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ABSTHACT. Select ion o f  an  interspecific h y b r i d  Eacherichia cell K 12 l E A  in  a c h e m o s t a t  on 
xyl i tol  y ie lded a s tab le  m u t a n t  s y n t h e s i z i n g  a four-fold  a m o u n t  o f  r ibi tol  d e h y d r o g e n a s e  (EC 
1.1.1.56). S u b s e q u e n t  cu l t i va t i on  of  the  m u t a n t  u n d e r  increased select ion p ressure  resu l t ed  in 
a n  a c c u m u l a t i o n  of  a m u t a n t  wi th  12-fold h i ghe r  level o f  r ibi tol  d e h y d r o g e n a s e  re la t ive  to t he  
p a r e n t  s t r a in  l E A .  A select ion du r i ng  which  a U V - m u t a g e n i z e d  p o p u l a t i o n  o f  the  l E A  m u t a n t  
was cu l t iva t ed  in a c h e m o s t a t  on xyl i to l  was a c c o m p a n i e d  by  m o n i t o r i n g  t h e  ac t iv i t i es  o f  ribitol  
d c h y d r o g c n a s e  a n d  D-arabini to l  dehyd rogenase  (EC 1.1. I. 11) of  two a d j a c e n t  ca tabo l i t e  operetta. 
A several-fold increase  in the  a c t i v i t y  of  the  two e n z y m e s  was  followed b y  f u r t h e r  increase  in t he  
a c t i v i t y  of  r ibi tol  dohydrogenase  a n d  a c o n c o m i t a n t  d rop  in the  a c t i v i t y  o f  D-arabini tol  de- 
hydrogenase .  The  two h y p e r p r o d u c i n g  s t r a i n s  a re  c o m p a r e d  wi th  t he  p a r e n t  m u t a n t  as  to t he  
ra te  o f  syn the s i s  o f  t he  two  dehydrogenases  a n d  g r o w t h  p a r a m e t e r s  u n d e r  t he  condi t ions  o f  b a t c h  
cu l t iva t ion .  

Abbreviations: D-Abt  D-arabini tol ,  R b t  r ibi tol ,  X l t  xyl i tol ,  A D H  D-arabin i to l  dehydrogenase ,  
R D H  ribitol  dehydrogonase ,  da/ ca tabol i te  oporon  for D-arabini tol  u t i l i za t ion ,  rbt ca tabol i te  
oporon  for r ibi tol  u t i l i za t ion .  

In contrast to Escherichia coil K 12 (Scangos and Reiner 1978), the wild 
strain of Klebsiella aerogenes can utilize the pentitols Rbt and D-Abt owing 
to inducible enzymes encoded by two adjacent catabolite operons rbt and dal 
(Charnetzky and Mortlock 1974a, b). Some strains that have been isolated 
can utilize, in addition, the pentitol X l t  which is rarely encountered in 
nature. These strains synthesize constitutively RDtt  which catalyzes the 
conversion of an unnatural substrate, Xl t ,  to D-xylulose (D-threo-2-pentulose) 
with g high Km The KM value for X l t  is about 100 times higher than that 
for the naturally occurring substrate Rbt (Mortlock et al. 1965) and the 
oxidation of X It catalyzed by RDH is obviously a metabolic reaction limiting 
the growth of the microorganism. 

Rigby et at. (1974) limited the growth of K.  aerogenes in the chemostat by 
the slowly~ utilized X l t  and succeeded in isolating hyperproducing mutants 
which synthesized severalfold higher amounts of RDH. The molecular basis 
of selection of such strains during growth on an unnatural substrate is 
obviously a derepression of an operon leading to a constitutive gene expres- 
sion, and subsequent amplification of the structural gene for the enzyme 
which catalyzes the reaction limiting the growth of the microorganism (far 
reviews cf. Wu 1978, Lin et al. 1976). Under somewhat different conditions, 
i.e. at a variable dilution rate during the selection, Inderlied and Mortloek 
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(1977) isolated hyperproducing mutants  of K. aerogertes in which the hyper- 
production of  a sole enzyme, RDH,  was detected. No increase was found in 
the synthesis of the remaining enzymes of the rbt operon or the enzymes 
encoded in the dal operon. 

In the present communication the expression of operons participating in 
t h e  utilization of X l t  is used to describe the course of selection of mutants  
with enhanced synthesis of RDH.  The selection occurred in a heterogeneous 
population of a parent strain. E. coli K 12 (Rigby et al. 1976) on X l t  in 
a chemostat.  The growth characteristics were determined in two isolated 
hyperproducing strains and compared with the parent  strain lEA. 

MATERIALS AND METHODS 

Microorganisms. Interspecific hybrid strain Escherichia coli K 12 lEA 
was obtained from M.S. Neuberger (Rigby et al. 1976). Hyperproducing 
strains l l E A  and l l l E A  were isolated in thin laboratory by selection in 
a chemostat.  

Medium. Batch and continuous cultivations were done in medium M9 
containing (g/L): Na2HPO4.12HeO 14.62, KH~PO4 3.00, NaC1 1.00, NH4C1 
1.00, MgSO4.7H20 0.246. Unless otherwise stated, the source of carbon was 
a pentitol (2 g/L) or casein hydrolyzate (10 g/L). 

Cultivation. Batch cultivations were done on a ro tary  shaker in 500-mL 
flasks containing 50 mL medium at 37 ~ Continuous cultivations were per- 
formed in a 3-L laboratory fermentor LF  2 {Development Workshops, Czecho- 
slovak Academy of Sciences) with the following parameters: working volume 
of fermentor 1.5 L, temperature 37 ~ aeration rate 1.5 L air per min, 
dilution rate 0.1 h -1, stirrer frequency 10 Hz. 

Isolation of mutants. Single-colony isolates obtained by spreading a chemo- 
star population sample on a solid M9 medium supplemented with 4.1 mM X It 
(selection on 13.1 mM Xl t )  or 10 g/L casein hydrolyzate (selection on 4.1 mM 
Xl t )  were tested under conditions of a batch culture. High growth rate 
was used as a criterion for selecting mutants  with increased specific RDH 
activity.  Strains were maintained on agar slants in a medium with 11.1 m~ 
glucose at 4 ~ Chemostat selection in a medium with 13.1 mM X l t  followed 
after mutagenesis of the parent  population by UV light: energy fluence of 
120 J / m  2 was applied to cells of lEA strain from the middle of the expo- 
nential growth phase in a batch cultivation in a medium with 13.1 mE Rbt .  
A volume of 45 mL of irradiated culture was used to inoculate a chemostat  
in which the supply of fresh medium was started at  the beginning of statio- 
nary  growth phase. 

Enzyme preparations and assays. 3he cell extract  was prepared at  4 ~ 
Separated cells were disintegrated m,~chanically, t~sing glass beads No. 14 
in 0.1 M phosphate buffer (pH 7.0) with 1 mM NAD+. The homogenate was 
centrifuged at 23 000g for 30 rain al~d the activity of RDI-I and ADt t  was 
determined in the supernatant  according to Taylor et al. (1974) on a Cary 118 
spectrophotometer (Varian, USA). The I~DH activi ty was determined with 
50 mM l~bt or 500 m~ X l t ,  ADH ~ctivity with 50 mM D-Abt. The activities 
of both rnzymes were expressed as specific activities in nkat /mg sample 
protein. 

Analyses. Proteins were assayed according to Miller (1959). Biomass con- 
centration was measured in a SP 30 UV speetrophotometer (Pye Unicam, 
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Fin .  I. Dependence  o f  speci~e growS]2 ra te  
( l /h)  o f  s t ra in  l E A  (circles), 1 l E A  (squares) 
and  11 l E A  (triangles) on ini t ia l  concent ra t ion  
(mm) of  l)-arabinitol  (1, 3), r ibi tol  (2, 4) and  
xyl i to l  (5, 6, 7) in ba tch  culture.  

England) at 615 nm (A6,5) and gravimetrically (X, m g / m L ) b y  filtration on 
Synpor 6 membrane filters (Synthesia, UhHn~ves, Czechoslovakia), The two 
quantities are linearly relaged: X -~ 0.37.  A6,5. Specific growth rate tt was 
calculated according to F =-(In X ~ -  In Xz) / ( t e -  tl), where X1 and X~ 
are biomass concentrations at t ime tl or t~, respectively, during growth in 
a batch culture. 

R E S U L T S  A N D  D I S C U S S I O N  

The dependence of  specific growth rate of  strain l E A on initial concentra- 
tion of  carbon source was studied under  conditions of  a ba tch  cultivation. 
The results of growth experiments with Rbt ,  l)-Abt or X l t  as carbon sources 
are given in Fig. 1. The growth rate of  strain l E A is the same at different 
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FIC. 2. Specific ac t iv i ty  (nkat /mg) of  r ibi tol  dehydrogenaso  (2), I)-arabinito] dehydrogenase  
(3, • 10 -1) and  cul ture  absorbance  A s15 (1) dur ing  cul t iva t ion  of  UV-rnutagenized  popula t ion  of  
s t ra in  1NA in a chemos t a t  on 13.1 ra~  xy]itol.  A t  $ime t = 0 m e d i u m  fe~cl was  swi tched  on;  
~ho cul ture was in t he  ear ly  s t a t i ona ry  phase.  
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concentrations of natural substrate Rbt  and D-Abt whereas with the un- 
natural  substrate X l t  the # depends on substrate concentration. 

Fig. 2 shows the course of cultivation in a chemostat  in which a population 
of strain lEA mutagenized by  UV light was exposed to selection pressure. 
The selection pressure of the cultivation medium supplemented with X l t  
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FIO. 3. Specific a c t i v i t y  (nka t /mg)  ot  r ibi tol  dehyd rogenase  (1, 2) a n d  D-arabini tol  d e h y d r o g e n a s e  
(3; ><, 10 -1) o f  s t r a in s  I 1 E A  (squ~res), a n d  l l l E A  (circles). At  t --  0 m e d i u m  feed was sw i t ched  
on;  t he  cu l tu re  was in the  ear ly  s t a t i o n a r y  phase .  

as the growth-limiting factor was increased by a dilution rate of 0.1 h -1 
which is near the maximum specific growth rate of strain lEA in a medium 
with Xlt. 

In  the course of the selection, specific activities of RDH and ADH were 
determined. During the first 5 days the specific activities of RDH and ADH 
increased 5-fold and 20-fold, respectively. This was followed by a gradual 
decrease in ADI-] activity and a further rise in R DH act ivi ty up to 150 nkat /mg.  
The increase in cell concentration in the chemostat between the 40th and 
60th hour was used to calculate the specific growth rate - -  0.46 h -1. 

After 187 h a sample was taken from the chemostat  and spread on a solid 
medium with 4.1 mr~ Xlt to obtain single-colony isolates. At this low Xlt  
concentration the # of the parent  lEA strain is still more reduced (Fig. 1). 
The isolates were tested in batch cultivations in a medium with 13.1 m~t 
Xlt and their /z was determined. The isolate with the highest growth rate 
was denoted l lEA.  

The dependence of # of strain l l E A  on initial concentration of Rbt ,  
D-Abt or Xlt under conditions of a batch cultivation, determined anal- 
ogously as in strain lEA, is given in Fig. 1. Since at  lower Xlt concentrations 
strain l l E A  grows at a higher/ , ,  selection with this strain could be done in 
the chemostat  at a lower concentration of the growth-limiting Xlt (Fig. 3). 
Growth was limited by 4.1 mM Xlt  at a dilution rate of 0.1 h -1. 200 h after 
starting of medium feed the population was taken to be homogeneous and 
the specific activity of RDH was 12-fold higher than  with strain lEA. The 
accumulated strain was denoted 11 lEA. 

R D H  synthesis in strains 1 lEA and 11 lEA was studied in a batch culture 
on Xlt  under conditions permitt ing a maximal expression of the rbt operon, 
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"I'~aLE I.  Specific act ivi t ies  of  ribitol dehydrogenase  and D-arabinitol dehydrogenaso in cell-free 
ext rac t  from s t ra ins  I E A ,  l l E A  and l l l E A  

S t r a i n  l E A  1 l E A  11 l E A  

Carbon source a Xl t  D-Abt CH Xl t  D-Abt CH Xl t  D-Abt CH 

Specific R D H  ac t iv i ty  
n k a t / m g  20 

Specific A D H  ac t iv i ty  
n k a t / m g  2 3 

X/Re  0.040 -- 

1 7  8 3  - -  8 9  8 3  - -  209 

0 3 4 0 4 -- 2b 

-- 0.042 -- -- 0.042 -- -- 

a CH -- casein hydrolyzate .  
b High A D H  act iv i ty  in med ium supplemented  wi th  CH was determined in a sample of culture 

collected f rom a chemos ta t  at the t ime of isolat ion of  s t ra in  I 1 lEA.  
c Rat io  of specific R D H  act iv i ty  determined in a react ion mixture  wi th  500 m• i l t  to specific 

ac t iv i ty  with 50 m.~x Rb t .  

on casein hydrolyzate.  Table I shows the values of specific activities of RDH 
in strains 1 lEA, 11 lEA and the parent strain lEA. The ratio of specific RDH 
activities determined with 500 mM Xlt  and with 50 rm~ Rbt  as substrates (X/R) 
is characteristic for the enzyme (Wu et al. 1968). The identical value of the 
X/R ratio for the three strains under s tudy indicates the hyperproducing 
character of strains 1 lEA and 11 lEA. 

In the absence of environmental selection pressure the hyperproduction 
of RDH in l l l E A  is unstable. In a batch cultivation in a medium with 
casein hydrolyzate a high level of the enzyme was found only during strain 
isolation whereas a low level was determined after transfers of the isolate on 
a solid medium with Xlt or glucose. 

In a batch culture using a medium with Xlt strain I l l E A  synthesizes 
a reduced stable amount  of RDH comparable with the level of R D H  in strain 
l lEA (Table I). However, the relationship between /~ and the  initial Xlt 
concentration in batch cultures of strains l l E A  and I l I E A  is different 
(Fig. 1). 

I f  the gr'o@th of strain l l l E A  in a chemostat is Iimited by  4.1 mM Xlt 
(Fig. 3), the R D H  synthesis reaches a high level, in contrast to strain l lEA,  

TABLE I I .  Growth parameters/~max and Ks  in IEA,  l l E A  and 1 l l E A  m u t a n t s  in ba tch  cultures 
on Xlt  a 

Mutan t  l E A  1 l E A  11 l E A  

t~'ma~, 1/h 0.20 0.53 0.59 

Ks,  m~r 7.30 6 00 1.20 

a Paramete r  values were  obta ined by  a double reciprocal plot  of exper imenta l  da ta  f rom Fig. 1 
valid for med ium wi th  Xl t .  



6 P. KYSL~K and B. SIKYTA Vol. 29 

already after 30 h of growth. A sudden rise to about a double value is also 
found in the specific activity of ADH. 

Table I gives ADH activities in strains lEA, l l E A  and l l l E A  in a medium 
with Xlt, D-Abt or casein hydrolyzate. In pentitol-centaining media the 
synthesis of enzymes encoded by the dal operon is induced (Wils~)n and 
Mortlock 1973} whereas on casein hydrolyzate the cells grow in the absence 
of an inducer. The specific ADH activity in strains lEA and l lEA grown 
in a medium with Xlt or v-Abt differs considerably from that on casein 
hydrolyzate. A relatively high ADH activity in a medium with casein hydro- 
lyzate was found in strain l l l E A  only immediately after its isolation; 
it represented 25 % of the value in a sample from the chemostat (Fig. 3). 
If  the parent stock culture was l l l E A  from agar slant, the ADI~ activity 
was identical with that  found in strain 1 lEA. 

Table I I  shows values of growth parameters Ks and / tm~ in populations 
of the two hyperproducing strains and the parent strains lEA in a batch 
culture on Xlt. 

The increase in p of strain 1 lEA relative to the parent strain corresponds 
to the increase of constitutive RDH synthesis. A direct relationship between 
the amount of the enzyme catalyzing the initial catabolite reaction with 

high KM and / t  was also found by Hall and Clarke (1977). On the other 
hand, no similar relationship was found in a variety of hyperproducing strains 
of K .  aerogenes (Rigby et al. 1974; Inderlied and Mortlock 1977). The beha- 
viour of the two hyperproducing strains under conditions of a batch culture 
and in a chemostat permits us to draw only indirect conclusions. The 5-fold 
lower Ks in strain l l l E A  determined in a batch culture on Xlt as compared 
with strain I IEA leads obviously to the accumulation of the former strain 
in the chemostat. Both hyperproducing strains in a batch culture on Xlt 
exhibit about the same maximum specific growth rate. 

The selection of a mutagenized population of strain lEA in a chemostat 
included also the study of the magnitude of DNA segment subject to ampli- 
fication. The study made use of expression of tightly genetically linked 
operons rbt and dal. It  is obvious that at initial stages of selection in the 
chemostat accumulation occurs of strains with activities of the two dehydro- 
genuses increased several-fold. The further course of selection apparently 
reflects the selection of strains l l E A  and l l lEA.  The highest specific ADH 
activity exceeds the level of constitutive ADH synthesis in E.  coli N.C. 260 
which carries two copies of the dal operon (Neuberger et al. 1979). 
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