpidiese

condi ti ons. é:é’x'ie:'f_’al 5&@.’[@' &nd ttl-ﬂu% US@ el dEaQﬁ@é%réﬁeﬂf% & haatEgar bon
sources such as net hanol starch nol ases, cell'ul ose, cell obi ose, or

xyl ose 5epen5?ﬁga%1%‘0°af?$ R4 @Palfhe principles of shuffling and
selection are simlar ome tdesieddi propeetyl as théaimrutodisction dfingiiotic

apparati into fungi presently lacking a sexual cycle (see
Sharon et al., Mol. Gen. Genet. 251, 60-68 (1996)). A scheme
for introducing a sexual cycle into the fungi P. chrysogenum -

30 (a fungus imperfecti) is shown in Fig. 6. Subpopulations of
protoplasts are formed from A. nidulans (which has a sexual
cycle) and P. chrysogenum, which does not. The two strains
preferably bear different markers. The A. nidulans
protoplasts are killed by treatment with uv or hydroxylamine.

35 The two subpopulations are fused to form heterokaryons. In
some heterokaryons, nuclei fuse, and and some recombination
occurs. Fused cells are cultured under conditions to generate
new cell walls and then to allow sexual recombination to



10 Anot her desired property is capacity to produce
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30 tolerant and het-negative mutants have been described for
these organisms le.g. Dales & Croft, J. Gen. Microbiol. 13§,
1717-1724 (1990)). Further, a tolerance gene (tol) has been
reported, which suppresses mating-type heterokaryon
incompatibility. Shuffling is performed between protoplasts

35 of strains from different incompatibility groups. A preferred
format uses a live acceptor strain and a UV-irradiated dead
acceptor strain. The UV irradiation serves to introduce

mutations into DNA inactivating het genes. The two strains
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first label. These cells are then mixed with protoplasts,

30 which may derive from other cells surviving selection in a
previous round, or from a fresh strain of fungi. These
protoplasts are physically labelled with a second label.

After incubating the cells under conditions for protoplast
fusion fusants with both labels are selected. These fusants

35 are used to generate mycelia and spores for the next round of
shuffling, and so forth. Eventually, progeny that
spontaneously form protoplasts (i.e., without addition of cell

wall degrading agent) are identified.
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acid. Any exggewousder altered weneit Londll efddliddimntserntai.gs, growth on WO
98/318%@ particular carbon or nitrogen sourcég;nlU%%%égqggznutritional
requirements is particularly valuable, e.g., £for natural
isolates of fungi that produce valuable commercial products
but have esoteric and therefore expensive nutritional
requirement. The strain to be evolved undergoes genetic
30 exchange and/or transformation with DNA from a strain that has
the desired nutritional requirements. The fungus to be -
evolved can then optionally be subjected to further shuffling
as described in this application and with recombinant strains
being selected for capacity to grow in the desired nutritional
35 circumstances. Optionally, the nutritional circumstances can
be varied in successive rounds of shuffling starting at close
to the natural requirements of the fungus Eo be evolved and in

subsequent rounds approaching the desired nutritional
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produce new secondary metabolites, to allow entry of

precursors required for synthesis of the new secondary

30 metabolites into a cell, or to allow efflux of the secondary
metabolite from the cell. Transpofters can be evolved by
introduction of a library of transporter variants into a
fungal cells and allowing the cells to recombine by sexual or
parasexual recombination. To evolve a transporter with

35 capacity to transport a precursor into the cells, cells are
propagated in the present of precursor, and cells are then
screened for production of metabolite. To evolve a

transporter with capacity to export a metabolite, cells are
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are used to generate spores (11), which are used as the
30 starting material in the next round of shuffling (12).
Selection for a desired property can be performed either on
regenerated mycelia or spores derived therefrom.
In an alternative method, protoplasts are formed by
inhibition of one or more enzymes required for cell wall
35 synthesis (see Fig. 8). The inhibitor should be fungistatic
rather than fungicidal under the conditions of use. Examples
of inhibitors include antifungal compounds described by (see

Georgopapadakou & Walsh, Antimicrob. Ag. Chemother. 40,
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Other sultable strains can be produced by targeted

mutagenesis of genes involved chitin synthesis, glucan

30 synthesis and other cell wall-related processes. Examples of
such genes include CHT1l, CHT2 and CALI (or €SD2) of
Saccharomyces cerevisiae and Candida spp. (Georgopapadakou &
Walsh 1996); ETGI/FKSI/CNDI/ CWH53/PB RI and homologs in S.
cerevisiae, Candida albicans, Cryptococcus necformans,

35 Aspergillus fumigatus, ChvAINdvA Agrobacterium and Rhizobium.
Other examples are MA, orlB, orIC, MD, tskE, and bimG of
Aspergillus nidulans (Borgia, J. Bacteriol. 174, 377-389
(1992)). OrlA 1, tse6 and bimGll mutant strains have



the end product of the desired netabolic pathway is produced. 35
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25 23, 757-765 (1983 ). Suc mutants grow and divide without a
cell wall at 37°C, but at 22°C produce a cell wall.
Targeted mutagenesis can be achieved by transforming
cells with a positive-negative selection vector containing

homologous regions flanking a segment to be targeted, a

30 positive selection marker between the homologous regions and a
negative selection marker outside the homologous regions (see
Capecchi, US 5,627,059). In a variation, the negative

selection marker can be an antisense transcript of the
positive selection marker (see US 5,527,674} .

35 Other suitable cells can be selected by random
mutagenesis or shuffling procedures in combination with
selection. For example, a first subpopulation of cells are
mutagenized, allowed to recover from mutagenesis, subjected to
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70 popul ati on of bacteria thereby all ow ng conbination of

positive nutations andsdi |shufifil iolg Meghibidee imi¥eaBbns. Such shuffling

nmethods typically stary, g@%§1 ALY telcq.%SOfOst{lﬂggsthat gl la@single

i nt egrated nobilizabl e vector enconp ssin Some genetic
di versi2By. gFRblgenc¥easts v%lf%l‘-’esﬁ%a‘-r?rbéhteh@mduc"-%@%u?? BPrrRRLRd
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- library. Thelg()pmo éé&fagfwéfgﬂt compounds, and for the heterologous
production of proteins and enzymes (see accompanying list of
veast strains and their uses). Commonly used strains of

30 yeast include Saccharomyces cerevisiae, Pichia sp., Canidia
sp. and Schizosaccharomyces pombe.

Several types of vectors are available for cloning
in yeast including integrative plasmid (YIp), yeast
replicating plasmid (YRp, such as the 2p circle based

35 vectors), yeast episomal plasmid (YEp), yeast centromeric
plasmid (YCp), or yeast artificial chromosome (YAC). Each
vector can carry markers useful to select for the presence of
the plasmid such as LUE2, URA3, and H1S3, or the absence of
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30 force crossing between strains of defined genotype, such as
ones that harbor a library or have a desired phenotype and to
prevent in breeding of starter strains. PMS1, MLH1, MSH2,
MSH6 are involved in mismatch repair. Mutations in these
genes all have a mutator phenotype (Chambers et al., Mol.

35 Cell. Biol. 16, 6110-6120 (1996)). Mutations in TOP3 DNA
topoisomerase have a 6-fold enhancement of interchromosomal
homologous recombination (Bailis et al., Molecular and
Cellular Biology 12, 4988-4993 (1992)). The RADS0-57 genes
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25 high level transcription. Genes and/or pathways inserted
under the transcriptional control of this region undergo
increased mitotic recombination. CDC2 encodes polymerase &
and is necessary for mitotic gene conversion. Overexpression
of this gene can be used in a shuffler or mutator strain. A
30 temperature sensiﬁive mutation in CDC4 halts the cell cycle at
Gl at the restrictive temperature and could be used to
synchronize protoplasts for optimized fusion and subsequent
recombination.
As with filamentous fungi, the general goals of
35 shuffling yeast include improvement in yeast as a host
organism for genetic manipulation, and as a production
apparatus for various compounds. One desired property in

either case is to improve the capacity of yeast to express and
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et al., Gene(d&izcaﬁﬁaglﬁél éh%lﬁes, BiodHeaiinRirye3al 603Ce8031169948) 49
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force- mat ed ﬁ%?% gl? Ti escrlb%41§° % d|FF]C&P ?gn°&§s§h§?91§H§ can
t ransf or m bybehesedato oshuffle & eafindignlof rﬁ:lucqarmvléflaé‘ohpEb@ﬁéég These

pl asm ds conyahfr, 2RNasd e, C&ﬂ&“EhéﬁrééﬁiﬂﬂﬂaDdgli%WEQn Bk $crebhbil FEALERE
functions are supplied in trans Ar onos |ntegrgted copi es of

t he ne@@ssar&nﬁﬁﬁ%§edcﬁﬁﬁ¥ﬁﬁ&°4r9§mﬁN§SQﬂﬂ'BN&Ct |We GHE- € B&¥es be
assi sted by steainenarefcydbed ecepimnivelif thirmugh the spouffling) fornht,

sub- | nhi bi t ofxe GONGEREI A1 LA, O PV dTd Bt Fhase BTEpEVSPISh €6 ol - 1993

FEMS M cr obi 0 hat have
under gone al PBEeEvestchaBlye w#e tpf RNase iFprig pamtdgidars YcufehelsEiBERHt or

sel ect ed fOrnéﬁobﬂiyoﬂequlrest§W6ﬁékEfdkﬁiﬂgﬂéﬂa“aﬂﬂuiﬁﬁdesbbﬁaqﬂeﬁhatﬂdﬁds

of tion can per med by repeatin the conju
ranst 35 SteBUC PREC PEPREY SHYTTROAE La sopbotzhed
obt ai ned frothsoarprbasiont ﬁ¢ldlmg,t&md(aﬂdreumunMSMSMQma can bepreV|ous

round of sel ' ree g h | | pgreeagbe
conbi ned mﬁtﬁgggﬁgééﬁethg g T s&%g%*%ﬁgéfﬁhﬂn¥25§f§$ evolvedh¥bl! KRG
secretion of other heterologous proteins.

Another goal of shuffling yeast is to increase the

30 tolerance of yeast to ethanol. Such is useful both for the
commercial production of ethanol, and for the production of
more alcoholic beers and wines. The yeast strain to be
shuffled acquires genetic material by exchange or
transformation with other strain(s) of yeast, which may or may

35 not be know to have superior resistance to ethanol. The
strain to be evolved is shuffled and shufflants are selected
for capacity to survive exposure to ethanol. Increasing

concentrations of ethanol can be used in successive rounds of



35 8. Cenetic Exchange Pronoted by Transduci ng Phage

Transduction is the transfer, fromone cell to anot her, of nonviral
genetic nat WMQW31837%t hin a viral coat (Masters, in EscHeGT/gsisgossa| |
and Sal nonella Cellul ar and V\0638/ 31837
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general i zed transdutcl ng. Q{Féjrare bact eri ophages 1 and P22 of E

and S. typhi¥RF% ?%sﬁig&’f‘? psmotolexgReRal i zed transdum ng
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i nfection enorn Qu st rande ragnent s, of host
(whi ch serve(ggpdgé:{Lay 190 urhde(fm??gﬁfﬁFd %%?:f(a%oerbd][trﬁ ha &heads.
Proni sc&ous ﬁxgrr@hansidum ngee(ﬂml) toutyeaiss &b gaowwmoqihma;e ®Rbon soumtiesh
cefficiently package BVANAT) |ddbl Shuames, SBeELhishey dOL1aimus bean

isolated. Inf ectl on of a, suscept |(§1 résufts in a lésate in

whi ch up to 30%P%¢ fPRePRRR %}?@‘{arl&l??&&éﬁfg The priRFEPERs ol SBHAS lomDf

the generaliagd s&bastien grPadinil- to thbReadsHECEHEE EEy I L] Shiow! |
results in the injection of t he donor chronosomal fragnent.

RecA- medi at ed" hohbl ogous 15 reconbi nation followi ng injection of the
donor flPagnment can Anotdser tdegirade propertiyansecapadirprte rereduce
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suscepti bl e 5 PAFER¥1dn b@xaEt‘P eg |f Sec@ﬁéﬂ’c‘“ﬂ?— 1%8S A be t he

resulht of nabyé]ibsporlnvmr}t&%itdﬂﬂ txﬂd/\%@@h&&bbﬁorh.ﬂsUCe'lﬂl?QUjré’émmt@f%élm |'s
or the i C n._o ra aries into cells. DNA.isS.t

o changed bebURLpdchhalodbed 'GHIC LBAthE oL S Efphdraimen Ftl W
not cadSe | yEremoprganism(shetlmatt ipmdygpulthel secohdasy mewdbslte. beFor

propagat ed i re Lf_ -t u t
bt ron. t L ShaEnS) PEEASE Dodioly, ceblol! ficlude, PURORYLES AdredhaY

the startingPBSpaLatPBHS ol cEPFROTa (S'-‘Ilser&levieﬁeé |nt 50’2-%"3@1%0 214-216"
subpopul at i Or(11993)l$edti‘©b@16®tal’£l Midrobisducinag, phage446hewsah)sduanmg

phage are th i t i nt o..t he .ot her .su p Iat r
infection i SSQn QiSS ﬁ o%grr% 1%?& frchm rﬁﬁetes t% % Pra#‘u?gep rge)é&%%l so t hat
few 20 ceBhghr earail‘ﬂxumhremé@illecel |m@e@mo¢nng ppeeengyne ate the

propagat ed aBQxéUﬁ&Bﬁ@a?r eekesisk féafnt@l\é@eut wachowar fsapelievedesired
property. The [s surwall ntg scr /se ection an t en be

PP o by GePalvRSE A5, foBrLte 300 Dl PAYBEREE T B er
shuffling nerhbdslimiting in voveraIHﬁaxﬁHIpﬁodmcyloh t hes abeer oémh@ﬁs can

be i ncreased (wlldunQV&rEQ&J%QgBilgflg%éﬂn Henf b, bY2b0LECIL858) .  The

(nontransducin
PCT/ US$$/ 008BYA is then shuffled, and shufflants are screened/selected for

production of the secondary metabolite. For example, taxol
production can be monitored using antibodies to taxol, by mass
spectroscopy or uv spectrophotometry. Alternatively,
production of intermediates in taxcl synthesis or enzymes in
30 the taxol synthetic pathway can be monitored. Concetti &
Ripani, Biol. Chem. Hoppe Seyler 375, 419-23 (1994). Other
examples of secondary metabolites are polyols, amino acids,
and ergosterol.
Another desired property is to increase the
35 flocculence of yeast to facilitate separation in preparation
of ethanol. Yeast can be shuffled by any of the procedures
noted above with selection for shuffled yeast forming the
largest clumps. |



75 phage) and by reducing |ysogen formation. The former can be
achi eved by, ,on of chelators of divalent cations, suc
citrate and E@é n culture nmedia. Divalent cations are m?%ﬁs‘ls@gs 2for'
phage absorption and the inclusion of chekating 5 agents therefore
provi des a means of preventi ng unwant ed infection. Integration
i 31 4 soboplaseindg r ansduci ng phage can

be used to prevent Iysmﬁaaplast Ip%ﬁﬁtr'agﬁlonl i ééz‘!xéhf‘é if@ﬁé\&é@rb host
cells with defects in m_sma alr gene can_be used t% |ncrease

r econbi nat i fPEFRR: pdt AFIRIAREFUIBE T uﬁﬁH Y Fn A9 c Frgel, 198
Met hods for ﬁm&aeﬂﬂsSeWQeaBeceabhaat woth buffer, for exar@dmaofqrmats

and exappl es_f.or recursive.s e reco |nat| S ferred
fo s DRA SIRATITHET PHEEPRH CaRn, T5ruBRERESanay e hbt RS EERHE by 1 he
pr esent comvaEimning aambdm:—m legesiti, n suopeadi Y @A@pDT’Eatlmubaﬁai)rﬁm

docket no. 1@%8?;0%&% i fH lg%iié\% %ﬁ%%%%%§96angq{lg$%é%86agaln vjl't!l‘?d

February 17 ublis ed as t emer Science 270,
1510 (1995) :buf Esmeo efengve theaedisingsegsstyo Thepggoslls ayerrRen
Bi o/ Technol Oﬂé’suééen&é@ ﬁ%ﬁﬂ%)cont%h@iﬁ@r a cell wEIDCde@bécB.ln@\Cékdzynﬁﬁ,l

USA 91, 10747- 0751 94 t.ure 370, 389-391 (1994);
Cr aner 0et atuc %@%ﬂ\‘%%?"‘m& mg/m}()l) anf §],71Y( 989%)"— e AR get ‘al .
Nat ure Bi Ot&mngySﬂablllzerSBM@.S( Bee@pseeashrbitohi cRact, KC1,
| ncor por at e%&% re“@&“cedr”br%u Ltsa xgtéﬁeéyvéf%eés} lo P WRRErat ions .

(1) In Vitr ormat for shuffllngln vitro is
i |l ustrated 1‘1p,ese Susﬂ’ﬁ%ﬁlqns BRe ithan dncybpsedapbs3POF VeEBnBeREI®on are a
pool Oéhé.]e.{ﬁé e(L5@%&'61)0Qﬁatﬂ_lh%)ﬁét%pll'&sﬁ:léeaEbgreleaﬁéﬂe| Té géﬂi@fﬁ@@
wher e ége se di ver The seq

be of ri 0 ?,%f?@t%e ﬁﬁ'}e Wﬁ%éﬁgﬁeig g.,o pﬁgduce pragRNA\:bye d\%\san

fragnent to Seveeabmbtmtbgnes eass @udsidle. Preferably the sequences

are from5s0 bp to 50 Kprgroplast formatlonﬂl‘:'anp%%l ﬁErEQE@He§fSHH§tE@1fS are
converted into 35 over? p% ragrren S %roma bout 5 kb or

mor e, G¥CLRORR Fhe F@J@otqp e haye clae@énswﬁargniéeef t?hEEf’P%Jgﬁ%ﬁ’ns
is fromabouatl@ibp tR dRO0cape @Ndssoretdwing ddhehikzeanf behaccomplifid
fgrg/aggggbs Isb{rr '(:)Hleaggg %gr(i) cl?P maOtJ.SIQgO Piacito-rrhse, %gé%%géggaogSéCurran X\O
76 canCheterf edt edeby Miquobiel of12f f fl&BEntl 593t H8883) $uchThsse

DNAsel or h?‘éﬁt@ag§55b9nasr§@&%1§é@aé YAl hY Mﬂa‘:.%brs whleﬁsbﬂzl ction
enzynme di ges Al ternati velq\'/| t he conversi Qn

fragments caf®GESBFLBEt Blaepget ittt lp@t SAME ﬁ‘ﬁlrieﬁ c&?‘?oﬁeg# Sﬁﬁg?raFes

or PCR prinedifrommaaddbgien, sexpfacesrs Aldvar neeny ahpwnappr dpduaeethe

2;2?LESI%;;?“%%]&E%HSEBESthe ceFANLE IRDART XA BaE ehe 3EkHal
fusion of a and o cells (Crandall & Brock, Bacteriol. Rev. 32,
139-163 (1968); Osumi et al., Arch. Microbiol. 97, 27-38
(1974)). Thus in the preparation of protoplasts, cells can be
treated with mating factors or other known inhibitors of

can

30 adenylate cyclase, such as leflunomide or the killer toxin
from K. lactis, to arrest them at Gl (Sugisaki et al., Nature
304, 464-466 (1983)). Then after fusing of the protoplasts
(step 2), cAMP can be added to the regeneration medium to
induce S-phase and DNA synthesis. Alternatively, yeast

35 strains having a temperature sensitive mutation in the CDC4
gene can be used, such that cells could be synchronized and
arrested at Gl. After fusion cells are returned to the

permissive temperature so that DNA synthesis and growth
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0%to 20% mmtlcallm ea‘t@rbaﬂliyeﬁr butsest badsg TPRC f raaghdmagisfiearede foneal
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nucl ei ¢ aci FPkS AFRRE ssq}&ﬁ’téé ?ﬁqSSFeR{lé‘ﬁoﬁProﬁ" des1redpmeg§§i ng
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and dTTP). If regions of q . [e. | ! o] rase
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the argads of identity ¥gast artifigabl, cKremoapqoeﬂsy(ﬁéa@s)emmmed W th

igagnneal I NGrectors t%%%ghev%wﬁaﬁsnnﬁﬁ 20h&héAs (R Merso e kbt |-
PCT/ US98/ 0023 be cloned (see, e.g., Monaco & Larin, ﬁrends 3§ﬁteq@SA
(1994), suprme (7)T,hezamlmr(asa@manmamsagdeﬁotzo Bhatechnolamdm nudlei20iaci d
fraguents Pri96s ! ISP | her, gnct! T4l RSONSKYodh} I ADNSAYIG Olcuald er

anneal i ng. € process of ena T7on, Tenaturat'on and 5
i ncubaPon iBiehe ptBsentd of (ﬁ@l%ﬁmr &ambof 69@?11&@\'91 n@urr Opimgrfanatt o

generate a CcoL-ecs (PN, of4ndd Y(Tll#‘dsE?Ot Md8toliu eeoaial NR&G-&4 | fPEE]1 . Dev.
pernutations_of_fra ffling of the

ments i.s SO erred.to as_s
nucl ei ¢ aci i {11%%. 45)% ni@)?@l é(eFé‘OFépgé Edt?%?m%r%l%swee]d) ‘nihber of
times. Pref ea:aﬂmtzyorﬂ@re {ten)cy dre aut onepeatdy fepiifating Ofdequenss (ARD .,

f bly t 0Ot t I ti
e TS0, Ry AR SRRl (040, ArED) B ediiieni

nucl ei ¢ aci e-strand of ynucl e from
about 88 bp ﬁ% %odtmﬁ)b kel eqiricrer aRYRACE éﬁ?S%lEba%ﬁe , rephiqareds adtbwn

in Fig. 1, passtedhte dHeotiaptladdsen ch&omovsaﬁxéesenwugnrb@tmﬁs:n@ioéﬁe and
starting substEat es éhovm ubstantl al %equenc

V, t t
al so diverging a herel?/)grpaﬁo"rlosllnﬁ She 3 Tie popuPa %Iéés& n%lﬁl}begg &LR'U
menber s thanmelotlchéesmabmém;!-%bst rates. The popul atl on of fragrrents

resul ting from shuffligged SoHsedid & Wit Fob0theC8hliBfling of

30 libraries of large DNA fragments in vivo. The substrates for

shuffling are typically large fragments from 20 kb to 2 Mb.
The fragments can be random fragments or can be fragments
known to encode a desirable property. For example, a fragment
might include an operon of genes involved in production of
35 antibiotics. Libraries can also include whole genomes or
. chromosomes. Viral genomes and some bacterial genomes can be
cloned intact into a single YAC. 1In some libraries, fragments
are obtained from a single organism. Other libraries include
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tenpl ate. Tenplate a. SWMEEhbAY 6ﬁrExbﬁl{rindu0ﬁi§tysaddilhlson of recA,
rad51, rad55, radq7_or o her ol yner ase €. ol

reverse transcri pt a88)°to° Eg ?T%?m?l casclogn ?nmx YFé:% ‘Fp a}lﬁeﬁ:ﬁ%

swi t chi ng cameshdbibg KAEr éabedrbylas nummqmemqogmrcap@ yeast

concentratiORells. Transformant8 @oﬁ&ﬁiﬁEﬂg‘ﬁ”YKﬁ'd¥é r@édtﬁiikdpb? cycle
of anplification can be conducted using a collection of

over| aff ng SPAGFELDGr 2RYeH mlﬂ‘éﬁn%%}%c%‘forf ST PFGTENTe OGP XRG-
di fferent |emgiehgellkr agaealiovad be peepeerdndiary ahen pcgilegl.e stranded

DA phage, suel a3 Vb3 ERAENCLIZOMEAL £Afced cdMUdANGR L SyARE IR ring

pol ynucl eot i Chain exten agnment fr .
col l ection, thesceddsi fgoseyichcaedium, ‘F‘écwci*ﬁ&il P FRaheet (Id@ELiPg a
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tenplate into tshe sec
inserts, and between YACs and natural yeast chromosomes. The

latter can be promoted by irradiating spores with ultra violet
30 light. Recombination can give rise to new phenotypes either
as a result of genes expressed by fragments on the YACs or as
a result of recombination with host genes, or both.
After induction of recombination between YACs and
natural yeast chromoéomes, YACs are often eliminated by
35 selecting against a negative selection marker on the YACs.
For example, YACs containing the marker URA3 can be selected
against by propagation on media containing 5-fluro-orotic

acid. Any exogenous or altered genetic material that remains
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can sti cQ-exkist W|t sane ce or s icie | al | ow
honol ogous can 5 , CO ﬁﬁgFloﬁan %%%u¥ea%&)cells and recoEga dnglEB

cont ai2@ ng @ndogsaciishyerstesharwospmes adg ypefore. | mm@dllc;beramt Qf

procaryoti c gy, rsY%Tath%e\:hé BYmé@Nyr dlffe:!'-ér?rﬁsﬁcz%ﬁ R 'IQBQ-QQ@ ﬁgea
chem cal transformati on, natural etence, eleciro oratsll onha{\él raI
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entering the S asm S con al ni ng he vari ous
substra¥es &REHe %ﬂ%ﬁ@ﬁeéﬁeéoélﬁ'txﬁtiahﬁo%m%h@f roundulah pl e

selection/screening, as above. Further rounds of

recombination/screening can be performed as needed until a
yveast strain has evolved to acquire the desired property.
An exemplary scheme for evolving yeast by
30 introduction of a YAC library is shown in Fig. 10. The first
part of the figure shows yeast containing an endogenous
diploid genome and a YAC library of fragments representing
variants of a sequence. The library is transformed into the
cells to yield 100-1000 colonies per pugDNA. Most transformed
35 yeast cells now harbor a single YAC as well as endogenous
chromosomes. Meiosis is induced by growth on nitrogen and .
carobon limiting medium. In the course of meiosis the YACs
recombine with other chromosomes in the same cell. Haploid
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transfect e &ﬁ'?’ﬁ §9fl rst aliquot of plasm d, transfectants "?fﬂ’é’f"é"é?ed '
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of reconbi ngtiqn ;¢an wadgrgo further rounds of reconbination with
each ot he OWV%I%'I%_Q'I nal 25 substrate. The rate of evolution can
al so be |ncreased by Fhese methofiscanpubasedeln rpaist e thsmjfianh ithat

transfer syshams Ale YACs ca&’&”%@“hh@bgﬁea Dﬁcél@élé’arﬁé é?agéd cdll Aeiivaesa,
S. pneunoni ag, enzae% and can also sed to transfer

DNA 13 béﬁ%é%?mt&b&nasygaewno b%?ﬁ\}é’én(%ﬁ%‘?férsfaf’ 30
cells. 250, 94-98 1P®0Npl olhtewrjrAgatevemtdmanst o ,pmmsiefsataesﬁcamat

cloned into ﬂ@%l% %Wlﬂge%fgﬁgm gggstﬁé’?ﬁgrﬁ"%ﬁ@éf&@lﬁp fragments

provided in cl's or intrans ect of
conj ugat i ve aff arkd & jcany dey shiuffilgd €8 ¥LE¥€troporation in 35 that it

gl | ows pl asm d; to mméoett\ﬁeean@ebbguaadlahl OPSDNA fradREeidigtadw on

et weepn_ any su strate an [ eyi pMsS, reco 0
occur %%rel ﬂl‘?&lt% ea&ﬁl PEPE® }?'ﬁ% %Je’? T8 scc)fam)ré]sa}“h‘é)Q”“1
conj ugati ve ﬁqzarﬁptaampmes e,mllmetdedallellc or !me%vésl@wermty Often DNA

PCT/ US98/ 00 gments are known or susgected to encodd multlglé‘ééﬁééfthat
vectors are discussed in nore detail below The rate evol uti on can

al so be i ncrféé'ﬁ'dl%}/ ust FFIR BFCRYRY - of cells to induce exchange of
plasm ds or chronpsonemhe Hisigaents areaglbaetindtie€da byac hemd cetamgibontresd

such a3s PEG’ir(l)tro Vj;}'eral.J es t%lcally with positive selection for

transformants. The transformants are induced to sporulate, as
a result of which chromosomes undergc meiosis. The cells are
then mated. Most of the resulting diploid cells now carry two
YACs each having a different insert. These are again induced

30 to sporulate and mated. The resulting cells harbor YACs of
recombined sequence. The cells can then be screened or
selected for a desired property. Typically, such selection
occurs in the yeast strain used for shuffling. However, if
fragments being shuffled are not expressed in yeast, YACs can

35 be isolated and transferred to an appropriate cell type in
which they are expressed for screening. Examples of such
properties include the synthesis or degradation of a desired

compound, increased secretion of a desired gene product, or



5 viral proteins, such as influenza virus hemaggl utinin, HSV-1 gB
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diploid endogenous chromosomes. The cells are again induced

30 to undergo meiosis and sporulate. In cells bearing two YACs,
recombination occurs between the inserts, and recombinant YACs
are segregated to ascocytes. Some ascoytes thus contain
haploid endogenous chromosomes plus a YAC chromosome with a
recombinant insert. The ascocytes mature to spores, which can

35 mate again generating diploid cells. Some diploid cells now
possess a diploid complement of eﬁdogenous chromosomes plus
two recombinant YACs. These cells can then be taken through

further cycles of meiosis, sporulation and mating. 1In each
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virus. Some Viruses, such as fil gnentqus, ph g é exi st WI#
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DNA. For Vif{ysgsmbiphedédf Sl #ihal expression product or capacity of
cells to metabolize such intermediates indicates partial
acquisition of the synthetic pathway. The original library or

30 a different library can be introduced into cells
surviving/selection screening, and further rounds of
recombination and selection/screening can be performed until
the end product of the desired metabolic pathway is produced.

35 7. Conjugation-Mediated Genetic Exchange
Conjugation can be employed in the evolution of cell

genomes in several ways. Conjugative transfer of DNA occurs
during contact between cells. See Guiney (1993) in: Bacterial
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binds to a po ysaccharlde on recipient cells and forms a
conjugative bridge through which DNA can transfer. This
30 process activates a siﬁe-specific nuclease encoded by a MOB
gene, which specifically cleaves DNA to be transferred at
oriT. The cleaved DNA is then threaded through the
conjugation bridge by the action of other tra enzymes:
Mobilizable vectors can exist in episomal form or
35 integrated into the chromosome. Episomal mobilizable vectors
can be used to exchange fragments inserted into the vectors
between cells. Integrated mobilizable vectors can be used to
mobilize adjacent genes from the chromosome.
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direction by a rolling circle mechanisms which allows

mobilization of tandem chromosomal copies. Upon entering the
25 recipient, the donor strand is discontinuously replicated.
The linear, single-stranded donor DNA strand is a potent
substrate for initiation of recA-mediated homologous
recombination within the recipient. Recombination between the
donor strand and recipient chromosomes can result in the
30 inheritance of donor traits. Accordingly, strains which bear
a chromosomal copy of F are designated Hfr (for high frequency
of recombination) (Low, 1996 in Escherichia coli and
Salmonella Cellular and Molecular Biology Vol. 2, pp. 2402-
2405; Sanderson, in Escherichia coli and Salmonella Cellular
35 ‘and Molecular Biology 2, 2406-2412 (1996)).
The ability of strains with integrated mobilizable
vector to transfer chromosomal DNA provides a rapid and

efficient means of exchanging genetic material between a.



86 described for plasm d-plasmd reconbi nati on. For exanple,

further reconbi nati on can be effected by propagating cells surviving
recormbi nat i MY $8318¥nbi nati on with el ectroporation or c RGIYAS/00852
transfer of plasmds. Alternatively, plasgpds 5 beari ng additi onal
substrates for reconbi nation can be i ntroduced into the surviving

cel | s. Pref giihlnar siefor bactRk2aMtderabg Qi%ﬂ:ﬁlg?'één%ﬁgtﬂd?ﬁ@fpat' bility
group and bear di fferent selective marker Than the original plasmds

to allow P°ss‘eti3e‘£et |“5Waftd1°n§elaF1§ gdhbELAR gt aregaliste (Wt akicRE-enSueh

pl asmi ds. %Lﬂﬁﬁlhrﬂghedetaidd%f mgpwallpl gsatd At o popul A iloTRTO Bh-aBNA

can be i sol L farl{)ngn ugp;o ul E} g zoﬁle ve(_jéurw Vi n esl J S and e

transfected THtd A secoms pop atEon: Throhes lﬁ% car}el?g cl oned

into a Pl asrﬁane/mrmtnbefd;mrsuy t r Thef geneohc disversity can be the = (e)

Vi T us- Chr omDsdTe) (REGOHY Rl 10%ariation, exposufs td 4 m&%&:}%‘?ﬁﬁ or
does nmot ki |

descri bed above the virus I's usual |l y"one that
cell's, and isFe@rtdon of ﬁh;ﬁé@gﬁlﬁnﬁhagéﬁﬁay Thehe rRFutkAtelgrs of cells

subst anti al | ¥ tdgl are a8 2dut fs@ueetaam docﬂlp@wsg»émetfﬁf:@mﬂaaigeon
Substrates for recombi gtlon are cl OJQ_ i nto,the vector. ctor

including TeCeTRMM ST CRAECREN"p8 tFﬁﬁ?}f‘%ﬁ%"&: ISR el | qﬁ'r]rS
vitro 10 Pk drjezh cavkeentedoduc e¢ lertedc bk sabgvohitsicin drawafid & des:.red

genones rec th ORaY,

cul ture. \%é%n canﬂ%ztpa%&el er%?gsﬁgw(’ﬁ% Q&Qfé lfé'n(%lggrérgﬁgul
transfer of %39%l %m%}%laeéPFGBSFaFPBHd of shufflinhREHERT of cells
by progeny VhedDased Sj‘érf&f‘ild"l@}&eda&gtel ot otherwdgstifies cells havi ng

chronosones and/ or vi rﬂffo%%Quraa tetﬁlc‘}_ﬁg%, 8¥eH J\é\?’l‘él}":d"%l’%\fl\m UI Si. tt on

of a desired function
subseqdént rouregrafed mob reashieisisnasi grcibdentsanpl eningal lgemaf@: cam be

transferred pe ;mPRIVRE L &ldversdl Hekindd 5%&1@%&95‘15&?&%6@%&&&)@
el ectroporation, ‘Alternatively, viruses extruded from cel sur VI vi ng

sel ecti on/ sc?%%hﬂﬁn%?érf’%é‘%’tﬂaéd HERd s&§é&nﬁol§5att§’c}2}é‘ﬁl?ﬂf%c‘i° tHhe cel I s at
hi gh multiplpeodycts Abf etxes iar@l traT genebr eghrsybséwel s 1993 1 esgmda nat i on

can be i ntroguced [ote) the goq, oifgl Se 2LLNGE 0. P ASHLO Qi alosakors.

WO 98/ 31837
87 20 et al., J. Mol. Biol. 138,EXBANPIES (1980). Ih@ﬁ@qp@pducts are

Hyper - Recorrbw@gﬁmé‘d ReSAhe 1nner ande oA tROhBBriSes BF 'ﬁ‘atsﬂ.q:ailﬂldms'[ E.
col i honol ogous recorr@l nat| at hways. nfibb?-‘ﬁt at% in recA i nhi bit

5  recomnbi n’a‘??%"r’f:t’oml%'o ﬁetré(ﬁortf’e& cFedigidant matings
reconbi nat i Gvef{kosmal mqkmﬁmnemralch aMec bolhokbap&ele , o58Jdonat ingl INAGS

(1994)). Therfol L oyl Bgs eXANl & & tz%%s ‘3\6&' %bﬁgté’f%ﬁ nes 1 ng&%ﬁ& acqui o

hyper -reconbi nogeni ¢ activity use ormat s.
Hyper r @8onbi flefeime, RexA %§]§@llét§tt@§1 @y w@eaof kno%@m.@au%nmﬁa@%t em

devel oped byoBheRpeésding MY iGzymes or reduced by propagating cells on
a carbon-limited source. {Peters et al., J. Bacteriol., 178,
3037-3043 (1996}).
' In some methods, the starting population of cells
30 has mobilizable vector integrated at different genomic sites.
Directional transfer from oriT typically results in more
freqguent inheritance of traits proximal to oriT. This is
because mating pairs are fragile and tend to dissociate
(particularly when in liquid medium) resulting in the
35 interruption of transfer. In a population of cells having
mobilizable vector integrated at different sites chromosomal
exchange occurs in a more random fashion. Kits of Hfr strains
are available from the E. coli. Genetic Stock Center and-the



112, 441-457 (1986); Shen et al., Mdl. Cen. Genet. 218, 358- 360
(1989)) t o Wy aB?;.s the effect of substrate length and (r:rpg ga
reconbi nati on Trequency. Shen & Huang's system 15 used pl asn ds an

bact eri ophages with small (31-430 bp) 71 regions of honol ogy at which
the two could reconbine. In a restrictive host, only phage that had

i ncor por at edaillhhenplldanGdnetic Sseck etatt yer Frddte eto aflar, mlpl9aqueszpra)

For shuffli nd g e t re fr host
ctrain vo1oBLSpREEe1fs AOERBHALY S6F e i wakHl Bed o TaBEh. pitek

pl asmi d andapHageieBtagdpns can beepyoduced Hun iglsertd ommottegenesishe

reconbi nati 0 @13_,}@18) S IsNig
cl oned RecAQ%érgcra IE%anSBOSOﬁEp lrgg%%%?%%% T = %é‘%g‘%?’rs \rh]et %% (430

bp idertity™ohiligatiop,s5em R@EB‘:’(%@PW%IP%‘E% Qﬁlglg%tle&eﬁﬂl&

Bp221) provddechy] bi hklpet3tbptodentity with [err]M 631018 except for
1 m smatch at p@sitio The cIo e t hen
shuffled in vitro usi g) ttlﬁgaﬁy' SETARDR e BRERE - sn Rl é‘\ﬁé‘\é%

PCR- based r sasseonis| preBdefeShmfrél kd qnismatrtds maazi rggama‘(@r)rred Inineg ittlace

nonr ecombi niggg donor t*i‘a&‘i:ssbhi‘izﬂ aIEQée NHRML s“' ght,
i nfected th [err err err Ilnk pl ated onto
NzCYM ¥ at eéncreaseisn ltnhétﬁ'ﬁéélénééc ing ‘?L]Geﬂb?'éh Qﬁeq\/@ﬂ@@?q SHcki ng

pl asm d. repalht sitenef ficiently a recA allele pronotes reconbination 35
bet ween pl asm’d and p the nore sent ed

h
in the bacteriophage eré%ﬁ%gqﬁaﬂg}lﬁg %%%%E?ﬁgbeetween aﬁqe(‘tlhe pﬁ?ih % om
the pl ates &hd aaddoverd SglrionsldeAtyphépurium, weidrtard 0% Wiivargent at

reconbi nogenine HREA 13Vl 895 also possiMf 98¢ 3183 7% ecié:ient: strain is
PCT/ US98/ 00852 8

Reconbthat i Fh e fidici®s MGS (ERE8 Reppesigdiar Rplal.. Najure 342, 396-

hyper - r ecomaionogarsiay )RecA ahichr tFanhedadscah Béuﬁéédng: wbtain as fol |l ows:
Cross

e er. Rec 2 V3
6.5 x 10[er r):]econbnéiaflonlalter rejveraxpp%bgiéi asyshown eb}?”?:he foEi >§Z
10[err] exapd el-0[ err] [err] MI631c18 x |ink H 8.7 x 10[err]

4.7 x 10[err] Thege @siphks ukadi gat 8. at?Bﬁiﬂ&Pz&zﬁ'q{@@%foﬂ& strain
recorrbl natlon for 10 the 430 bp substrate, and a 5-fold increase for the

31 bp 2 Qapsingmarkers thr557 at maphROfLELAR %at?ﬁ?%ﬁ%ﬁ%aﬁ B een
BP221 and VidxN13 at 6 imim iandi wfdKs! ael eBahihsol mies afe, shovl. b=low, and

Ege Dgf\gs J,Tzecal:‘lfagxe%totsq:'ﬁ ?’%W%’&Cﬁérﬁ%gg é&gﬁ?@néf 316hS faﬁ{&zéé‘%é‘w in
10[ err] (61 ®winndrlesslds at BSCN;F?eaIIld mgtg2X518FeP? |im2 xThencr ease) ,
Clone 5: 6. t%:i%tﬂa%ﬁd’ﬂhl(@’%’ X dyiaRse him?BEr GbRGE &nd ﬁs&gé‘nﬂc@[rﬁﬁﬁ’ﬂ+/(53 X

and 135An ARG PRI Os‘i[gslctorl  Zectgioht TSR piaagutat R RRe of ™ of
shuffling, idb fardtterandmlakemert 3r7°CeaAtil fully grown. 100 pl of the
donor and each recipient were mixed in 10 ml fresh LB broth,
and then deposited to a sterile Millipore 0.45 uM HA filter
using a Nalgene 250 ml resuable filtration device. The donor
30 and recipients alone were similarly diluted and deposited to
check for reversion. The filters with cells were placed cell-
side-up on the surface of an LB agar plate which was incubated
overnight at 37°C. The filters were removed with the aid of a
sterile forceps and placed in a sterile 50 ml tube containing
35 5 ml of minimal salts broth. Vigorous vortexing was used to
wash the cells from the filters. 100 pl of mating mixtures,
as well as donor and recipient controls were spread to LB for
viable cell counts and minimal glucose supplemented with



is desired. Not all of the variations fromthe w |l dtype recA 25 sequence
necessarily contribute to the hyperreconbi nogenic phenot ype. Silent
vari ati ons WQA8B32| i ni nat ed by backcrossi ng. Al t er naPCF&ISH/0088% | ant s
of recA incorporating i ndi vi dual po; ts of variation fromw | dtype at
codons 5, 18, 156, 190, 236, 268, 1, 283, 304, 312, 317, 345 and

353 can 30 eLEﬁeEeﬁﬁgdoEOEhéCEhfééyrecplent redu i%@&bﬁtgqggﬂlﬁﬂh§¥@|Utlon
for Hyper- Reconbm&)natl on

055|b|I|t of selection, for an
E. coli str&ffombinant; caugps; n%?%a%%ot}}ee\}:g! rre&:‘&?fﬁf{‘ﬁﬁf:?oﬁo‘v”va °Vﬁh? cat ed
from 35 phea@h&sﬁﬁanef cwuhdst YO, ndred rdf e trntbﬁ aeduieengnesAfont S

strains | | owi_n ure to mt Ci e C Sz

| i nki ng ageﬁtrlg SDRESC 1ABAE CGunts. Eggg L?g'ea the Fné{lggggfio%gi %BC
causes & ntehr at 37°saf&rd whibsk-¢olhdies) vcﬁrdjmww@ldeby bl ocki ng DNA . :
replicati on 40 Repair of the inter-strand DNA cross links in E coli
CF))(C:Z'(I:';J rUZQ 8/ 0 Ogigia.um WO %géo%\ng?ath Recombinant (:Ii't)'s/'.r.'cat:Eagllg CFUs mt\.z/(I:.Sé /amutS"‘
RecA- dependent reconbi national repai+—pathwey—{Fetdberg et al., in
DNA Repai r &nBriareagefeseaPe1995) pprutfyl- 232)muts Processi ng of
cross-10nks _during repair results in occasional doubl e-strand DNA
breaks, which too are repaired by a RecA- 5 dependent reconbi nati onal

route. Accgg:glpgw LeEALELr {1 st rains are significantly nore
sensitive than w| Ee strains, to m tomycin C gxposureg %n fact,

mtomyci n CH8 hé’éﬁ i RYEj 51 &1 dt *sthsi 13 i ¥ y° assays t ifferentiate
bet ween RecAf#r+ Prand pyr aroReblAl err]2 <t kaldls. 3.0 X 10° 11ln addition
to itsiseconkbnogeni c ppropesties, - mtonycin Cis a nutagen. Exposure
to DNA damaghpg agent $yr+ aro* S¢h as.mtonycin C, typically results in the
i nducti on ofU t he E col.i . SOS regw,,on whi ch ,ncl udes products invol ved
i - e FEep il ot"'DNA difage (Friedberg et al., 1995, supra
in error prone pa|r g g : : pra,
at 15 pp. "ebbiogpo)  pyr® aro? Ate Fol | owi ng phage P1-nedi at ed

general i zed transduction of the [err](recA-srl) ::Tnl0 allele (a

nonf unt?i ondfCal 1%l e) FAFAFIC 2?;:‘;!\,1 35491 e Sem iRt s E. coli,

tetracycli nq,—rgem.stanturaml trans ARta were screened for a

recAlerr] phenotype using the 20 m tonycin C-sensitivity assay. It was
observed in LB overl ays with a 1/4 inch filter disk saturated with 10

[err]g2®f nitonycin The datgl iodingtesthabr seaemdimants Sary R{MIPIGatRe
wild-type angt aFonableSifr@ighieneas si {lhhﬁgtﬁﬂrMéﬁrﬁgﬁ r egitdrgdrtdria radi us

f about 10 f t.h nt 1 i nki t h
(2)5 | Iogvel s ‘6‘?0‘?{5‘}{““ roqnﬁ ésgﬁt“g‘na erg Fgéoﬁggng?}%njarll a?;%%;splén’]: It_‘r}rqirtfalsu It?ng

in |ethal bldekeageio rﬁ%yrle;dunea:tednmleahcbt repabr. gave rise to
occasional colony formng units within the zone of inhibition,

al t hou the frequency of_col oni es was -10-20- fold h| her in the
mut S sgPal This i s FRresudfifogugtdongoi dragmen £eQn

spont aneous nut ati on Qioﬁﬂm:&atba.@(gre@:ubds cah also besnﬁbedaytcsmiearmﬁmarl son
demonst r at edeLfy eﬁé‘elfﬁxea%eg‘qréf e¢R11s to BUlE-S1HEANS MRLE hiddrand |y

nore sensitive
partlcularly useful in situations in ‘which the cells to be

evolved cannot be efficiently transformed directly with the
35 fragment library but can undergo conjugation with primary
cells that can be transformed with the fragment library.

DNA fragments to be introduced into host cells
encompasses diversity relative to the host cell genome. The
diversity can be the result of natural diversity or

40 mutagenesis. The DNA fragment library is cloned into a
mobilizable vector having an origin of transfer. Some such
vectors also contain mob genes although alternatively these

functions can also be provided in trans. The vector should be



with growth inhibited in a region extending about 15 mm from t he

center of t%s\?g; However, in contrast to the recAlerr] 35@(\[*1;{6&5{8%&5’- no
18: A : g

Mt[err] S were seen within the region of gro
i nhi bition not even in the mutS backgroundz3z The appearance of Mtr
i ndividual s in recAlerr] backgrounds, but not i n ArecA backgrounds

i ndi cat es t heapvhblerof ef£fiepmmderdnjugml aransfer betwed® p8iBd8R7cells

PCT/ US98/ 008343 the 1ntende% ho%ﬁ cells Th vector ?Rould alBHngéﬁfgfl
RecA protein and sugg at tT_Hay res m an | ncrease

capacity forsebeshdPhatPoeRetyRYai rTltafs phenommmnnbe- Fhauganedasatee

Mut ati ons mpﬁanbeﬁgetseiﬂgr@@épﬁe&w%éry HelledREeAreddby Heﬂhﬁkéﬁl, such
reconbi nat i onal air be diver unexpect ed, Ilnk%

otonti 51 %88 a1 PG, £TBYePEndh Sk o RB Yetilor, snopt: PREEEERELY o1
for M t[err]ahmdwchebﬁaebnminatudriumg:he interelede hiosndceldsakheeebg With a
dramt | cal| Yol 06eAsChelect  GAPASH et £EGRIVY (Bnell fragment The

recursive pro s~ as exposure o t&8train
to mtonyci nuedexgener ggnehie wm@%r@th a hest! domeAgIenssBoBEegagmens. |

via Hf r-medi eaéﬁeeheaaﬁsaﬁﬁilcamoﬁhuféddmg;aef b°e0l Ictma%a gonasal bzed
transduction). Alleles which result in Mt], and presunably result

in an iifcr ead8Ete5 HacEéEﬁc??f*’b‘i“?é&%rﬁﬁRﬁtq i rfé"ﬁ’&l FORA %HuF%l‘F
anong t he intpafsahoet typé her abseheei cf dﬁsanﬂegatuepaselebn1addmarnar
error-prone ggpghe Lg ng ng exposure to mtomycin C can I ntroduce new
mut ati ons for e néxt -round of shuffli ng. The process i s repeated

usi ng i ncreasi ngly nor@nst sphgehie 20ectex pios rhes hnevad hewfcirange A nunber

of parallel sghgahheRsni p1 d a@gcfixséa 5P WIS & RRans mbh Aekehalib
variety of all eﬁ o n! Blasmd 4 Qge

o ot o 7887y, 1 98RL B R SO g, 0:RS 080, 0

a chr oBaeenanx echadnpsGereassay 4¥-4P , (19e) of Thewealadmids can be

Bacteri o 130, 67008 (A272) cols and rhep SIS GRIGIP (SR LLihg,00

Streptonyces Coe recursive
nut ati on andthat areeddffiAulfonr otmpesetile é@érﬁﬁf@f(%ﬁ‘ by ¢heqicali Aprove

a 30 parti eub@&raaamotly;aact%ncselts@d;@ﬂseﬂée belmsreecglra%lmasy contain

shuffl ed bot h al one and ere atlveS | i.vi.dan
| rrprovezot he 551& g’|r|19§}’108£ﬂcf-98n&8?8 Re2Hp ’nt Mobiliz %1on functions

[err]-acti nOE.II&dISImppIhEd str aransnpyochnumsmablpggnuegﬁwaqig copies of
compar ed 10 gn3l Heldl sgssggabenggprozé%gaé Pregémgv; s G880 A 335 somenc! ude

reconbi nati o ensi ons coelicol or and
li vi dans casgﬁe %@ﬁ§|§§ﬁ&§dent§FéFW¢’ét vk e?h%n’zﬁ%eé‘& dd & gTeR-

- nutagenesi s (A ti&Rer g 'thuBubs inHSbNgoRy Stbaddht fdelons of penicillins
25 (Trieu-Cuot et al., 1993 FEMS Microbiol. Lett. 109, 19-23).
Cells that have undergone allelic exchange with

library fragments can be screened or selected for evolution
toward a desired phenotype. Subsequent rounds of
recombination can be performed by repeating the conjugal

30 transfer step. the library of fragments can be fresh or can
be obtained from some (but not all) of the cells surviving a
previous round of selection/screening. Conjugation-mediated

shuffling can be combined with other methods of shuffling.

35 8. Genetic Exchange Promoted by Transducing Phage

Transduction is the transfer, from one cell to
another, of nonviral genetic material within a wviral coat
(Masters, in Escherichia coli and Salmonella Cellular and
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91 (Strat agene) and the resulting mutants are "grown out” on
sporul ati onWAy¥3188p0res are coll ected and plated on solid PCTUSIRIENES2
medi um (Bystrykh et al., J. Bact. 178, 223§-2244 (1996)). Col oni es

produci ng | arger or darker hal os of blue pignent are 5 sel ected, grown in
liquid RG 2 pedbdiilangidEgRmounis2al 2442 (958} ; aché RRLBO 1k PEQSIUSASE | S

det er m ned s%gct rfghot nmetricall asurl ng the absorbance at 650
nm of al kal i E2TRHE8r @ 9ene’§éﬁﬁéyreﬁiattéfﬁf‘§d&§ilﬁ§ BRAYR r 3% thapreKeRhAgAs |
Pi grment ProanénP2atoHNEansb ki rdied \g.€ typhlimti-hemn, c:e@épécﬁmﬂvé)wJ_C/ IVB 10

V5/ M5 and/ or S err]-act norhod| | evel s her
than that of ChEPTRyBEcd s sRdhez IoRhARE BR B fles e Drommae
pr ogr amb Spoae%OWsﬁraq‘é@'lw ciiwinch lofttitchdnfecamnes when *a:cneabfgd!mmdﬁ again
nut ageni zed §ﬂge§0r§8MBﬂeéss@¥EHﬁéd’f%agment%eeﬁnﬁbgetK@ﬁhéﬁ”@éf&éscgs 2)
grown up, prggared s 15 rotopl asts use rocedur es

preparing and°RaE! n%hromosczfﬁ @nfd:e“spﬁtcﬂﬁaaﬁfiaéﬁoa?}éaﬂ%s]é??%d in Genetic
Mani pul at i onPromise6hoSs riepdlo meassdul ingh AHa) omit Mapsabt E&@@é\ﬁﬂﬁbh A pet
al.). T g s used r ast are _then screened a ove

for clones h‘ggf'ﬁﬁ SEg gi%%%i r%agnat | &1“’1:' nggﬁc%e%ence specitidity
[err]-a6ti nohh‘@dl phean ie&b&isedm gHeyfedvdiont o eeckhsceptibleriost redulssl.

Th | ect edygl
e sel ected;gl gnegsace swbirecdiedigd Q&J‘éo@ﬁo%g%ﬁésbﬁa e ?régﬁ%-%é’d\ﬂc ‘{‘;%S| red

screeni ng and recolbi nati on are, r épeat recursive
| evel of [erPPFEEELRBrh '?Prptlorbrqﬁ:llfé’ﬁ (Sﬁnie§aié5€ﬂeﬁra12%du‘31n9 particlerpg
f oregoi ng deseor apsusteptibhe peeiwiamd cell reghddsnent shef ihhecples ent

i nventi on haékf_geggngfreéﬁ:?&ﬁgsérﬁ)a(l [Eracmild posi%gthéh' &Eéé%&ﬁé‘l?goq the

description ausStive of
i nvent i1&n torﬁﬁemblnatp@@cf@blcpmng dirgslatsea, ofdntheadgnavdf fagmenbonsamnd

variations 3BeguffeiROsRé bl gndPidd e L dherakeygckeaching.  Such
nodi fications and vari ations, which nay be apparent to a person skilled

inthe art are i ntendeﬁe‘?%r%]el’ﬁﬁ’q rﬁrrf‘r’cshiéwsl@@p@héﬁet FRrE be usedkdtion. Al
pat ent docunerthaagd gehétiatmatscicil ebtakeye a popudatibnNCof peehled by

et erence | nehBeha80hEChind Olc Ay dlhs cPULRORRIcbBE BT S8°s RELERL A%

each itemwerée so
92 20 the phage. Genetic siawmeaayucgm KNe thelgsswhyeENpatpzal

DEL CARDAYREa®I1EPHEA betwedOBhdd 1 MATEHIIWad mutation of cells or the

introduction of fragment libraries into cells. DNA is then
exchanged between cells by generalized transduction. If the
phage does not cause lysis of cells, the entire population of

25 cells can be propagated in the presence of phage. If the
phage results in lytic infection, transduction is performed on
a split pool basis. That is, the starting population of cells
is divided inteo two. One subpopulation is used to prepare
transducing phage. The transducing phage are then infected

30 into the other subpopulation. Preferably, infection is
performed at high multiplicity of phage per cell so that few
cells remain uninfected. Cells surviving infection are
propagated and screened or selected for evolution toward a
desired property. The pool of cells surviving

35 screening/selection can then be shuffled by a further round of
generalized transduction or by other shuffling methods.

The efficiency of the above methods can be increased

by reducing infection of cells by infectious (nontransducing
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SEQUENCE R | ON <130> 02-020710PC <140> PCT/ US98/ 008 é%ﬁg
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caggeract g (%%} 2a ycqqlcg:qqggtcg %gocﬁgig@ggggsfgﬁ& caaa aca o

t caggct act t gcagac caacaa t cit'gata
ct gt at gagc @=saczigizste aatrtdchtQTé%aanzn:gll;agaamada@ t gRtvateny Rkt & F
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gt ggt ct gcc OBt facistt . atng;té?gg:wogaigeffébaaggactﬁnggﬁade:ﬁm:gmsaaﬁacca
cgct gacget gcag ccgca aqcgt gaagqg t t t

SLgct gasca CHRTRBLHES IR It Bo8 RasgFAdatr yoaaoFS retiity %@%ﬂ
tgctgtgetc cﬁmgnzctggm: achy g Jagtes0 vagg@aapggahaatccgllgacwg@@c@@@%@ts

gttctggcgc ggf g;&&ﬂé G 5422 aRC HeCakaC 89 AEL8aE8 f@@amg@ag@hon
aaat cgaagg cgaaatcggc ctctcaca 780 tgggccttgc ggcacgtatg at gagccagg
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25 its entirety for all purposes).
(1) In Vitro Formats
One format for shuffling in vitro is illustrated in
Fig. 1. The initial substrates for recombination are a pool
of related sequences. The X's in the Fig. 1, panel A, show
30 where the sequences diverge. The sequences can be DNA or RNA
and can be of various lengths depending on the size of the
gene or DNA fragment to be recombined or reassembled.

Preferably the sequences are from 50 bp to 50 kb.
The pool of related substrates are converted into
35 overlapping fragments, e.g., from about 5 bp to 5 kb or more,
as shown in Fig. 1, panel B. Often, the size of the fragments
is from about 10 bp to 1000 bp, and sometimes the size of the
DNA fragments is from about 100 bp to S00 bp. The conversion
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gcgctggacc caat ctacgc acgtaaact g ggcgtcgata tcgacaacct  gct ctcc 600
cagcccgaca cE@@E’@%@gﬁdg‘@%aﬁ%}g’d’éﬁ g'toct%d’[ ggcéocc?gt 95cgBPRE %%E@l&]gy 6%"5?“‘
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ggcgt aaaag agemgehfaetigagafaft@ i qyorfiaggblac dgotmad&ataggfyaguaye 1140
preferably from 5% to 10%. The fragments that reanneal can be
30 from different substrates as shown in Fig. 1, panel C. The
annealed nucleic acid fragments are incubated in the presence
of a nucleic acid polymerase, such as Taq or Klenow, or
proofreading polymerases, such as pfu or pwo, and dNTP's (i.e.
dATP, dCTP, 4dGTP and dTTP). If regions of sequence identity
35 are large, Taqg polymerase can be used with an annealing
temperature of between 45-65°C. If the areas of identity are
small, Klenow polymerase can be used with an annealing
temperature of between 20-30°C (Stemmer, Proc. Natl. Acad.
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The

amplification products, including the incompletely extended

of incompletely extended amplification products.

amplification products are denatured and subjected to at least
This

variation, in which at least one cycle of reannealing and

one additional cycle of reannealing and amplification.

amplification provides a substantial fraction of incompletely
extended products, is termed "stuttering." In the subsequent
amplification round, the incompletely extended products
reanneal to and prime extension on different sequence-related
template species.

In a further vériation, a mixture of fragments is
The

oligonucleotides can be designed to include precharacterized

spiked with one or more oligonucleotides.

mutations of a wildtype sequence, or sites of natural
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cagacctpgt
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t ggt aaaggc
taccggttcg
cgt cgaaat c
cgcagcgcag
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cggcgagcag
cgtcgttgac
ctctcacatg
cct gaagcag
gat gt t cggt
t cgtct cgac
aacccgest g
aat cctct ac
gaagct gat c
t aaagcgaat
gaaagt acgt
t agcgaaggc
tcgcat ctgc
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fragments of variable length can be generated from a single

primer by Vent or other DNA polymerase on a f£irst DNA
template. The single stranded DNA fragments are used as

primers for a second, Kunkel-type template, consisting of a
uracil-containing circular ssDNA. This results in multiple
substitutions of the first template into the second. See

Levichkin et al., Mol. Bioleogy 29, 572-577 (1995).

(2) In Vivo Formats
(a) Plasmid-Plasmid Recombination

The initial substrates for recombination are a
collection of polynucleotides comprising variant forms of a
gene. The variant forms often show substantial sequence

identity to each other sufficient to allow homologous
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125 du GI Al
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15 typical. The diverse substrates are incorporated into
plasmids. The plasmids are often standard cloning vectors,
e.g., bacterial multicopy plasmids. However, in some methods
to be described below, the plasmids include mobilization
functions. The substrates can be incorporated into the same

20 or different plasmids. Often at least two different types of
plasmid having different types of selection marker are used to
allow selection for cells containing at least two types of
vector. Also, where different types of plasmid are employed,
the different plasmids can come from two distinct

25 incompatibility groups to allow stable co-existence of two
different plasmids within the cell. Nevertheless, plasmids

' from the same incompatibility group can still co-exist within
the same cell for sufficient time to allow homologous
recombination to occur.

30 Plasmids containing diverse substrates are initially
introduced into procaryotic or eucaryotic cells by any
transfection methods (e.g., chemical transformation, natural
competence, electroporation, viral transduction or
biolistics). Often, the plasmids are present at or near

35 saturating concentration (with respect to maximum transfection
capacity) to increase the probability of more than one plasmid
entering the same cell. The plasmids containing the various

substrates can be transfected simultaneously or in multiple
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REPLACENMENT S 10> 8
<211> 358 <2(1€E l&% C'I‘:esc]herl ctla(gincl:l(')1 mulabgge di\ggeﬁ%nt @las\%\ﬁd%ys Met

Al a |l e Asp @xelAsrby \BrapagatisngAlia the cells However, cealls that

%;Oy Ser || e TEC8ive drely 'Aén"é Prasplid hed %Xb&ntdalﬁaﬁib:@@t@ﬂu Phe G y Lys

30
Arg Led%Gy @%P%Jprlwgorse%n%hewtv&rcl@lucq‘fﬁFrﬂP‘étS%? Ghrsubstrates ﬁl
ﬁro 5 such pladiidddto SBfolhtlioheisl abtASflleepoimed Galtlaudl y Ay
eu Pro Met

Val G u Ile TPSURLARHe o cogr e e apperhreers f thep a0 1€ g
75 propagat@d in ewtEion @eldisnovVabtheewiba Atoumibat®@ e Gu Ay
Lys Thr Cys mutations (i.e., by ultraviolet radiation treatment). The
15 rate of evolution can be increased by allowing all substrates
to participate in recombination. Such can be achieved by
subjecting transfected cells to electroporation. The
conditions for electroporation are the same as those
conventionally used for introducing exogenous DNA into cells
20 (e.g., 1,000-2,500 volts, 400 uF and a 1-2 mM gap). Under
these conditions, plasmids are exchanged between cells
allowing all substrates to participate in recombination. In
addition the products of recombination can undergo further
rounds of recombination with each other or with the original
25 substrate. The rate of evolution can also be increased by use
of conjugative transfer. Conjugative transfer systems are
known in many bacteria (E. coli, P. aeruginosa, S. pneumoniae,
and H. influenzae) and can also be used to transfer DNA
between bacteria and yeast or between bacteria and mammalian
30 cells.

To exploit conjugative transfer, substrates are
cloned into plasmids having MOB genes, and tra genes are also
provided in cis or in trans to the MOB genes. The effect of
conjugative transfer is very similar to electroporation in

35 that it allows plasmids to move between cells and allows
recombination between any substrate and the products of
previous recombination to occur merely by propagating the

culture. The details of how conjugative transfer is exploited
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Val Lys Asn QQ%gnglecta51a human g 1 lines) 250 255

glse Ala Ala Pro Phe LymheGtimd &od whiRld Gemlyahrbeprc'fy&gﬁad Cilxlui o
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26Q . . . 265 270 dy.
Tyr @ 30a u RPN &P @YFVAR (s OBlTL 8F courde,adics it ch
280 cell ty&ﬂauﬂ.eiua Ideae@al liyy nofl artrycal a Fepadye Seen Tyrsuaisl dy
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315 relative 32@ tl'ﬁws‘%ﬂré'—lﬂgs matgripdsd uCeyss Lyeaving pAerifs eu
Leu Leu Ser ASfraining recombine®enes are subject388 screening or 335
15 selection for a desired function. For example, if the
substrate being evolved contains a drug resistance gene, one
selects for drug resistance. Cells surviving screening or
selection can be subjected to one or more rounds of
screening/selection followed by recombination or can be
20 subjected directly to an additional round of recombination.
The next round of recombination can be achieved by
several different formats independently of the previous round.
For example, a further round of recombination can be effected
simply by resuming the electroporation or conjugation-mediated
25 intercellular transfer of plasmids described above. .
Alternatively, a fresh substrate or substrates, the same or
different from previous substrates, can be transfected into
cells surviving selection/screening. Optionally, the new
substrates are included in plasmid vectors bearing a different
30 selective marker and/or from a different incompatibility group
than the original plasmids. As a further alternative, cells
surviving selection/screening can be subdivided into two
subpopulations, and plasmid DNA from one subpopulation
transfected into the other, where the substrates from the
35 plasmids from the two subpopulations undergo a further round
of recombination. In either of the latter two options, the
rate of evolution can be increasea bylemploying DNA

extraction, electroporation, conjugation or mutator cells, as
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in this and other methods of recursive recombination, the

final product of recombination that has acquired the desired
phenotype differs from starting substrates at 0.1%-25% of

15 positions and has evolved at a rate orders of magnitude in
excess (e.g., by at least 10-fold, 100-fold, 1000-fold, or
10,000 fold) of the rate of naturally acquired mutation of
about 1 mutation per 10°° positions per generation (see
Anderson & Hughes, Proc. Natl. Acad. Sci. USA 93, 906-907

20 (1996)) .

(b} Virus-Plasmid Recombination

The strategy used for plasmid-plasmid recombination

can also be used for virus-plaémid recombination; usually,

25 phage-plasmid recombination. However, some additional
comments particular to the use of viruses are appropriate.
The initial substrates for recombination are cloned into both
plasmid and viral vectors. It is usually not critical which
substrate(s) are inserted into the viral vector and which into

30 the plasmid, although usually the viral vector should contain
different substrate(s) from the plasmid. As before, the
plasmid (and the virus) typically contains a selective marker.
The plasmid and viral vectors can both be introduced into
cells by transfection as described above. However, a more

35 efficient procedure is to transfect the cells with plasmid,
select transfectants and infect the transfectants with virus.
Because the efficiency of infection of many viruses approaches
100% of cells, most cells transfected and infected by this
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Leu Ser 1Estracell?tﬁ%r 5.8 éﬁc&sh%slﬁl Hothed&'ﬂbﬂ.é—yé‘:’tﬁakﬁiédﬂarﬁ glagld_-eu
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<210> <211> < <
Val Lys 3%§° Jéuqq:eo%cS e gélﬁmﬁgée&:;ﬁ{} &éé A?f as_f@cl:ﬂrolp%%dlrp dyet Thr
10 conjugatidrb toAltransfen alaemlé;syba‘—wew eced 1p Ly Regopnatdap

Ay Ser cj:ér? also be augmen%@d for some t: es o£5v1rus by allowing tl'@
Arg Leu Arg Ser Met |l e Ser. Thr

progeny Vltl?B-ls msone gl eFOLEﬁlﬁgﬁcFl ether Rttty y 8% S@‘V

Leu Pro tMgdes of virus, virus infected-cells show resistance to

superinfection. However, such resistance can be overcome by

15 infecting at high multiplicity and/or using mutant strains of
the virus in which resistance to superinfection is reduced.

The result of infecting plasmid-containing cells

with virus depends on the nature of the virus. Some viruses,
such as  filamentous phage, stably exist with a plasmid-in the

20 cell and also extrude progeny phage from the cell. Other
viruses, such as lambda having a cosmid genome, stably exist
in a cell like plasmids without producing progeny virions.
Other viruses, such as the T-phage and lytic lambda, undergo
recombination with the plasmid but ultimately kill the host

25 cell and destroy plasmid DNA. For viruses that infect cells
without killing the host, cells containing recombinant
plasmids and virus can be screened/selected using the same
approach as for plasmid-plasmid recowbination. Progeny virus
extruded by cells surviving selection/screening can also be

30 collected and used as substrates in subsequent rounds of
recombination. For viruses that kill their host cells,
recombinant genes resulting from recombination reside only in
the progeny virus. If the screening or selective assay
requires expression of recombinant genes in a cell, the

35 recombinant genes should be transferred from the progeny virus
to another vector, e.g., a plasmid vector, and retransfected
into cells before selection/screening is performed.

For filamentous phage, the products of recombination
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a Asn Al a
Al aslrp bebstystesyfdsnréromGinat3n are cloned into 31@iral vector.

Leu Ser Rgually, §ﬁg sZHé 6$@t$¥slégﬁééd(%ég'él&yégbgﬁrgégsArg Qu Le335

Asn Ser FTrRELPrabh¥p Phe ChFussis Qe Adiptsemaguradily vl ag & result of

mutation34B8oes not kill cells350 After insertion, some viral
genomes can be packaged in vitro. The packaged viruses are

20 used to infect cells at high multiplicity such that there is a
high probability that a cell receives multiple viruses bearing
different substrates.

After the initial round of infection, subsequent
steps depend on the nature of infection as discussed in the

25 previous section. For example, if the viruses have phégemid
genomes such as lambda cosmids or M13, F1 or Fd phagemids, the
phagemids behave as plasmids within the cell and undergo
‘recombination simply by propagating the cells. Recombination
can be augmented by electroporation of cells. Following

30 selection/screening, cosmids containing recombinant genes can
be recovered from surviving cells (e.g., by heat induction of
a cos” lysogenic host cell), repackaged in vitro, and used to
infect fresh cells at high mult1p11c1ty for a further round of
recombination.

35 If the viruses are filamenteus phage, recombination
of replicating form DNA occurs by propagating the culture of
infected cells. Seiection/screening identifies colonies of
cells containing viral vectors having recombinant genes with
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180 1n1t1a11éﬁbstrates for recombifatIbh ked tbonddeibbhe 4lgElasmidd n

;Bg Arg et gtéée (ig'éﬁg Jﬁ%bmosomal g%%g(s)'to be evolve&ogre known,

the substrates constitute a family of sequences showing a high
degree of sequence identity but some divergence from the

15 chromosomal gene. If the chromosomal genes to be evolved have
not been located, the initial substrates usually constitute a
library of DNA segments of which only a small number show
sequence identity to the gene or gene(s) to be evolved.
Divergence between plasmid-borne substrate and the chromosomal

20 gene (s) can be induced by mutagenesis or by obtaining the
plasmid-borne substrates from a different species than that of
the cells bearing the chromosome.

The plasmids bearing substrates for recombination

are transfected into cells having chromosomal gene(s) to be

25 evolved. Evolution can occur simply by propagating the
culture, and can be accelerated by transferring plasmids
between cells by conjugation or electroporation. Evolution
can be further accelerated by use of mutator host cells or by
seeding a culture of nonmutator host cells being evolved with

30 mutator host cells and inducing intercellular transfer of
plasmids by electroporation or conjugation. Preferably, -
mutator host cells used for seeding contain a negative
selection marker to facilitate isolation of a pure culture of
the nonmutator cells being evolved. Selectiowfscreening

35 identifies cells bearing chromosomes and/or plasmids that have
evolved toward acquisition of a desired function.

Subsequent rounds of recombination and

selection/screening proceed in similar fashion to those
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th Asp Val GifodBiohdf HEX JHH be isolated®from a subpopulatidf of
surviving cells and transfected into a second subpopulation.

Chromosomal DNA can be cloned into a plasmid vector before
transfection.

15

(e) Virus-Chromosome Recombination
As in the other methods described above, the virus

is usually one that does not kill the cells, and is often a
phage or phagemid. The procedure is substantially the same as

20 for plasmid-chromosome recombination. Substrates for
recombination are cloned into the vector. Vectors including
the substrates can then be transfected intoc cells or in vitro
packaged and introduced into cells by infection. Viral
genomes recombine with host chromosomes merely by propagating

25 a culture. Evolution can be accelerated by allowing
intercellular transfer of viral genomes by electroporation, or
reinfection of cells by progeny virions. Screening/selection
identifies cells having chromosomes and/or wviral genomes that
have evolved toward acquisition of a desired function.

30 There are several options for subsequent rounds of
recombination. For example, viral genomes can be transferred

'~ between cells surviving selection/recombination by

electroporation. Alternatively, viruses extruded from cells
surviving selection/screening can be pooled and used to

35 superinfect the cells at high multiplicity. Alternatively,

- fresh substrates for recombination can be introduced into the

cells, either on plasmid or viral vectors.
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15 used plasnggls and bacterlop ages w1th small ?/31 430 ¥:>
regions of homology at which the two could recombine. 1In a
restrictive host, only phage that had incorporated the plasmid
sequence were able to form plaques.

For shuffling of recA, endogenous recA and mutS were

20 deleted from host strain MCL061. 1In this strain, no
recombination was seen between plasmid and phage. E. coli
recA was then cloned into two of the recombination vectors
(Bp221 and 7MT631cl8). Plasmids containing cloned RecA were
able to recombine with homologous phage:AV3 (430 bp identity

25 with Bp221),AV13 (430 bp stretch of 89% identity with Bp221)
and Alink H (31lbp identity with 7Mt631lcl8, except for 1
mismatch at position 18).

The cloned RecA was then shuffled in vitro using the
standard DNase-treatment followed by PCR-based reassembly.

30 Shuffled plasmids were transformed into the nonrecombinihg
host strain. These cells were grown up overnight, infected
with phage AVe, AV13 or Alink H, and plated onto NZCYM plates
in the presence of a 10-fold excess of MCL061 lacking plasmid.
The more efficiently a recA allele promotes recombination

35 between plasmid and phage, the more highly the allele is
represented in the bacteriophage DNA. Consequently harvesting
all the phage from the plates and recovering the recA genes
selects for the most recombinogenic recA alleles.
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8.5 x 1073 (53 X increase)
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Clones 2, 4, 5,
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aggt gagaag
aaccgcgaaa
gccggatttc
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6 and 13 can be used as the substrates in
is desired. ©Not all of the variations from the wildtype recaA
sequence necessarily contribute to the hyperrecombinogenic

phenotype. Silent variations can be eliminated by
backcrossing. Alternatively, variants of recA incorporating
individual points of variation from wildtype at codons 5, 18,
156, 190, 236, 268, 271, 283, 304, 312, 317, 345 and 353 can

be tested for activity.

2. Whole Organism Evolution for Hyper-Recombination
The possibility of selection for an E. coli strain

with an increased level of recombination was indicated from
phenotypes of wild-type, ArecA, mutS and ArecA mutS strains
following exposure to mitomycin C-an inter-strand cross-
linking agent of DNA.

: Exposure of E. coli to mitomycin C causesg inter-
strand cross-linking of DNA thereby blocking DNA replication.

Repair of the inter-strand DNA cross links in E. coli occurs
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150 (T it 4RI Y8 385° e Bpp ool R R e Gy s

Ser His Met WEPMEqin\G M & AuGagier. Exposure to DNAgkrmaging agents, 170
175 Met Sergfdn) &M animAYiG leys tl'j%‘icéh.ﬁyq%sé‘ﬁﬂs Lt e B or’YE the

180 E. coli SOS regulon which 1ncludes products involved in error-
prone repair of DNA damage (Friedberg et al., 1995, supra, at

15 pPp. 465-522).

Following phage Pl-mediated generalized transduction
of the A(recA-srl)::Tnl0 allele (a nonfunctional allele) into
wild-type and mutS E. coli, tetracycline-resistant
transductants were screened for a recA phenotype using the

20 mitomycin C-sensitivity assay. It was observed in LB overlays
with a 1/4 inch filter disk saturated with 10 pg of mitomycin
C following 48 hours at 37°C, growth of the wild-type and mutS
strains was inhibited within a region with a radius of about
10 mm from the center of the disk. DNA cross-linking at high

25 levels of mitomycin C saturates recombinational repair
resulting in lethal blockage of DNA replication. Both strains
gave rise to occasional colony forming units within the zone
of inhibition, although, the frequency of colonies was ~10-20-
fold higher in the mutS strain. This is presumably due to the

30 increased rate of spontaneous mutation of mutS backgrounds. A
side-by-side comparison demonstrated that the ArecA and ArecA -
mutS strains were significantly more sensitive to mitomycin C
with growth inhibited in a region extending about 15 mm from
the center of the disk. However, in contrast to the reca?*

35 strains, no Mit® individuals were seen within the region of
growth inhibition-not even in the mutS backgrouﬁd. The
appearance of Mit® individuals in recA* backgrounds, but not
in ArecA backgrounds indicates the Mit¥ is dependent upon a
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epi sone of tiﬁuﬁ%ﬂiﬁgtékFﬁﬂlﬁﬂﬂﬁo%gﬂgEhﬁgaQQEéa tfansductlon) f?ele

t di f |1 fied ce hat have e ve
fg\r/vgregl gng"gmf 7 ed][briglrﬂzgtr e&%uhﬁ%?ﬁ‘ﬁabgy result in an ARcreageshbi ni ng-
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13 .the nodFFFL RIS lfQ?a}ﬂfrocﬁ.?ééof”&PEhé?‘PﬁﬁHFﬁl el fe-‘veWClM C can

(4) screeni hgtid@udelridemitdildd feel kel Abxt round of shuffling. The

process is repeated using increasingly more stringent

20 exposures to mitomycin C. A number of parallel selections in
the first round as a means of generating a variety of alleles.
Optionally, recombinogencity of isolates can be monitored for
hyper-recombination using a plasmid x plasmid assay or a
chromosome x chromosome assay (e.g., that of Konrad, J.

25 Bacteriol. 130, 167-172 (1977)).

3. Whole Genome Shuffling of Streptomyces coelicolor

To demonstrate that recursive mutation and
recombination of an entire genome can be used to improve a
30 particular phenotype, S. coelicolor is being recursively
shuffled both alone and with its close relative S. lividans to
improve the overall production of the blue pigment
Y-actinorhodin. This strain improvement strategy is being
compared to a similar strain improvement program that does not
35 include recombination. '
Spore suspensions of S. coelicolor and S. lividans
are resuspended in sterile water and subjected to UV

mutagenesis (600 “energy” units) using a Stratalinker



15 further nodified cells that have further evol ved tovvard 16

acquisition eS| red function; 17 eatin and
(4) as requfv&r)(éd;i un%ll the 18 - further modified cells have ag' g‘{("ﬁ%

desired function. 19 20 General Methods gh : The met hod of
claim1l, wherein the library of 2 DNA fragments is a substantlally

conpl ete genbﬂtrata@eaey, fa?;hin he zﬁés#l&ﬁ.&tg Qﬂﬁa&%@eh@boggﬁéwﬁ?bhtt’ YoE- 1
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DNAgfraérrent Se+REDeG: g?ﬂ%nfﬂlsjflﬁﬁb’cﬂ RG-21 medium,  and the amﬁ\én'ﬁe@ﬁod of

claim1, \/\/r\eveaﬁtiherho&iﬁryr@dlué’ed INA dreraiTeRids s@@%t&@ﬁﬁ@ﬂ@ﬂé’ér%aﬂ{ruses
and the intr 8/ 31837

u VO .9
PCT/USQ8/OO8§§ &eggurlng the absorbance at 650 nm f67a%kalbeeugglﬁyre
i nfecti on of sthergatestsi uhingea viiiaisesitreplate format. PigfientThe rret hod

of claiml1, E@ﬁ&@hﬂr&@?eﬁ'Qﬁ@fytfﬁcéhreI@&“ﬂﬂf%ﬂg%nh%nfi E8”B§ L?%
e tells.

sui ci de vector |ncapa per manent ep I somal exIs nce
1 10 MS/MS arrﬁéow%d ﬁekl%unﬁcsluqm@reﬂ -Rcthiaozhpdigeak levetsor

further COrrphk_g‘ﬁéra}:ﬁ&heﬁhaﬂeoﬂ&ﬁi{ﬂitypze are c{a@c@:&e&h folrwgrd in thfé s%%afn
net hod of cl urt her ris at | e library or further
library of pF?XS%ﬂ%spW?ﬁn@ gﬁ%‘%@ rlost e% M ERSRe ¥eEBﬁb’1’“HE?PBﬁ
with the segaratedthdr 11 heggemametagenlzed dridaEcr8ehedt eenabove (no

9. The met hodoghnehal Mo, cBHELSPT £OMPY Yin? up IBABLULLATLE 11 brary of

fragrrents to produce single-str _
protoplasts, "and fused Procedures for preparing and fusing

Streptomyces protoplasts are described in Genetic Manipulation
of Streptomyces--A Laboratory Manual, (Hopwocd, D.A. et al.).
The regenerated fused protoplasts are then screened as above
for clones having undergone recombination that produce

20 Y-actinorhodin at levels higher than the cells that were
fused. The selected clones are subjected to UV mutagenesis
again and the screening and recombination are repeated
recursively until the desired level of y-actinorhodin
productiocn is reached.

25 The foregoing description of the preferred
embodiments of the present invention has been presented for
purposes of illustration and description. They are not
intended to be exhaustive or to limit the invention to the
precise form disclosed, and many modifications‘and variations

30 are possible in light of the above teaching. Such
modifications and variations which may be apparent to a person
skilled in the art are intended to be within the scope of this
invention. All patent documents and publications cited above
are incorporated by reference in their entirety for all

35 purposes to the same extent as if each item were so
individually denoted.



3 DNA reannealli nmumu'“u"mmmnded DNA to produce dupl exes 4 sone
of which contain ms of variation in the 5 fragnents,
and sel ect iwg 9srsysBExes cont &i n ng m smat ches by 6 af fi ni t pcriusesmpsszgr aphy
to i mobilized MitS. 1 10. The nethod of claim 10, further
conprising 2 fragnenting the library of93ragnents to produce subfragnents
3 before denaturation, and reassenbling dupl exes of subfragnents 4 :
cont ai ni ng MERFISNSIAINER: r eassenbl ed fragments. 1 11. The
met hod of claim 10, wherein the average 2 di versity between reassenbl ed
fragments is at |east fiv 3 reater than.the average div rSlt

bet weer® f r agnment s. 1. S@Eﬁ?ﬁioﬂf %’O Vg ‘' Te11 %?. acqH rﬁef"hgasi‘ﬂ’
claim 12 whéduwmatime despréding: functi on is secretion of a prptel n, and
L?gt 2: hﬂa' ity of cell 3\15)3 8}§%gééﬂéin§0§wi&e§rf OB $ehahBaed! Bdebhg
pCT/USgg/ooggyrallty of cells whereby at least one of]gde| fragments 13.

T]be nﬁtéwd ?fndéz@d@slgrecm&ﬁbﬂléﬁewﬂﬂ@t@é‘egrﬁerﬁ: ird %ecgtegogllgfeoeldaﬁa: : ty
or cells unless secr er nodiried cells
havi ng ®vol V&SRR Ege 5836F5F?|Bﬁ° ¢ Hﬁo‘g’efgllerge(f dtion are screened
by 5 Propagating thdzc)el ssrandingcokernodiSied/icellg el modlfied cells
14. T ne hng - A se or
al kal i Pl% phf)%%hat ase, %k)%a%ﬁe é?? e{:i 1@%@{&# Lbrft ﬁce}r% % (%?rd]Th avi ng
evol ved®t owar d acqui si@)onreFombining BEA| frem fili tiash fied §@rlé§néaa5y

noni t of¢ ng rrﬁt@cwoaméaf t%wara eheogegEned Micﬂ{ Qn.thh Eheu-thagt amase or

| kal 6 d of. cl 14,
Shorel BE pe LIRKRRI UL rpomanra b MRt IR ah S SPASHERes o E
coli. 121 recombinatib® witheansepuodnof il ghen denomshenrithe kpicomet pdct 2

furtheyyencqdes g, anﬁ ‘ie? ‘Mi'l%htbsp%ﬂ{xéésﬁgr%ézp I %e'ilhe as a

fu5|on proteln screeni ng rrses propagating 4 nodi fied or
furthet4modified cel | st4dnd slcgéﬁmflgzu ggecéwghgr mekfidd e llfe fo¥si on

protei psby FAGSE s ]mdiﬁrﬂllelagcellb that have fuitther ®lRidhabweiral ai m 16,
wherei n_t he ar ker. fott%l nJjs.li gk%d to0.a phospholipid anchoring domain
6 tlon o] e

t hat 1 cquisi desire unctiont
17 (5) repeating (3) and (4) as required until the
18 further modified cells have acquired the desired function.
19
20 General Methods
1 " 2. The method of claim 1, wherein the library of

DNA fragments is a substantially complete genomic library from
at least one heterologous cell type.

1 ' 3. The method of claim 1, wherein the library of
" fragments comprises natural variants of a gene from different

" individuals.

4. The method of claim 1, further comprising

1
2 subdividing the modified cells into first and second pools,
3 isolating the further library of DNA fragments from the second
4 pool and introducing the further library of DNA fragments into
5 the first pool.

5. The method of claim 1, wherein the library of

2 DNA fragments are components of viruses and the introducing
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3 anchors the mar ker”!ﬂl’c"luﬂ]"ﬂ’m»ﬂucell surface after secretion 4 from

the cell. ?&q 31837 thod of claim 16, wherein the cells
are 2 con?A W8 agar drops which confine secreted prot ePRTUS9S00852
proximty with the cell secreting the protgin. 1 19. The
met hod of claim 12, wherein at |east one fragnent in the library
encodes3a sigpehrsespeNttectith ld¥e e 2e11lsea3kn0BRef +20UEBL . 1 S

i ncorporated into a construct operably 4 linked to a sequence encoding a
protein to be secreted from5 the cells.. 1 20. The met hod
of claim 12, wherein at |east one - WD 98/ 31837

PCT/ US98/ 00852 . . ragnent i n.the
i brarygencodes a si gn%l p'?%%e%%tlhr?d é’r?zfr%glgn&?wgig?ﬁé%cté?%s %%’ﬁ?ﬁi{'ﬁ%
construét ene¥Ri Frramenes eis ¢lrnnd Intosecsuieddeprrabby inekpable of si gnal
sequencs.  Permanent episcal ehiStERMIOArOkhel @M 42, wherein at [east one
2 fragnment in the library encodes a gene selected fromthe group 3

consi sting of SecA, SecB, SecE, SecD and SecF genes. Reconbi nation 1
22. Tha nethod of clafm IThevhsstdiod tdfe cdedm €] FherkiiActhensisceadanced
reconbi gati o 3, . Lhe method of claim1, wherein the

i br aryaof Zvec'f?%g%%ﬁ%%e%ocrr%“rll?%essesa aclsl?steé:FlgF 8aﬁ%§rcm | ectively
conferring 3 reconbi nati on capacity. 1 24. The net hod of
claim1l, whergéf the at | east one 2 gene is selected fromthe group
consi sti_ng of recA, recBCD, 3 recBC,_recE, reck, recG recQ, recQ recR
recT, r&vg\, ruvB, 4 §uvEhepuashadiof dghm dyr Augkhen, CPTBTLBHNA, uvr D,
E, recL2 5 coatihgatile heihrary lor further lib2ary dlieDNRt Bodgénes airti R4,

wher ei n,t he ] f |.s. further  conprises.a gene encoding
mar ker whos egégi‘a%%%?eeg%i %ér)l Sl‘gﬁé)l%lzavteentrgf B %P at f"%ghr E{rlr%vﬁ?)?rge%@ 919
r econbi Aat i okhe ageneme. nodi fied or further nodified cells are 5 scr eened

by their expression of the marker resulting from

Mutant Selection

9. The method of claim 1, further comprising
denaturing the library of fragments to produce single-stranded
DNA, reannealling the single-stranded DNA to produce duplexes
some of which contain mismatches at points of variation in the
fragments, and selecting duplexes containing mismatches by
affinity chromatography to immobilized MutS.

A Ul s W N

10. The method of claim 10, further comprising
fragmenting the library of fragments to produce subfragments
before denaturation, and reassembling duplexes of subfragments

PRI SR

containing mismatches into reassembled fragments.

11. The method of claim 10, wherein the average
diversity between reassembled fragments is at least five times

N =

greater than the average diversity between fragments.

Secretion
1 12. The method of claim 1, wherein the desired

function is secretion of a protein, and the plurality of cells
3 further comprises a construct encoding the protein.
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5 renoval of the Wﬁlﬂ’ﬂ"lﬂ*mmﬂﬂmlratlon 1 26. The
nmet hod of cIa|n124 screeni ng steps, the nodified or

further modVPi%8@1%2| s ard 3° &xpdsed to a nmutagen and nodiPCTAIS9%/00852r t her
nodified cells 4 havi ng evol ved toward acquisition of the desired
function are 5 selected by their survi vt of the exposure, survival being
6 conferred by the Y nha e | nat i onal ty to 7 [ enove
damagerh:f nduced by the&‘rﬁmt ageg Qﬁ § SEErRNY 7W%efﬁégn§#‘ﬁ08r8f:e&{lai‘-ﬁ1 26,
wher ei 2 t he baRiggde ithe plurality D @8IB488iless secreted, and the

PCT/ US98/ 00&di fied or. further modlfled cells %?QEH% %vh%Qgglgghg 1

28. The net hod .of, ¢l aim.2 wher el n enhanced nat i on

conferrkd bRGRdEdLLoR &én&h?c edpyedh iRt ism are Eexespgidf b¥d or furt her

nodi fi el celpr®wpagating the cells28nd ddwovatiief irhahl g‘%gllﬁherein the at

| east 2 one gene is selected froma repllcatlon or ce septation 3

gene. 1 30. The nethod of claim?29, wherein the nodified or

2 furkher nodified d4l.l sThavinaghedodf ezlldiomary] admiedint the fkoBeint he

desired, f ungii el,ec y neyti,um formati on
th 1 QR R s Ic>’|13: BEQ%&%{Pé k@ﬁésﬁk@@acéé n%fﬁe ?%é‘l%

or cell  fusion. . Rod%of claim
1, wherdin HEheg odifiss gellgchavding eyaluad damardangquieitéonr of

property is thepideedded fuheeushaaﬁ@ $Ordert B E aflorﬁrto%ﬁgoti%caﬁeg%gmeébg od
S Xpos

screening the ste r further nodif

to 5 EFhe cahec%r@aogc? 15 EPgﬁgD%hﬁ ‘ﬁ’gd ?etbl']d’rc‘:fatﬁf}atsﬁetornﬁ&?‘?flé&ecel ls 6
havi ng @vol whdspbadeget.he acquisition of the desired function 7 are
selected by their capacity to survive the exposure. 1 32.
The net hod of claim 31, wherein the 2 m croorganismis a virus,
bacteritim fungus or il§secfhe method of claim3al, whexerin: kbeé protkanmis?,

wher ei 2 t he aghemitddlodys add tBeVplugdDesy famdide,id mEeelzgi de, bactericide
or herbi ci de.

16. The method of claim 15, wherein the construct
further encodes a marker which is expressed with the protein
as a fusion protein, and the screening comprises propagating
the modified or further modified cells and identifying cells
secreting the fusion protein by FACS™ sorting.

m & w N

17. The method of claim 16, wherein the marker
protein is linked to a phospholipid anchoring domain that
anchors the marker protein to the cell surface after secretion
from the cell.

W N

18. The method of claim 16, wherein the cells are
contained in agar drops which confine secreted protein in
proximity with the cell secreting the protein.

19. The method of claim 12, wherein at least one
fragment in the library encodes a signal sequence, and the at
least one fragment is incorporated into a construct operably

linked to a sequence encoding a protein to be secreted from
the cells.

U o W N R

1 20. The method of claim 12, wherein at least one
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1 34, e‘t“ﬂl@ﬁﬂ“ﬂ“ﬂl‘ 33, wherein the chemcal is 2
BT-toxin. wh 9g/31837 od of claim 33, Wnerei,g h?;s/@%m cal
is 2 gl yphosate or  at T aZi ne. 36. The et hod or alm 33,
further conprising 2 propagat i ng a pl anescell having acquired the desired

function WO 98/ 31837
PCT/ US98/ 00gBragment in the library encodes a signallprdcessingremzioes sand

transgegi ¢ pldteells condAMS 3 HdnsRRMLER! eﬁ‘ébhlﬁ rotein to He K I1h€
met hod of claiml, wherein the plurality of % ? 2 are e ryonlc cells

of an adi mlse%ﬁ?%@H’FéﬁW himiesy tg 2 ééﬁﬁ?ils§§qb?’6%%gatl ng the
transforned cells to transgenic 4 ani mal s. 38. The

net hod Qf claim 37, V\/r?{el nrthe d?f | %dc%alm ?5 sv%reg%?%rleegfea& one

conponents of the transgeni c Sant
PCT/ US98/ 008Bragment in the library encodes a genéléeleated from the gfﬁhp

The et §od Qlo:ed 40938 0 WD SR ISRY. Becnobhal 8LO8 GERLyONi C cell's

fromthe transgenic animals having 3 nodi | s evo toward
acquisition of the property and 4 transform ng the cells with the
further |ibrreyombidation The met hod of claim 37, further

conprising 2 I sol at j.ng rQ ni.c ani nal s { hat haeev ved
toward 3  acquisiti oné%f ﬁ\l@ b‘fe&g’]@é i py I:Lod{’flrg?ﬁﬁ)l?h%h $hEF fresh 4
enbryonikc ceflsctiond is enhanced re!&:bmbﬂilaemathod of claim 37, wherein the
animal is a

1 23. The method of claim 1, wherein the library of

2 fragments comprises a cluster of genes collectively éonferring
3 recombination capacity.

24. The method of claim 1, wherein the at least one
gene is selected from the group consisting of rechA, recBCD,
recBC, reckE, recF, recG, recQ, recQ, recR, recT, ruvA, ruvB,
ruvC, sbcB, ssb, topA, gyrA and B, lig, polA, uvxD, E, recL,
mutlU, and helD.

uod W

25. The method of claim 24, wherein the plurality
of cells further comprises a gene encoding a marker whose
expression is prevented by a mutation removable by
recombination, and the modified or further modified cells are
screened by their expression of the marker resulting from
removal of the mutation by recombination.

(43 W ¥ 1 I S VS I S B

26. The method of claim 24, wherein in the
screening steps, the modified or further modified cells are -
exposed to a mutagen and modified or further modified cells
having evolved toward acquisition of the desired function are
selected by their survival of the exposure, survival being
conferred by the cells' enhanced recombinational capacity to
remove damage induced by the mutagen.

LS U SR T S I

1 27. The method of claim 26, wherein the mutagen is
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2 fish. 1 ""!”M!m hod of claim 37, wherein at Ieast

one of 2 jg gments h hornDne and the desi red

property |s PrierERied size of the anlnal RET/U ﬂ&“@@%od of
enhancing tissue-specific 2 expression g a protein in a transgenic
animal, conprising: 3 (1) reconbining at least first and
second forneradiacio. gene encoding a protein, the fornms differing from
each other 5 in at | east two nucleotides, to produce a library of
chimeric 6 genes; 7 (2) screening the library to identify

at leasl one 8 chimgf.c dgireemenhodhofischatunpdnerendim datmiirgane,

confers;9  snhancad &y | ewnpr fromthe tissue_10
rel atlve to a transgene cgﬁstsac%%f%grgﬁ b% ]@éﬁ:&aé%‘ %Acﬁmt% °PY nué%’ﬁg )
(3) redonbitrrhgnedictiad I@'aiturﬁﬁércmpﬁéﬁiédg@ﬂbl-?\nth 13 a further form of
the gene, the sanme or different fromthe 14 first and second forns, to
produce,a further library 15 chi neri enes; 16 (4)
screeni hg the furt her ﬁ'br f‘l?rthgp ggagiag‘ﬁe21'7 Vah?’iﬁ’t%é:rhecfﬁtrréﬁa@tgene
that as2a comporgsne dfs sdleategeifeohBa repbieasienhencesd o) gamediion of the
proteingin C&ﬁé fromthe 19 tissue relative to a transgene conpri sing

the chimneric gene in 20 t he previ ous screening step; WO

98/ 31837 PCT/ US98/ 00852

113 213 (. rﬁﬁea{étmd( 3F amglms aﬁh@f&ﬁﬁ%vmdalteled e 22
further _chi cheqre 50 f e s de red [ evel of expression in cells
fromthé tissHe frodl &Vln$h@V?r\1aYﬁ‘3dt%‘falE§ aﬂ“rﬁ%?ltxm @t the

at |east 2 thewddsims Cﬁurﬁ:tg.@iﬁad‘lef belletted Bactheihatapuditiyn foxcodi ng 3
sequencg. t éy-?%}Ftlum formatdi%n o %eﬁt @ggl&g claim43, wherein the at

| east 2 a gene di rom each other within a regulatory 3
sequence. 1 46. The rret hod of claim43, wherein the cells
are 2 manmecangl @i sel | s. 1 47. The nethod of claim43,

wherein_th ransgen
erel the transgene 31. The method of claim 1, wherein the plurality of

cells are plant cells and the desired property is improved
resistance to a chemical or microbe, and in the screening the
steps, the modified or further modified cells are exposed to
the chemical or microbe and modified or further modified cells
having evolved toward the acquisition of the desired function

CS IR - W ) S VO R S I

are selected by their capacity to survive the exposure.

32. The method of claim 31, wherein the
microorganism is a virus, bacterium, fungus or insect.

1 33. The method of claim 32, wherein the chemical is
a viricide, fungicide, insecticide, bactericide or herbicide.

1 34, The method of claim 33, wherein the chemical is
2 BT-toxin.

35. The method of claim 33, wherein the chemical is

2 glyphosate or atrazine.

1 : 36. The method of claim 33, further comprising

2 propagating a plant cell having acquired the desired function
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2 conprises a mlk- mﬁn H a mlk-protein pronoter, a 3

si gnal sequence and ammﬂmlumm tEn equence in operable 4 | i nkage. 1
48. The Y8837 cl ai'm 43, “wheréby "the protein and 2  naPKEfUSI§/R08s2
expressed as a fusion protein. 1 49. The nethod of claim
48, whereby enhanced 2 expression is de@r ni ned by detecting the presence
of the . t fusion protein outside the cell 4
express?ng t e%%cﬁg%eafr%%%lg plQ se of Reconbi nogenic Cells 1

50. A nmethod of performng in vivo reconbination, 2 conpri sing 3
providing a gehhaddcapadiandl fgaressing a cell 4  septation gene, 5
introducing at least first gnd se oré? se%qents fro §] at | east. one %ne
into a &ell, the segmehts s &5 Pomelaim le whereR  they RUrRLALY ¢

nucl eot pdes, calbks edye tdbsegentcells8 of nacantimaz, t andr thieceetthdd hfurthef
ﬁgi“mﬁ 5' gngenggrhpriges %wﬁ%%%ee%ga%%fgrﬁghngéifsgegeti'éﬁ)g%él@lecl I brary
PCT/ US98/ 00852imals. 114 1 acquired
function. 1 51. The method of claim50, wherein the cell 2
contains a construct expressing anti sense nRNA of the cell 3 sgféation
gene préventing expres$on Bte (MRERD O icdAifedd, wherein the modifxed  The
met hod ef cl@én50araheseidnddeas eldmpgcnehts efpehedtiansgenily asidelsng it

i ncapabl e of expressing the 3 cell septation gene. 1 53.
The nethod of claimb50, wherein the cell 2 septation gene contains a

mut ati on preventing its expression. 1 54. A nethod of
predicting efficacy of a drug in 2 treating a viral infection, conprising
3 (1) reconbining a nucleic acid segnent froma 4  virus,
whose infection is inhibited by a drug, with at least a 5 second nucl eic
acid segnent fromthe virus, the second nucleic 6 acid segnent differing
fromthe nucleic acid segnent in at
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7 least two nucl eot | FI‘H“] m‘ Hlﬁmﬂﬁ library of reconbinant 8 nucleic
aci d segnents; acting host cells with a collection
of 10 Vi rﬁ’é%%s &V ng genones i"ncfudr ng the reconbi nant nudrGEE/GSI8HODES211
segnents in a nmedia containing the drug, %gd collecting 12 pr ogeny
viruses resulting frominfection of the host cells, 13 (3)
reconbi ning a reconbi nant DNA segnent froma 14 first progeny virus with
at Ieast a reconbi nant  DNA segnent 15 froma second progeny virus to
producela further Iibr3fy cfhelgrethodcofvchant Adecl Burther Coyrising 17

(4) cont actd:ﬁsl@a:h@ﬁﬁg C@zh]:blsycmitdﬂ c10¢ |f%¥nl QHeOf:ralﬁs eni’d: raShta A \HLG n
genones 5 i ncIHgéf ther nt nucl el ¢ aci (?

segnents in ne o?ﬁ ?‘n%vgdt gir%%ar&r a&q%ﬁatt% het) BURRSTY @¥geny
Vi ruses4pr odtlr,@ldsmrm:mg 2dhe deddis eslchs tha2further llbraer) repeating (3)
and (4), as necessary, until a 23 further progeny virus has acquired a -
desired degree of 24 resi stance to the drug, whereby the degree of
resi stahce 25  acqui réd arffthe methodoef oflaiwpali t fensherf ¢S)pmimingt)

needed 2 1solat1ﬂ¥)@ﬁi3é§§7transgenlc animals that have evolved taward

PCT/ U89§/ 00852 115 26 _to acquire it
provi de”a ne?i%‘é‘ﬁzbs’otfl‘?%eo%ftfff%mp@?%éner tgtradeeing { theyDNfy inke \inash

1 4 embbponidheelirt hod of claim54, wherein the nedia 2 cont ai ns
a conbi nati on of drugs. 1 56. The method of claimb55,
wherein the virus is 2 H V. 1 57. A nethod of predicting
efficacy of a drug in %L- tFreatmeatdrosn ofnFdetmod? bywhepaimogenianimal is a
m croor gani sfpisg. conprising 4 (1) transformng a plurality

of cells of the 5 m croorganismwith a library of DNA fragnents at | east
sonme of 6  which undergo reconbination with segnents in the genone of the
7 cells to produce mumlifigk method ginciaimells; wlerein at leahst gﬁ-De of g
pr opagati ng [ g a| n rug, an
recover?ng sﬂ?%%#%%ﬂén%%%g%{ anlssrgsdr%’%hnﬁgkf%oge a c(f( Oécsglr'ﬁ)ef i ng DNA
from suPvi wW@OW’f’:‘FSﬁo*%aWWSPﬁ siget pfatheranémalibrary of DNA fragnents
at | east sone of which 12 undergo reconbi nation wth cognate segments in
t he DNAlfrom 13 t he I’VI V|n hmdcr or nlsms to groduce further nodified
14  m Croorgani sns ce grethod o an?&?g Pt PR HRRHY F4F t her |
modi fi ed mi wmg%m@rmsof B mtelmedmaacdmaasgengctmmhlj,g cauykicaldeect | ng
furtherasurviving 17 (qy Crf&’cﬂr@l‘rﬁ% al8ieast first and decdftPeRidl Je3)

and (4), as necessargl until a
a gene encoding a protein, the forms differing from each other

1y

5 in at least two nucleotides, to produce a library of chimeric
6 genes; .
7 (2) screening the library to identify at least one
8 chimeric gene, which as a component of a transgene, confers
9 enhanced expression of the protein in cells from the tissue
10 relative to a transgene containing the wildtype form of the
11 gene;
12 (3) recombining the at least one chimeric gene with
13 a further form of the gene, the same or different from the )
14 first and second forms, to produce a further library of
15 chimeric genes;
16 (4) screening the further library for at least one
17 further chimeric gene that as a component of a transgene
18 confers enhanced expression of the protein.in cells from the
19 tissue relative to a transgene éomprising the chimeric gene in
20 the previous screening step;
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19 further survivi ng”mﬂ s acquired a desired degree 20 of
r esi stance“'%é) the drug Hmtﬂﬂmm:ﬂ] ree of resistance 21 uired and
4

t he nunber 2titiohs Of L(3) am ) needed 22 to achFir@S $/0085%vi de
a nmeasure of the efficacy of the drug in killing the pathogenic

m cr oor gani sm 1 58. The nethod of claim57, further
compr il ng 2 dividsng sEp¥hViAg [ALrOM 9@1 S Inetcesghac?l andiseenad
pool s, | ati the further” || brary fromthe first pool and
4 tr2a2nsf0|f?'?'rrﬁ' SEhESBESHE PORF W??F’E%eafclﬁsﬂrﬁﬁd 1iepiedr pL expression ipg
98/ 3187 cells from the tissue. PCT/ US98/ 00852

116 1 59. The method of claim57, wherein the further 2

| ibrary of DNA is obtained froma different m croorgani sm I nduci ng

Genet i cL Exchange 1 44. The metigod @f neldiod 4F, evhsineimgthecelt] leas&cquire
Si I @fhof WRGHIc0BE GOBBRLSEDFEeR £ ther@hyi QY idl

popul a'(rjzreng of d| ffersent ceg@s; 4 © rom ead} b% e((:ul tll}?]ilng tﬁgaé'e | s

under condi SCGNENHFer eby 5 DNA i s exchanged between cells, formng cells

with hybrid 6 genones; (c) screening or seI ecting the

roper th, o - o ds. “%}’xe FEREA ab STetR 10 i) Sl A% AE26 ect ed

10 or2 scr esmedoawlsl off ar geng GhEfeopiitati e)arclmfotma‘n‘ eme:rilnrr:@l lregld atourgt i |

a cell has ag ﬁgerneg the desired property. 1 61. The net hod
of claim 60, re| n DNA is 2 exchanged between the cells by conjugation.
1 The nmethod of claim®60, wherein DNA is 2 exchanged

bet weem t he cel I s by magemedinet:ﬁsdtrsgneﬂ&%i4331,- whelrein the cells @%e The

met hod f cI ai m 60 erein S exchnaged between the cells by
f usi on ST 55 3gYd tcﬁe?NA ceI ls. 1 64. The method of
claim 60 V\/nerer n DNA is 2 exchanged between the cells by sexual

reconblfatlon of the 37. C%bksmethéd of claim 43, fﬁherefﬁfﬂﬁngyﬁﬂgée ai m
60, further conpr.i sing

comprises a milk-protein enhancer, a milk-protein promoter, a
3 signal sequence and a protein coding sequence in operable
4 linkage.

48. The method of claim 43, whereby the protein and

N -

marker are expressed as a fusion protein.

49, The method of claim 48, whereby enhanced
expression is determined by detecting the presence of the
marker as a component of the fusion protein outside the cell

W N

expressing the fusion protein.

Use of Recombinogenic Cells

50. A method of performing in vivo recombination,
comprising

providing a cell incapable of expressing a cell
septation gene;

introducing at least first and second segments from
at least one gene into a cell, the segments differing from
each other in at least two nucleotides, whereby the segments

w3 N U WP

recombine to produce a library of chimeric genes;

9 selecting a chimeric gene from the library having an
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2 transforning a cells. Protopl ast fusion 1
A net I%)g yol ﬁ“““ 'li"mﬁw rea 2 desired property,
corrprl si ng: 213183 Orm ng protoplasts of a pBELUSIYAEBS2f 4
different cells; WO 98/ 318374,

PCT/ US98/ 00852 117 5 _ (2)
fusing 1 he peghepkastenteibarm hybrid 6 protoplasts, in which genomes
fromthe protoplasts reconbine 7 to formhybrid genones; 8 _

(3) incubating the hybrid protoplasts under 9 condi tions pronoting

regenerlati on of cells5110 The method of(d@b;nﬁ%bechhaGth Eﬁéeéélﬂg to

h |, ved t f th
dosi rod 1 CORFARER, i conbfrude | MR IS Rl Zhn R BRANCRE b eaf1 i 1y

regeneﬁ%ledséeFﬁ§19n gengnpseeent g mipnpasien tod thenstpeapiohogémst s in
step (1) 15 until the regenerated cells have acquired the desired 16

property. 1 The_ net hod of claim66, wherein the
differént 2 cells aP&- fuﬁﬁ? pethed ohrldia sdgembeness tbel sebteisungi 3

mycel i @ gxposed to a drf§. redderimi hiad idcapadn @ 8¢, e HEEQQin%OHWé'S'ng 2
selectepg or, ggP%n L9 I solate regenerated cells with rid genomnes

;
free from c& ?g W paren?%? genones. 1 69. The met hod of
claim66, wherein a first 2 subpopul ation of cells contain a first

mar ker jand the seconds3, $HOPQRRLLG] | SO 1é£%elbs caaLakn @hgeggfg mar ker,
and the nethod 4 . further conprising seleécting or Screening To |dent|fy 5

regeneﬁ%tedSEBFF§1QEp9§§§|ﬁﬂnbﬁ%?ﬁt%u?WQQQﬂPQa@Ee§@@§h69nEFReﬁxpressnpn
70. The nmethod of claim66, wherein the first 2 mar ker i s a nenbrane

mar ker ;and t he second rker_is,_a,qgenetic rker. 1 .

71. THe method of clg?§1 M ?%ﬁb#kQﬁ?QHqgﬁFg g%flcﬁﬁYkQF ?sd59$|+%t
subuni t2 of érﬁéﬁenGHQrVc?ehzymﬁeenibmku;ompils1mgcond mar ker is a second
subuni tz of the heterongyi cCr888M5Ening a nucleic acid segment from a

4 virus, whose infection is inhibited by a drug, with at least a

5 second nucleic acid segment from the virus, the second nucleic
6 acid segment differing from the nucleic acid segment in at
7 least two nucleotides, to produce a library of recombinant
8 nucleic acid segments;
9 (2) contacting host cells with a collection of
10 viruses having genomes including the recombinant nucleic acid
11 segments in a media containing'the drug, and collecting
12 progeny viruses resulting from infection of the host cells,
13 (3) recombining a recombinant DNA segment from a
14 first progeny wvirus with at least a recombinant DNA segment
15 from a second progeny virus to produce a further library of
16 recombinant nucleic acid segments; _
17 (4) contacting host cells with a collection of
18 viruses having genomes including the further library or
19 recombinant nucleic acid segments, in media containing the
290 drug, and collecting further progeny viruses produced by the
21 host cells,
22 (5) repeating (3) and (4), as necessary, until a
23 further progeny virus has acquired a desired degree of
24 resistance to the drug, whereby the degree of resistance
25 acquired and the number of repetitions of (3) and (4) needed
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L ansf or i Ao BESisH aﬁﬂﬂlﬁﬂlﬂﬁﬂlﬂ’ﬂllﬁllﬂ? of DNA fragnents | nogrossdioassh ©a5!
one cycl e. *WO¢ 98Y 31837

PCT/ US98/ 00852 101 118 1 73.
The nethod of claim 72, wherein the DNA 2 fragnments are acconpani ed by a
restri2fi ontenApmire it provide a mezaure VR the MmEfisact Afntde druar Ao
conpri%y ng %remltm theyRrotoplasts to ultraviolet irradiation in at 3
| east one cycle. 75. The nethod of claim 67, wherein
protopl asts are 2 provi ded by treating nycelia or spores W|th an enzyne.
1 1 76. Ths.merhedmethetiabf 6Yaimhss piwhddeaid wWhpimddian 2

fragile,straij l.acki_n aci_ty for nt act cell wall 3 synt hesi s,
wher eby2 pr ot (?ﬁtaa@tnsf(?r% §§’§HP§&§8u8Fy 77. The nethod of

claim 67, further conprising 2 treatlngthe nycelia with an inhibitor of

cel | vvail formation 3gg toggaNEERLE PHE! Péfrﬁ@s He th /&g The

met hod of claim66, wherein the gesfir eg g propervgy Ifeslr% he ee;plrreussm osn of a
protei i2or dBdbndary 3  metabolite. 1 79. The nethod of

cl aim 66, wherein the desired 2 property is the secretion of a protein or

da 3 t abol net hod of 79
aher o J:%/he se(rjgnga(r)ylstz—' ﬁ‘ef’?ﬁB‘PP‘t gf; BrFﬁkSFmg i’?flcaclp of’'a CA 2"

V\nrgte Lghnbf CltarentGitg Wmnmfredth@nﬁbyl aeﬁaghogpnuqaemiqrcpcsrgtearpm,t y for e
r2n=3| oo zfﬁ)ertil‘:?msp%losrrlpnzﬂl bi | ?tzy t-(I)- ?om aoﬂe?];rglk:lr ;nog(svm me;ﬁg[\h;?ee}dem red
Stra,ﬂ (1) transforming a plurality of cells of the
5 microorganism with a library of DNA fragments at least some of
6 which undergo recombination with segments in the genome of the
7 cells to produce modified microorganism cells;
8 (2) propagating modified microorganisms in a media
9 containing the drug, and recovering surviving microorganisms;
10 (3) recombining DNA from surviving microorganisms
11 with a further library of DNA fragments at least some of which
12 undergo recombination with cognate segments in the DNA from
13 the surviving microorganisms to produce further modified
14 microorganisms cells;
15 (4) propagating further modified microorganisms, in
le media containing the drug, and collecting further surviving
17 microorganisms;
ig {5) repeating (3) and (4), as necessary, until a
19 further surviving microorganism has acquired a desired degree
20 of resistance to the drug, whereby the degree of resistance
21 acquired and the number of repetitions of (3) and (4) needed
22 to acquire it provide a measure of the efficacy of the drug in -
23 killing the pathogenic microorganism.
1 58. The method of claim 57, further comprising
2 dividing surviving microorganisms into first and second pools,
3 isolating the further library of DNA from the first pool and
4 transforming the second pool with the further library.
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1 Q , H l m 67 further conprising 2
- exposing t | a mm Q m a nmutageni c agent in
WO 98/31833608&,9{89’9 ll | PCH Usos/ BERsssues:

119 3 | east one cycl e 119 1 Li posone- pr ot opl ast fusi on

1 84. A method of evolving a cell toward acquisition
of a desired propertyscsormrrhél ﬁ\@thod?’of claim 57, h(e@:)el PLAK %hggﬁéf
roma

popul ation qf,.di ffer el, i sal at1 ng
first séubpog' b&ﬁ%’n %?tDP% is 8btaa??‘fle$’é?ﬂ‘ 2ty %%ﬁ@&ﬁ?%‘aﬁphgmt he DNA

i n |iposones; (c) formng prot oplasts froma second
subpopul ati @ gque d cells; (d) fusing
the li posome&g1 vl\'}i tz'ﬁ t hente?gtcoh Lﬁ%ﬁ&é vvhereby DNA fromthe |iposones is

taken up by the prot 0|§I°ast§ m@thcdn@lfr@f,@lmrtgesa wigtlll ttloe agemdmesaof the

protoplast sideklired function, (:g)npriélﬁll@atl ng the protoplasts under
regenerating 12 conqéélons (f) selecting or screeing for
14

regenerating or enBFaf’éélE%l?sP‘?Mb]taWd% ofy lifdgeresharcglime desired
15  property; 16 (b) cultutfhg tePesdirg ﬁw@hﬁ:&w hhekesycel I's

popul at] on ShET SHENErOE beFHSet caet . PEREad oefg ”%ﬁvaﬁyemsmms

1 _ 6 gencg®s; A net hod of evolving a cell toward acquisition of
a desired pr operty, CC('EI?“ %L—:Bgenln§ or selecting t(l'l%?]ce'l'itsr educi, 2919 Pﬁ"ab’t
fragnen into an art 7] clal GITDSOME i Nt 0

i ry c
popul até on V(?elqvé’ Ued tBudra acqms’(tb}‘mcﬂ’ﬁ taurqeﬁg-rﬁﬁleP@@PI%tMnder
condi ti®mns whereby @d) se&pahtiﬁgo@ﬂwt (BN GECUS hekneenet Beieekls.,

wher e rag | othe art,ifici r onos

honol gyousl ad éézreegea g%ﬂt%% \%I? c rr ‘?Pd‘f]ﬁgtlé’é’gr?éafi&%%?rgﬁ&oﬁﬁ%ﬁs 9.
chr onosbnes U@ﬁﬂ{lh@ SEp ¢ éﬁﬁoﬁg%ircélﬂse denimitiggepeasy. 10  chronpsones
reconbi ne with each other; 11 (c) screening or selecting
for cel]s that have 2 vol ved rd acqui S|t|on of the desired
property. 1 61 geB@? mﬁe‘flrﬂ}d“cﬁ O.crdiefed®, D¥Aei&i n the cells
are 2 yessthangeldsbatdgethethet €£1ts dby cdumoimsion.s a YAC.

62. The method of claim 60, wherein DNA is
exchanged between the cells by phage-mediated transduction.

63. The method of claim 60, wherein DNA is

exchnaged between the cells by‘fusion of protoplasts of the
cells.

64. The method of claim 60, wherein DNA is

exchanged between the cells by sexual recombination of the
cells.

65. The method of claim 60, further comprising
2 transforming a DNA library into the cells.

Protoplast fusion

1 66. A method of evolving a cell to acquire a
2 desired property, comprising:
3 (1) forming protoplasts of a population of
4 different cells;
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\1/\2)098/1 31837 “I“LHJI““H“{I[‘ IU“L PCT/ US98/ 00852
WO 98/31837 8 I m89, further conpri Séd&%sﬁ/oossz

(d) culturing the cell$§ surV|V|ng "t he screening or 3 sel ecting step under
condi ti ons whereby sexual reconbination 403 occurs between cells, whereby .
further reconbi nation occurs 5 bet ween endogenous chronosones; 6

(e) sé&reening or sel é8linfusbrg fihe myotanlastshio formhhybradol ved t owar d

acqui t igon 0§rb€6pﬂ§§téedlﬁr99féﬂ Ygertbmes from the op iﬁ@@@tkggoﬁbﬁﬁé (d)
and (e) as nee ed u d%3|red property Hhas been acquired.

88. A’met hbg Pr@vgY§Fhé ﬂeﬁﬁﬂ?%egnent for 2 acquisition of a de5|red
proper tgy, corrprl SI ng: (3) J.ncubatlng tled hylied Prd¢oplaskeamider variants
of the segnent each va cl oned .into %epar te copies of an

artifid al Ond&ﬁ%8ﬁ538ﬁ8m0 19 regeneratl? )° Sduci ng the copi es of
the atificial 7 chiéhseeteining ampcﬁwr@nm ¢fo delllate8regenerated

(c) gyl turiggikhenae! havindes1 FOA LR MNRIGAE Jn oFexHal geeeRERi nation

occurs between cells and honol ogous 10 reconbi nati on occurs between
copi edt?of tRECRPEfYicial 11  chronpsone bearing the variants; 12

(d) sa@reeni n? OL sel g6y ngef)@éti/ﬁc_r;is?lfépisthﬂt- mva:iksxs re@é%le‘t@ﬂzﬁoﬁ%&@_s
acquisition.g roperty. - .. JArec tein
sel ect fr&ﬁlfhg gzp£§ln308%§$s¥ér€fEW %ﬂ%nﬁfﬁi°3ﬁ%§%§ AR EESRng, cl one
6 and 18 oneuh8il thshmﬂgenarﬁtgd d8l1ls Have acquired td@ deaimethhod of
evol vijng a begéege9ie|n to increase 2 reconbi nogeni ¢ activity,
conpri si ng: shuffling a population of nucleic acid segnents 4
encodi ng varlants of recA including a nucleic acid segnent 5 sel ected
flrom t he gLOUp consi sisi7ng mheCJneﬂlgoéE ot:l@meuﬁl s%mz@m %heCliaF¢ e eand
cl one shq in_Eig roduc reco ments;
screen%ﬁg orwﬂllegflngugg?eCSﬁglha%? s%%ﬁmﬁﬁg%ﬁﬁﬁ? ﬁ?%e§§?dfungl
reconbihogemyeceddei.vity relative to the nucleic acid 10 segnent sel ected
fromthe group. 121 - 91. The nethod of claim1
wherein the step of reconbi ni ng DNA ) o

1 68. The method of claim 66, further comprising

2 selecting or screening to isolate regenerated cells with

3 hybrid genomes free from cells with parental genomes.

69. The method of claim 66, wherein a first
subpopulation of cells contain a first marker and the second
subpopulation ef <cells contain a second marker, and the method

further comprising selecting or screening to identify

(5 T S 7 B S I ]

regenerated cells expressing both the first and second marker.

70. The method of claim 66, wherein the first
marker is a membrane marker and the second marker is a genetic
3 markexr. '

71. The method of claim 69, wherein the first
marker is a first subunit of a heteromeric enzyme and the
3 second marker is a second subunit of the heteromeric enzyme.

72. The method of claim 66 further comprising
transforming protoplasts with a library of DNA fragments in at
3 least one cycle.
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bet ween the nodified d by protoplast fusing the nodified
cells and g‘%(g?%‘g% f Jmmﬂmiuﬂm‘lmmm ne. 92. The
met hod of wherei ntDNA fyom the nodified cells is Pel 81880852l y
reconmbi ned by protoplast fusion prior to;gglection or screening.

93. The nethod of claim60, wherein the reC| pient cells are bacillus.

94, The method of cl 2991 SOmaesaidn e dldikene)t whekbin ke itiggal cel .

andtheéreg nerated cells are fungi_nycelia. The
met hod “of ¢ ﬁ?ﬁﬁ“@ﬁtsmﬂ’é?e?ﬁcwrb‘pﬁdaﬁys 2 reshrdeEden B92YPeating nycelia or
spores with an enzyne. 96. The met hod of claim 94, wherein

the fungal cells are aj;n aC|t for.in_tact
cell wall synthesis, wii”lere@g/ pr%l{lﬂﬂ as "flalﬁ‘. g% ?§ﬁ§§§§I§° sing

97. Th& ret REEOsing| then PHOtopkastes tcomditireivigletearradiabiomyirelatwm with an
i nhi bi tor of eg8k! oMel byEpemation to generate protopl asts.

98. The nethod of cl ai m 79, wherein the secondary netabolite is selected
fromtaxol, cyclosporin A and erythromycin,

122 1 995. A 'Re@AnéHh’ﬁcBId‘f aueakdisng wneﬁéanrrp_ﬁrcﬁcomt h@% rm]ge.he
rotein is r | e nethod o

(F:) l ai m E%gl%d?ﬁegiogp? %e@fceld?a e FROrEG f”f”c_)’l% BRCTRAYRS-

ar chaebact er i a, and eukaryot ic cells. 101. The net hod of

cl ?: m h, dWEerte' n the gpdi frd el ¥ AelieCeed LherkPhaphe CELASns AU MR
cetls an %%aSQ e strain, lacking capacity for intact cell wall

3 synthesis, whereby protoplast form spontaneously.

77. The method of claim 67, further comprising
treating the mycelia with an inhibitor of cell wall formation
to generate protoplasts.

78. The method of claim 66, wherein the desired
property is the expression of a protein or secondary
metabolite.

79. The method of claim 66, wherein the desired
property is the secretion of a protein or secondary
metabolite.

80. The method of claim 79, wherein the secondary
2 metabolite is taxol.

81. The method of claim 66, wherein the desired
property is capacity for meiosis.

82. The method of claim 66, wherein the desired
property is compatibility to form a heterckaryon with another

3 strain.
1 83. The method of claim 67 further comprising

2 exposing the protoplasts or mycelia to a mutagenic agent in at
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oot at i ng. enpousasp INHRIN MMIREN W20t "aho F Sgmont ' no t berassomsss o

cloning the resulting frabnéht@d Jenbnic DNA into a. cloning vector to
produce a primary genomc library; 1@% ansducing the primary genonic
library into target plant cells; selecting the resulting transduced
t ar get 3pl ante@skl neoeyglgl-ant conprising transduced target plant cells for
acqui sition of a desired trait or property; i sol ati ng genom ¢ DNA
froma plurality of target _cells which display the desired property;

cl oni ng t heliPoEemeaPFOtORLaSENARSLB t he plurality of target cells into a

cloning vector to proguyce a meenBdary 8¢BQHiagl hbPEALY; toward atgaRgduebAg
inio the target plant cells; and,

t he se%ondaré ggg%ntc Iibraré r

sel ecting t R SirRg PreR HGXeSOFBFééﬁngﬁant cells, or a plant
conpri Qi ng transduced (BAr getroplidihgceal paphidataoquosi Bi6fiepbna deldilsed trait
or property, thereby vi qi n_i % l ant..with Qtype.

103" The mothod of ol SEh 1070 TRREPE: HVEnG Bl Anry iprop aPHSPuRAREsRBE . re
into tke pl diffierentmeeide sobeencdpbndattdngethepdNat ionlipespogbast

fusion,g and particye heybard¥®ihg protoplasts from a second subpopulation

7 of the different cells;

B (@) fusing the liposomes with the protoplasts

9 whereby DNA from the liposomes .is taken up by the protoplasts
10 and recombines with the genomes of the protoplasts;

11 (e) 1incubating the protoplasts under regenerating
12 conditions;

13 (£) selecting or screeing for regenerating or

14 regenerated cells that have evolved toward the desired

15 property; '

16 (g) repeating steps (a)-(f) with the cells that
17 have evolved toward the desired property forming the

18 population of different cells in step (a).

Artificial chromocsomes

85. A method of evoiving a cell toward acquisition
of a desired property, comprising:

(a) introducing a DNA fragment library cloned into
an artificial chromosome into a population of cells;

. (b) culturing the cells under conditions whexreby
sexual recombination occurs between the cells, whereby DNA
fragments cloned into the artificial chromosome homologously
recombine with corresponding segments of endogenous

W O 0 n e WD

chromosomes of the populations of cells, and endogenous
chromosomes recombine with each other;

i
M o

(c) screening or selecting for cells that have
evolved toward acquisition of the desired property.

[
[ 8]

86. The method of claim 89, wherein the cells are
2 yeast cells and the artificial chromosome is a YAC.
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87. The method claim 89, further comprising:

(d) culturing the cells surviving the screening or
selecting step under conditions whereby sexual recombination
occurs between cells, whereby further recombination occurs
between endogenous chromosomes;

(e) screening or selecting for further cells that
have evolved toward acquition of the desired property;

(f) repeating steps (d) and (e) as needed until the
desired property has been acquired.

88. A method of evolving a DNA segment for
acquisition of a desired property, comprising:

(a) providing a library of variants of the segment,
each variant cloned into separate copies of an artificial
chromosome;

(b} introducing the copies of the artificial
chromosome into a population of cells;

(¢) culturing the cells under conditions whereby
sexual recombination occurs between cells and homologous
recombination occurs between copies of the artificial
chromosome bearing the variants;

(d) screening or selecting for variants that have
evolved toward acquisition of the desired property.

89. A recA protein selected from the group
consisting of clone 2, clone 4, clone 5, clone 6 and clone 13
shown in Fig. 13.

90. A method of evolving a recA protein to increase
recombinogenic activity, comprising:

shuffling a population of nucleic acid segments
encoding variants of recA including a nucleic acid segment
selected from the group consisting of clone 2, clone 4, clone
5, clone 6 and clone 13 shown in Fig. 12, to produced
recombinant segments;

screening or selecting a recombinant segment with
increased recombinogenic activity relative to the nucleic acid
segment selected from the group. T e
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