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Physiological characterization and cultivation strategies of the
pentachlorophenol-degrading bacteria Sphingomonas
chlorophenolica RA2 and Mycobacterium chlorophenolicum
PCP-1

C Wittmann®?, A-P Zeng* and W-D Deckwer?!

1Gesellschaft fiir Biotechnologische Forschung mbH, Biochemical Engineering Division, Braunschweig, Germany

The physiological characteristics of growth and pentachlorophenol degradation of the bacteria Sphingomonas chlor-
ophenolica RA2 and Mycobacterium chlorophenolicum PCP-1 were studied quantitatively in liquid culture under
various conditions of pH, temperature, pO ,, pCO, and PCP concentration. Concerning their metabolic properties,
RA2 and PCP-1 can be regarded as r-strategist and K-strategist, respectively. RA2 showed a higher activity concern-

ing growth and PCP degradation than PCP-1 under optimum conditions. However, PCP-1 performed better under
extreme conditions. Maximum growth rates or RA2 and PCP-1 on glucose were 0.21 h ~1and 0.024 h~* and maximum
PCP degradation rates 315 and 40 umol (g of dry cells) ~* h™, respectively. Optimized cultivation for RA2 on a techni-
cal scale led to the production of 40g L  ~* of cell dry mass within 55 h. The cultivation strategy including pH-con-
trolled ammonium feeding can be used to effectively produce sufficient biomass of both strains for both research

and application as inoculants in soil clean-up.

Keywords: pentachlorophenol; biodegradation; growth physiology; cultivation; Mycobacterium chlorophenolicum PCP-1;
Sphingomonas chlorophenolica RA2

Introduction olicumPCP-1 were characterized in liquid culture and com-
éﬂ;ared under various cultivation conditions. Optimum con-

The extensive use of pentachlorophenol (PCP) in the past... : ! o
: ; : itions for growth and PCP degradation were identified and
has caused serious pollution of the environment an sed for effective cultivation of the strains.

initiated intensive research on PCP-degrading micro-
organisms. During recent years, a number of bacteria have

been isolated from the environment for their ability to Materials and methods
degrade PCP [2,8,19,21-23,24]. Recent taxonomic studies

revealed that bacterial PCP degraders mainly belong to thgtrains

generaMycobacteriun13] and Sphingomonag7,17]. The Mycobacterium chlorophenolicurRCP-T (DSM 43826)

degradation biochemistry of PCP-mineralizing bacteria ha%mdSphingomonas chiorophenolige2 (DSM 8671) were

been studied in great detail and was reviewed recently b : . . X
Fetzner and Lingens [10] and Orser and Lange [18]. Ir%Sbtamed from the German Collection of Microorganisms

addition, a number of studies were carried out concerning?nd Cell Cultures (Braunschweig, Germany).
the application of degrader strains to soil remediation a .

reviewed by Hggblom and Valo [13] and McAllisteet Media and substrates
al [16]. However, present knowledge of the physiological
characteristics and optimum growth conditions $orchlor-
ophenolicaRA2 and especialli. chlorophenolicunPCP-

1 is rather limited, despite the importance of producing . ., )
their biomass in large quantity, one of the key parameterr:lle'_?I |)u rgocog(t)amlngf RlerHI%(;) f ;g rrgonofslgtig% 310(? r;n g of
for effective application of degrader strains in large-scale’, %22 =" 9 a - 9 iy g

" A . ; f MgSQ,-7H,0, 700ug of CaClk - 2H,0, 500ug of
bioremediation. Moreover, understanding the impact Ofl.;eSQ - 7H,0, 1 ml of trace element solution according to

environmental conditions on growth and PCP degradation, - . :
of RA2 and PCP-1 may contribute to their successful us Widdel and Pfennig [25] and 10 mg of citrate monohydrate.

for remediation of contaminated waters and soils. M. chlorophenolicunPCP-1 was grown as described earlier

In the present work, the growth and pentachloropheno[%]' Glucose was used as carbon and energy source in all

! . ~ ~experiments, unless otherwise stated. In shake flask cul-
degradation oB. chlorophenolic&RA2 andM. chlorophen tures, the pH was established with 65 mM phosphate buffer.

S. chlorophenolicdRA2 was grown on a complex medium
(TSB medium) containing 15 gt of tryptic soy broth
(Difco Laboratories, Detroit, USA), a mineral salt medium
(RA2 medium) as reported [19] and an enriched RA2

Culture conditions
Engineering, Saarland University, PO Box 151150, D-66041 Saare-'*_he shake f!aSk StUdlleS were carried out O.n a rotary shaker
bruecken, Germany (120 rpm) with 10 g L* of carbon source as initial substrate
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pH on growth of PCP-1, a reactor system with six parallelg™ and 0.11 (g N) g were produced from 29.8 gL of
vessels of 300-ml working volume was used (Sixfors Mul-glucose as sole carbon and energy source, the maximal spe-
tiple Fermenter System, Infors, Bottmingen, Switzerland)cific growth rate being 0.19h The biomass yield was cal-
The influence of @and CQ was studied in a 3-L bioreac- culated as 0.49 g (g glucos&and the respiratory quotient
tor system (SGI, Toulouse, France) at pH 7.0 an@C30 (RQ) as 0.99 mol mat. The recoveries of carbon and nitro-
Gas flow rate was controlled at 1.2 L mirfor PCP-1 and gen in the mass balance were 96.4% and 99.4%, respect-
1.5L min? for RA2 using thermal gas flow meters (5850 ively. Pyruvate accumulated up to 6.1 mmotlin the late

TR, Brooks Instrument, Veenendaal, The Netherlands). Gasxponential growth phase. Of the added ammonium 91.4%
mixtures for defined p©and pCQ values were adjusted was consumed by the cells, indicating a high efficiency of
by a control unit (5876A-2, Brooks Instrument). Technical the applied feeding strategy.

scale cultivation was performed using a 200-L stirred tank

reactor (Type 200, B Braun and Diessel Biotech, Mel-Influence of PCP

sungen, Germany) and a process control systaXL(  To evaluate the effect of PCP concentration on growth and
Yokagawa, Japan) at an aeration rate of 60 L fipH  degradation, experiments were conducted with preinduced
7.0 (controlled by 15 N NEDH) and 30C. Enriched RA2  cells by varying the initial concentration of PCP. Growth
medium with 50 g L* glucose and a linear glucose feeding of and PCP degradation 8. chlorophenoliciRA2 started
after the batch phase, adding 6.5 kg of glucose with a feednmediately after the inoculation without a lag phase.
rate of 1.6 kg ', were used. Cultures of PCP-1 with an Strain RA2 was capable of degrading PCP up to 85l
optical density of 2 were preinduced for degradation studies ~* showing a maximum g, at 200umol L™ PCP (Figure

by consecutively adding PCP in increased concentration$). The Gcpdecreased towards higher PCP concentrations;
(10, 20 and 3Qumol L™, respectively). The cultures of also u decreased linearly with increasing PCP concen-
RA2 were preinduced twice with 100 and 2@thol L™*  trations. In comparison, the rates of growth and PCP degra-
starting at a cell concentration yielding 0.5 OD units. Eachdation of M. chlorophenolicumPCP-1 were much lower
subsequent dose of PCP was added during the inducticend more sensitive to PCP than those of RA2 (Figure 2).
after about 70-90% of the previously added PCP had’he maximum g, (about 40umol g* h™*) of PCP-1 was

been degraded. only one eighth of that of RA2. Significant inhibitions of
growth and PCP degradation were observed at concen-
Analytical methods trations as low as 3@mol of PCP 2. The inhibition of

The analysis of carbohydrates, organic alcohols and acidgirowth was more profound than the inhibition of PCP
ammonium, optical density, biomass concentration, compodegradation. Whereas PCP-1 could still degrade PCP at the
sition of the biomass, contents of @1d CQ in the exhaust highest concentration studied (12@nol L), very limited
gas and dissolved oxygen, was performed as reported elsgrowth was observed under these conditions. From the
where [26]. PCP was determined by gas chromatographgxperimental data the concentration of PCP causing 50%
(strain PCP-1) as described by Braettl [4] or by optical ~ reduction ofu.,., was estimated as 30mol L™ for PCP-
density measurement at 320 nm (strain RA2). A ratio of 1.21, compared to 80@mol L™ for RA2. Inhibition models
x 1(° cells per mg of cell dry mass was measured for RA2.of Haldane [3], Yano [28] and Aiba [1] were tested for
describing the inhibition of PCP degradation activity of
both organisms. A modified form of the Yano model (Egn
1) described the data well for both organisms, while the
Influence of nitrogen source other models resulted in unrealistic values for the maximum
The growth of RA2 on TSB medium was limited, likely
due to an increase of pH from 7.3 to 8.4 and the accumu- 0,25 350
lation of NH; from 0.3 to 100 mg L* during cultivation.
With the RA2 medium, a final biomass concentration of
only 0.65g L* was achieved, probably due to an insuf- 0,20
ficient supply of nutrients like nitrogen and sulphur. There- ~ )
fore, RA2 was further cultivated on an enriched RA2 & ]
medium providing sufficient amounts of all nutrients. As g 0,154
8
=1

Results

300
- 250

previously found for PCP-1, ammonium plays a key role 200

for the growth of RA2, which was significantly inhibited
by ammonium. At pH 7, a concentration of 4 g*LNH,* 0,104
caused a 50% reduction of the growth rate. Also, PCPgo
degradation was inhibited significantly by ammonium (data

not shown). To overcome these effects, a strategy of pH- 0,054
controlled ammonia feeding was used, which was pre- ] r50
viously developed for PCP-1 [26] and which allowed effec-

tive cultivation at low ammonia concentrations. Urea was o,ooz r r —— 0
not used as an alternative nitrogen source, since RA2 did 0 200 400 600 800 1000
not show urease activity. In ammonia-fed cultivations of PCP (umol/l)

RA2 at ammonium concentrations in the range of 0.2-0.3 @igure 1 Effect of PCP on growth and specific PCP degradation rate of
L1, 13.1 g L%, biomass with a composition of 0.48 (g C) S. chlorophenolica&RA2.
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The estimated parameters, K, and g,.x are summarized

Temperature (°C)

in Table 1 ,The PCP tolerance (jkand m‘?lX'mum degra- Figure 3 Effect of temperature on growth and PCP degradation activity
dation activity (¢,a,0 Of RA2 were much higher compared of S. chlorophenoliceRA2 (a) andM. chlorophenolicunPCP-1 (b).
to those of PCP-1. On the other hand, strain PCP-1 showed
a higher substrate affinity @K

a reduction ofu to about 30% of the maximum rate was
Influence of temperature and pH observed at pH 5.0 and no growth occurred at pH 4.0. In
Both strains are mesophilic and exhibited optimum growthcontrast, PCP-1 showed better tolerance for acidic pH. The
temperatures of 3€ for RA2 (uw = 0.21 h* on glucose) specific growth rate of this strain remained nearly constant
and 30C for PCP-1 f = 0.07 h* on sorbitol) (Figure 3a down to pH 5.5 and slow growth of PCP-1 was observed
and b). Whereas PCP-1 grew up to°@5complete growth at pH 4.5. At alkaline pH valuegy decreased steeply in
inhibition of RA2 occurred at 3&. The PCP degradation the case of PCP-1, whereas RA2 grew well. The pH optima
by RA2 was similarly influenced by temperature. A maxi- for PCP degradation by RA2 and PCP-1 were at a pH more
mal rate of PCP degradation, ie 3fol gt hl, was alkaline than the pH optimum for growth (Figure 4a, b).
obtained at about 3C and a rapid loss of activity occurred Neither strain degraded PCP at pH 5. Additionally, no
at higher temperatures. In contrast, PCP-1 was able tgrowth was observed under these conditions in the degra-
degrade PCP over the whole temperature range tested. Afation experiments.
increase of temperature led to an exponential increase of
the degradation rate. The highest activity @mol g* h™) Influence of oxygen and carbon dioxide
was found at 43C, 10°C above the optimum temperature Defined step changes of oxygen and carbon dioxide supply
for growth. The pH optimum curves for RA2 and PCP-1 were performed during batch cultivation and the responding
exhibited maxima at pH 7.0 (Figure 4a and b). For RA2,maximum growth rate .0 was measured to assess the

Table 1 Parameters of inhibition kinetics &. chlorophenolicd&RA2 andM. chlorophenolicunPCP-1 by PCP estimated by the modified Yano model
(Ean 1)

Organism Ghax K K; Dev
(umol g* h™) (wmol L™ (wmol L™ (%)

S. chlorophenolicadRA2 348 27 1011 3.4

M. chlorophenolicunPCP-1 48 2.6 58 7.4
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chlorophenolicaRA2 (a) andM. chlorophenolicunPCP-1 (b).
Figure 5 Influence of pQ on growth and PCP degradation activity of
S. chlorophenolicaRA2 (a) andM. chlorophenolicunPCP-1 (b).

influence of these gases on the growth of both strains,

which showed similar characteristics towards oxygen sup€Cultivation in technical scale

ply (Figure 5a and b). Unlimited growth of both organisms Based on the optimum growth conditions and the developed
occurred down to p@values of about 10%. At very low synthetic medium, the cultivation process was demon-
O, concentrations in the aeration gas, ,pi@ the culture strated for RA2 at a technical scale. The pH-controlled
approached zero (Qimitation). Under these conditions, ammonium feeding strategy was applied. A slightly
growth of PCP-1 was reduced, and the cells did not producancreased ammonium level of 1.0 giwas used to over-
such metabolites as organic acids or alcohols, which areome possible delays of the pH control system. To obtain
often found for microorganisms under oxygen limitation. higher biomass concentration, linear feeding with glucose
Pyruvate accumulated in the medium of RA2 especially atvas started at the end of the batch phase. The results are
low pO, values. The experiments performed under differentshown in Figure 7 a—c. The cells grew on the fully synthetic
oxygen supplies revealed no significant influence of p@®  medium after a lag phase of about 10 h with a growth rate
the degradation activity of either organism in the range ofof 0.17 h*. The growth rate was lower than that observed
5-30% of oxygen saturation. Whereas the specific activityn small-scale cultivations and might be due to an insuf-
of RA2 was constant at about 3@@nol g* h™, the rate ficient control of pH, which varied between 6.9 and 7.8
of PCP removal by PCP-1 was 4@nol g* h™. The influ-  (data not shown). The pQlecreased down to 20% within
ence of carbon dioxide on growth was investigated in the35 h of cultivation and was then kept constant at this value
range of 0.03 to about 8.0% of G the gas phase (Figure by control of the stirrer speed. After the lag phase, the spe-
6a, b). Up to 2.5% CQ the growth of PCP-1 was cific respiration rates increased and stayed constant during
enhanced, whereas pG@alues higher than 3.0% inhibited the exponential growth phase. Especially at the end of the
growth. The observed biomass vyield of PCP-1 alsdbatch phase pyruvate accumulated up to 0.45'ghut was
increased from Y, =0.43 g g* at low CO, concentrations immediately consumed after depletion of the glucose at
to Y, =0.51 g g* at a pCQ of 4%, indicating fixation of 45 h. During the appended feeding phase the RQ value was
carbon dioxide. Additional studies revealed that PCP-1 iconstant at 1.0& 0.03 mol mot* and with a continuously
able to grow under autotrophic conditions (data not shown)decreasing growth rate the biomass concentration doubled.
Similar properties were not found for RA2. Overall, 40 g cell dry mass per litre were achieved within
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Figure 6 Influence of pQ on growth ofS. chlorophenolicd&®A2 (a) and
M. chlorophenolicunPCP-1 (b).

55 h of cultivation. The ammonium concentration remainedgrowth and PCP degradation &. chlorophenolicaRA2
constant at the initial value of 1 gL Thus, a constant andM. chlorophenolicunPCP-1 are poorly understood and
stoichiometric ratio between ammonium consumption andvere, therefore, the topic of the present paper.

pH decrease existed under carbon excess and carbon limi- Our results show distinct differences in requirements for
tation. The carbon and nitrogen recovery were 96.8 angrowth and PCP degradation between the two PCP
99.5%, respectively. The volumetric productivity was degraders. The data obtained may be of value when culti-
0.72g L h't, vating and applying these strains for bioremediation and in
evaluating the results of such efforts.

In general, RA2 grew and degraded PCP faster than did
PCP-1 under optimum conditions. Organisms with high
The generaSphingomonasand Mycobacteriumcomprise  growth rate and low substrate affinity have been described
the best studied bacteria capable of complete mineralizatioas r-strategists, while the term K-strategists has been used
of PCP. The biochemistry of PCP degradation is wellfor organisms with low growth rate and high substrate
known for Arthrobactersp ATCC 33790Pseudomonasp  affinity [5]. Based on the metabolic properties revealed by
RA2, Flavobacteriumsp ATCC 39723 andPseudomonas this work, RA2 can be regarded as an r-strategist and PCP-
sp SR3, which were all recently shown to belong to a singlel as a K-strategiss. chlorophenolicd& A2 was more toler-
species,S. chlorophenolicd7,17] and are represented in antto PCP compared td.chlorophenolicuniPCP-1 in both
this work by S. chlorophenoliceRA2. M. chlorophenol-  growth and PCP degradation. The inhibition constants mea-
icum, previouslyRhodococcus chlorophenolicugpresents sured in this work for RA2 are comparable to those reported
the Gram-positive species for which PCP degradation biofor the growth of S. chlorophenolicaATCC 33790
chemistry has also been elucidated in great detail. Howeve(previouslyArthrobactersp) [9]. The sensitivity of growth
the general biochemistry and requirements for optimatowards PCP, previously shown for several strains of the

Discussion
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genusMycobacteriun12], was also found for strain PCP- difficulties. Whereas in cultivations of PCP-1 for field stud-
1. In addition, our results suggest that PCP degradatioires complex media were used [14], both strains can now be
activity is inhibited by PCP, but is less affected than cultivated effectively under defined conditions on synthetic
growth. The similar values of RA2 for 50% inhibition of media with glucose as a cheap carbon source. With a ratio
growth (K, = 800 umol L™) and PCP degradation (k= of 1.2 x 10° cells per mg of cell dry mass, 610" cells
1010 umol L™, reveal a correlation of growth and degra- were produced by the cultivation of RA2 at a technical
dation. In contrast, PCP-1 revealed a very different behavscale. With a usual inoculum density of®Q0 cells per
iour. The inhibition constant of PCP degradation (@®ol g of soil, the amount of biomass produced is sufficient for
L) was nearly twice as high as that of the growth600-6000 rof soil. In comparison, a number of soils con-
(30 umol L), indicating that this strain effectively con- taminated with PCP and other chlorinated phenols, recently
served its degradation potential under non-optimum growthreated with microbial remediation, have a volume of sev-
conditions. Strain PCP-1 had a much higher affinity foreral hundreds to thousands®fd3]. Thus, the production
PCP compared to RA2 as suggested by the tenfold loweprocess developed here can be directly applied for real
value of K.. The K; of 27 umol L™ for RA2 fits well with remediation cases. In conclusion, the results presented in
the K value for the purified PCP-4-monooxygenaseSof this work should be helpful in designing favourable con-
chlorophenolocaATCC 39723, which was determined as ditions for bulk cultivation of the two strains and may also
30wmol L™ [27]. It is noted that Gu and Korus [11] shed light on exploiting their potential in degrading PCP
obtained a different Kvalue of 143umol L™ for whole  and other related compounds for the bioremediation of soil.
cells of this strain, which might be due to the choice of a
different inhibition model. The differences between RA2
and PCP-1 concerning the tolerance [, > Ki pcp.) and
affinity (Ksgra2 > Kspcp.) towards PCP reveal that RA2 We are grateful to Ute Bellmann and Michael Schmidt for
is adapted to relatively high concentrations of PCP, whileexcellent assistance in the growth experiments with RA2.
PCP-1 is adapted to relatively low concentrations of PCPThis work was supported by the European Commission’s
The strain RA2 performed poorly at low pH and high tem-R&D programme Environment (DG-XII/D-1) contract
perature; the opposite was observed for PCP-1. It is interEV5V-CT93—-0250.
esting to note that whereas whole cells of RA2 did not
mineralize PCP at 3&, isolated PCP-degrading enzymes
of S. chlorophenolicsh TCC 39723 were active up to 46
[27], implying the importance of good growth conditions 1 AibaS, M Shoda and M Nagatani. 1968. Kinetics of product inhibition
for effective PCP degradation by this speci€s.chloro- iA” E;I%?:r?tli ff.i”;e'Efa,ﬁc’%ﬁ-i;’tiﬁznﬁ'ﬁof’;ﬂ% ;g: 5833;2?]4-19%h0
phen0|lcaRA.2 tolerated alkaline conditions, WhgrgM; dguj)ccus chIorbphe?glichp nov, a chIoropr:enol-miner'alizing' acti-
chlorophenolicumPCP-1 performed better at acidic pH.  nomycete. Int J Syst Bacteriol 36: 246-251.
The inhibiting influence of low pH for PCP degradation by 3 Bailey JE and DF Ollis. 1986. Biochemical Engineering Fundamentals.
S. chlorophenolicawas also observed in soil [10]. The  2nd edn. McGraw-Hill, New York. _
growth limitations observed for both organisms undep, pO 4 BrandtS, AP Zeng and WD Deckwer. 1996. Adsorption and desorp-
tion of pentachlorophenol on cells dflycobacterium chlorophenol-
values below 10% should be considered for effective culti- jc,m giotechnol Bioeng 55: 480-489.
vation. Carbon dioxide significantly influenced the meta- 5 chmiel H. 1991. BioprozeRtechnik. I. Gustav Fischer Verlag,
bolism of PCP-1. Mycobacterial growth is frequently  Stutigart, Germany.
enhanced by carbon dioxide [20]. In contrast, the growth 6 de Bont JAM, SB Primrose, MD Collins and W Harder. 1980. Chemi-

s cal studies on some bacteria which use gaseous unsaturated hydro-
of RA2 was not affected by carbon dioxide. The observed ™" - “Vicrobiol 117: 97-102.

increase in biomass yield of PCP-1 at high pOevels 7 Ederer MM, RL Crawford, RP Herwig and CS Orser. 1997. PCP
may result from additional fixation of carbon dioxide, since  degradation is mediated by closely related strains of the g8phing-
PCP-1 was found to be facultative autotrophic. Growth omonas Mol Ecol 6: 39-49. _ o

under autotrophic conditions was previously shown for 8 Edgehill RU and RK Finn. 1982. Isolation and growth kinetics of bac-

. .. . . teria metabolizing pentachlorophenol. Eur J Appl Microbiol Biotech-
otherMycobacterium straingke M. smegmatisM. fortui- nol 16: 179_184_9 P P PP

tum, M. marinum[15] or the propen-degradinifl.Py1[6]. 9 Edgehill RU. 1994. Pentachlorophenol removal from slightly acidic
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