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1.
Nagroef van bacterién fin drinkwater tfjdens distributie en de daar-
mee samenhangende kwaliteitsverslechtering van dit water kunnen
worden beperkt door toepassing van een biologische filtratie als
laatste behandelingsfase.

Dit proefechrift

2.
Ten onrechte wordt door voorstanders van de continue cultuur gesteld
dat selectie van micro-organismen door ophoping in batch—cultures
altijd berust op verschillen in de maximale groeisnelheld van de
aanwezlge organismen.

8. Veldkamp, #Adv. Microbial Eeol. 1

{1977): 59-94

W. Barder en [. Dijkhuizen.

Ihil.Trans R. Soe. Lond. B 297

(1982): 459-480

Dit proefsehrift

3.
De kinetiek van de groei van een micro-organisme op een groeibeper-
kend substraat kan met behulp van batch-cultures op een eenvoudige
wljze worden vastgesteld, mits de groei van het organisme kan worden
gemeten met behulp van koloniegetalbepalingen.

Dit proefachrift

4.
Het is onwaarschijnlijk dat de substraatverzadigingsconstanten (Ks)
van bacterién die worden aangetroffen in drinkwater in het algemeen
lager zijn dan die van bacterién in actief slib.

5.
Glijmiddelen die worden toegepast bij het koppelen van waterleiding-
bulzen dienen als zodanig bacteriedodend te zijn, terwiil lage con—
centraties van deze middelen de vermeerdering vaa bacteridn in
drinkwater niet mogen bevorderen.

6.
Berichtgevingen in de nieuwsmedia over onderwerpen waarvan de lezer
gedetailleerde kennis heeft, doen vragen rijzen over de mate wvan
betrouwbaarheid van het overige hem, of haar, aangeboden niauws.




7.
Bij de bestrijding van Legiomella pneumophila, de veroorzaker
van de zogenaamde "veteranenziekte”, in warmtapwatersystemen 1s het
verhogen van de watertemperatuur niet de enige remedie.

J.S. Colbourme, D.J. Pratt,

M.G. Smith, S.P. FischarHock,

D. Harper. Lancet, (1984): 210-213

8.
Nieuwsmedia vormen een betere "voedingsbodem” voor de vercorzaker
van de veteranenziekte dan de bij het onderzoek van drinkwater ge-
bruikeli jke voedingsmedia.

. 9.
De geconstateerde aanwezigheld van genctoxische biotische stoffen in
een aantal natuurli ke voedingsmiddelen, noopt tot verschulving in
waardering van het begrip "puur natuur”.
R. Sijmome. Vrij Nederland 44
(1983): 7, 10

10.
Indien bij filtratie van water door actieve kool een COz-produktie
optreedt die groter ig dan overeenkomt met de verwijdering van orga-
nische koolstof ult dit water, dan kan dit niet zonder meer als
bewijs dienen voor het optradem van een bloregeneratie van de
adsorptie-capaciteit van de actieve kool.

M. Eberhardt, S. Madsen en

B. Sontheimer. GWF Waseer/Abuasser

116 (1975): 245-247

M. Jekel., Veroffentlichungen

Wasserchemie 11 (1979) Karlsruhe

11.
De beantwoording van de vraag welke toxicologische betekenis moet
worden toegekend aan de aanwezigheid van individuele xenobiotische
gtoffen in drinkwater, wordt nagenoeg geheel bepaald door de geno-
toxische eigenschappen van deze verbindingen.

H.J. Kool, C.F. van Kreyl,

B.C.J+ Zoeteman. CRC Crit. Rev.
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Abstract

Van der Kooij, D. (1984). The growth of bacteria on organic
compounds in drinking water.

Growth ("regrowth”) of bacteria in drinking water distribution
systems results in a deterioration of the water quality. Regrowth of
chemoheterotrophic bacteria depends on the presence of organie
compounds that serve as a nutrient source for these bacteria.

A batch-culture technique was developed to study the growth of bac-
teria in drinking water. The maximum colony counts of selected pure
cultures of bacteria grown in drinking water were used as a measure
for the concentration of easily assimilable organic carbon compounda
(AOC). Three strains of bacteria isolated from drinking water were
selected for AQOC determinations: (1) Pseudomonas fluorescens
strain Pl7, an organism with a very great nutritional versatility,
for general use: (2) a Plavobacterium sp. strain §12, to
determine the councentration of maltose and starch-like compounds,
and (3) a Spirillum sp. strain NOX to determine the concentra-
tion of carboxylie acids, including oxalic acid. The properties of
these bacteria were extensively studied in batch—culture experiments
with drinking water supplemented with very low amounts of selected
organic compounds. The obtained results prove that growth and growth
kinetics of bacteria at concentrations between 1 and 1000 upg of €
per liter can be determined in simple experiments usingv simple
equipment. The strains mentioned above were well adapted to growth
at concentrations of a few micrograms of substrate ¢ per liter;
their substrate saturation congtants (Kb) were below 1 uM for many
compounds tested. Ks values below 0.l FM were also obtained. Growth
measurements with strain P17 in water sampled from various treatment
stages revealed that the AOC concentrations 1in these water types
usually varied between 10 and 100 uyg of acetate C equivalents per
liter. Ozonation caused a strong increase of the AOC concentration.
Strain NOX was better suited for the determination of the AOC con-
centration in ozonated water because of its ability to utilize
oxalate. Filtration processes caused significant reductions of the
AQC concentrations, at low AOC concentrations (< 25 pg of acetate C
equivalents per liter) this reduction was legs than 50 %. The use of
starch-based coagulant aids in water treatment gave increased AQC
concentrations as determined with Flavobaeterium strain 812,
The concentration of these compounds was reduced to non-detectable
levels (< 1 ug of starch C equivalents per liter) by biological



filtration processes. These findings demonstrate that biological
filtration processes are effective In reducing AOC concentratioms to
levels where excessive regrowth is not possible. This conclusion is
supported by the very poor growth of Pssudomonas aerugincsa in
the filtrate of slow sand filters, and the inability of Aeromonas
hydrophila to multiply in this water type-



1. General introduction

SIGNIFICANCE OF BACTERIA IN DRINKING WATER SUPPLY

The removal of bacteria of faecal origin from the raw water, and
the prevention of their introduction into drinking water during
distribution are of paramount importance for a safe drinking water
supply. Therafore, freshly prepared drinking water and drinking
water 1in distribution systems are frequently Iinvestigated by
selective techniques which enable the detection of faecal indicator
bacterla (thermotolerant coliforms, faecal streptococel) in volumes
up to a few hundreds ml of water.

Nearly 100 years ago, Koch (36) observed that river water
polluted with sewage did not cause disease when the number of bac-
teria, cultivated on a non—selective nutrient-rich medium, had been
reduced to less than 100 colony-forming units per ml by slow sand
filtration. Based on this experience, the colony count of bacteria
on a nutrient-rich medium has 1initially been used as an important
water quality parameter. Gradually bacteriological techniques were
developed for the selective cultivation of bacteria of faecal
origin. At present, colony counts on a nutrient-rich medium have
only a limited significance as a water quality parameter (3).

Still, bacteria which contribute to these colony counts, and
more generally those present in water, play a very important role in
water supply. Such organisms are present in rivers, lakes and open
storage reservoirs, but also in water during underground passage and
various filtration processes, including rapid sand filtration, dry
filtration, dual media filrration, granular activated—-carbon
filtration and slow sand filtration. A large variety of organic com-—
pounds are removed from the water by aerobic chemoheterotrophic
aquatic bacteria utilizing these compounds as sources of carbon and
energy for growth. In recent years, much attention has been paid to
the microbial activities in granular activated=carbon filters, which
are applied for the removal of recalcitrant organic compounds (15).

The pollution of the aquatic environment with anthropogenic
organic compounds, including organochlorimne compounds, has evoked a
growing interest in the capabflities of bacteria in removing these
compounds (79). Also anaerobic chemochetarotrophic bacteria are able
to utilize such compounds (9). Recently, there i1s alsc much interest
in using bacteria for the removal of excess nitrate from water (23).
Of great importance for water treatment are alsc the autotrophic
nitrifying bacteria which remove ammonia from water by oxidizing it
to nitrate.



The occurrence in drinking water of large numbers of bacteria,
grown on organic compounds iIn the raw water or during water
treatment, may be preveanted either by an appropriate sequence of
treatment procedures or by the application of a disinfectant, of
which chlorine is most widely used. The effect of chlorination on
the taste of water, as well as the production of organochlorine
compounds during chlorination of water (55), are limiting the use of
chlorine in The Natherlands.

ENUMERATION OF BACTERIA IN WATER

Several techniques, Including direct counting procedures,
determination of most probable numbers by statistical interpretation
of growth tests in various water volumes and the assessment of the
number of colony forming umits (CFU) per unit volume of water, are
available for determining the numbers of bacteria in aquatic
habitats. For enumeration of the viable chemoheterotrophic bacteria
in drinking water, colony counts on nutrient-rich solid media are
most generally used. The compoéition of the media and procedures
used in routine, depend largely on legislation and standardizatiom.

Colony count standards for drinking water are based on the
application of nutrient-rich media and short incubation periods (2-3
days) at temperatures between 20-37 °C. With these techmiques only
those bacteria which can survive the great changes in environmental
conditions (temperature, osmotic pressure, presence of nutrients)
and multiply rapidly at a high substrate concentratiom, are enu-
merated. These organisms, the coplotrophic bacteria (50), are better
adapted to nutrient-rich environments than the slow-growing
bacteria, or those bacteria which cannot survive such environmental
changes viz. the oligotrophic bacteria. The presence in drinking
water of large numbers of the former group indicates that either the
water treatment does not function properly with regard to the
removal of bacteria, or that the distribution system is not
sufficiently clean (54). Determination of faecal pollution indicator
bacteria 13 necessary to evaluate the hygienic risks of such
situations.

Longer incubation periods (47), a relatively low uautrient
concentration (22, 65) and the use of the streak-plate method
inastead of the pour-plate method (14, 52) followed by incubation at
20~30 °C which allows multiplication of most bacteria, results in
much higher colony counts than those obtained by the procedure
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described above. Thus large propertions of the chemoheterotrophic
bacteria are not included in the colony counts determined by
techniques standardized for routine investigations of drinking
water. Colony count procedures modified as indicated above may
therefore be better suited to assess the efficiency of water treat-
ment for removal of bacteria and give a more complete information
about the numbers of bacteria present in the distribution system.
However the long duration of the Incubation period (1-3 weeks) of
the improved procedures excludes taking rapid measures when
unexpectedly high colony counts are found. Hence, their application
seems mainly limited to research.

IDENTITY AND SIGNIFICANCE OF BACTERIA CONTRIBUTING TG COLONY COUNTS
ON NON-SELECTIVE MEDIA

At the end of the 19th century, numerous investigations were
conducted to identify the bacteria observed in drinking water by
cultivation on the gelatine-broth medium developed by Koch (21, 28
34, 43, 73, 81). These investigations revealed that a great variety
of bacteria were commonly present in drinking water. Moreover, the
igsolated bacteria appeared to be ordinary water bacteria, which were
harmless for the consumer. These findings stimulated the development
of methods for the selective isolation of bacteria of faecal origin.

Systematic investigations on the identity of bacteria con-
tributing to the colony counts of drinking water on non-selective,
nutrient-rich media have also more recently been conducted (7, 37,
45, 60, 71, 53). In addition, a great number of incidental obser-
vations concerning bacteria present in drinking water contributed
gignificantly to the knowledge of the composition of the aerobic
chemoheterotrophic bacterial flora of drinking water.

Genera and species of such bacteria which have frequently been
isolated include: Aechromobacter, Acinetobaeter, Aderomonas
hydrophila, Alecaligemes, Arthrobacter, Bacillus, Caulobacter,
Corynebacterium, Cytophaga, Flavebacterium, Moraxella, Pseudomonas
alealigenes, P.fluorescens, P.putida, Spirillum, Streptomyces and
Staphylococcus. Species of coliform bacteria, e.g. Entero-
bacter aerogenes, E.cloacae, Citrobacter sepp. and Kilebsiella
spp. have algso frequently been observed, particularly when selective
media were used for cultivation (7,12). Representatives of chemo-
heterotrophic microorganisms, which require specific media for iso-—
latfon, e.g. methylotrophic bacteria (46, 58, 69), Sphaerotilus



spp. (44, 74) and fungi (48) have also been obgerved in drinking
water. These organisms do not comtribute to the colony counts on
routine media. The isolation of representatives of at least 31
biotypes of P.fluorescens and 14 biotypes of P.putida
from various types of drinking water (72), in which these
.pseudomonads were only a small minority of the bacterial population
(70), further demonstrates the great diversity of the bacterial
flora of drinking water.

The results obtained by identification of bacteria isolated on
nutrient-rich media do not give a correct impression of the
compogition of the population of chemcheterotrophic bacteria in
drinking water because, for reasons mentioned above, only a2 small
part of the population, in particular the coplotrophic bacteria, is
isolated by these media. Furthermore, the characterization and iden-
tification of many bacteria are hampered for the following reasons:
isolates do not always survive repeated inoculations required for
cultivation (45); wmany “classical” characterization procedures are
not sulited for characterization of aquatic bacteria, and a large
number of genera and specles represented in drinking water, e.g.
Flavobacterium, Pseudomonas, Spirillum are incompletely defined.

A number of species of the microorganisms mentioned above are
causing hygienic, aesthetic or technical problems in drinking water
supply. Aeromonas hydrophila may affect the coliform count
when the membrane filtration technique is applied (38). Moreover,
the organism may act as an opportunisgtie pathogen (77) or contribute
to spollage of food products (35). It has been suggested that
Arthrobacter spp. are related to coloured-water problems (76).
Bacillue cereus causes food spoilage and may subsequently act as
a pathogen (20). Flavobacterium species also cause spoilage of
food products (5). Hyglenic problems related to the presence of
specific Flavobacterium spp., e.g. PF.meningosepticum, 1in
water have been reviewed by Herman (30). Fluorescent pseudomonads
may contribute to slime problems in industrial processes (51) and to
spoflage of food products at low temperatures (35). P.agruginosa
is an opportunistic pathogen (31). Streptomyces species attack
sealing rings of natural rubber (40, 41). Moreover, they produce
compounds with earthy or musty smells such as geosmin and isoborneol
(27) and may thecefore contribute to taste and odour problems in
stagnant water (11).The significance of specific groups of micro—~
organisms has resulted in the davelopment of selective or sgemi-—
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galactive isolation techniques for most of the bacteria mentioned
above.

Recently, a few types of aerobic chemoheterotrophic bacteria of
pathogenlc significance, that do not contribute to the colony counts
on routine media, have been detected in drinking water, viz.
Myasobaeterium Kkaneasii (10, 33) and Legionella pneumophila
(and related species). Mycobacterium kansasii seems to mul-
tiply in drinking water pipes inside buildings (19). ZLegionella
pneumophila, the causative agent of the legilonnaires' disease has
been observed in hot water systems, where water temperatures are
below 60 °C (16, 63, 64, 66, 68, 78). The organism is able to
multiply in water sampled from such systems (80).

GROWTH OF BACTERIA IN DRINKING WATER DURING STORAGE AND DISTRIBUTION

The colony count of drinking water during distribution 1is
composed of bacteria which originate from (a) raw water, (b) water
treatment, (c¢) growth (“"regrowth") within the distribution system or
(d) 1introduction into the distributed water during repair and
construction activities. Introduction of large numbers of bacteria
into the system by the freshly prepared drinking water, or by
contamination during repair and construction activities indicate un-
satisfactory situations from a hygienic point of view. Thay can be
prevented by adequate water treatment and distribution procedures.

Regrowth is usually involved when large numbers of bacteria are
observed in drinking water sampled from distribution systems which
were supplied with water containing only a few bacteria. A large
number of reports deal with regrowth in distribution systems (1, 2,
4, 6, 8, 25, 29, 32, 45, 49, 56, 75). The extent of this regrowth
depends on (a) absence of a disinfectant residual, (b) the type and
concentration of organic compounds which can be utilized as sources
of carbon and energy for the growth of microorganisms, (c) the water
temperature (d) the residence time of the water in the distribution
system and (e) the presence of sediments in the system. Compounds
serving as growth substrates may either originate from the raw
water, may be introduced during treatment, e.g. by ozonation (17,
56, 62, 67) or are released from construction and plumbing materials
(10, 18, 24, 57, 59).

Apart from the public health risks, aesthetic problems or
technical problems evoked by the growth of specific groups of
bacteria, the following additional negative aspects are connected



with the massive growth of typical aquatic bacteria in distribution

systems.

(a) Oxygen consumption as a result of growth may cause anaerobie
gituations which give rise to increased corrosion of cast irom
pipes followed by colour problems (22, 392, 49, 75).

{b) Development of animals which utilize bacteria as a food source.
Such a development can lead to complaints of consumers when
animals visible with the naked eye, viz. 4desellus aquaticus
are present (42, 61, B2).

(¢) Permanently high colony counts of water in distribution systems
reduce the value of routine colony count estimations as a water
quality parameter.

(d) High colony counts seem to interfere with the detection of
coliforms ¢{26), but Clark (13) could not confirm this observa-
tion.

OBJECTIVES OF THE INVESTIGATIONS
Water quality deterioration related to regrowth of bacteria in

the distribution system iIs a practical problem. Research was
conducted to enable the resolution of this problem by the removal of
organic compounds, which might serve as growth substrates, from the
water entering the system. The objectives of the here described
study were:

(a) The development of a bacteriological method for the estimation
of the concentration of organic compounds that may be used as
sources of carbon and energy for the growth of bacteria in drin-
king water.

(b) The assessment of the effects of water treatment procedures on
the concentration of such compounds.

(c) The determination of the ability of typlcal aquatic oligotrophic
bacteria and of bacteria with hygienic, aesthetic or technical
consequences, to wultiply at very low concentrations of
substrate in water.
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2. Mulitiplication. of fluorescent pseudomonads at low sub-
strate concentrations in tap water

D. VAN DER KOOILJ, A. VISSER AND J.P. ORANJE
Antonie van Leeuwenhoek 48 (1982): 229-243

Abstract

Two fluorescent pseudomonads, strains Pl7 and P500, belonging to
different biotypes were tested for growth in tap water supplied with
different concentrations of acetate and glutamate, low concentra-
tions (10 and 20 ug of C per liter) of various other substrates and
mixtures of related substrates, the latter being present each in
amounts of 1 yg of C per liter. Amino acids appeared to be excellent
subgtrates for both isolates, but alszo many other substrates were
utilized at very low concentrations. Saturation constants (Ks) for
P17 of acetate, arginine, aspartate, glutamate, lactate, succinate,
malonate, p-hydroxybenzoate and glucose were all below 1 uM.
The KS values for P500 were about 5 times larger than those for Pl17.
Since especially Pl7 is able to use a large number of different
substrates at low concentrations, assessment of maximum colony
counts of this organism by growth experiments in variocus types of
tap water may give Information about the concentrations of easily
agsimilable organic carbon compounds.

INTRODUCTION

Despite their frequent 1isolation, fluorescent pseudomonads
usually constitute small minorities (< 1 Z) of the bacterial popula-—
tions of surface and tap water (Van der Koolj, 1977), silt deposits
in drinking water service reservolirs (Windle Taylor, 1971-73), raw
and treated sewage (Hankin and Sands, 1974) and soil (Rovira and
Sands, 1971). Characterization of fluorescent pseudomonads obtained
from surface water and various types of drinking water showed that
these bacteria belonged to at least 45 different bilotypes (Van der
Kooij, 1979), many of which were similar to those defined by Stanier
et al. (1966). This characterization study further revealed distinct
relationships between the various water types and the occurrence of
representatives of specific biotypes. Unfortunately, most characters
suited for classification have no ecological significance, since
they do not give information about the ability of the fluorescent
pseudomonads to multiply with very low concentrations of subgtrates.
The growth of representatives of two clearly different biotypes in
tap water supplied with low concentrations of substrates was studied
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to explain differences observed in the presence of these biotypes in
various types of tap water as part of an investigation into the
behaviour of bacteria in drigking water during distribution.

MATERTALS AND METHODS

Tesolates

The isolation of bacterial strains used in this study as well as
their characterization have been described previously (Van der Kooij
1977; 1979a). The following strains were used: Pgeudomonas
fluovreecens P17, originating from tap water prepared from dume
infiltrated river water and belonging to biotype 7.2 which corres-
ponds to biotype C (Stamnier et al, 1966}, and P.fluorescens
P500, obtained from tap water prepared from river water by physico-
chemical treatment and belonging to biotype 1.1, which corresponds
to biotype G (Stanier et al, 1966). Both biotypes were generally
observed in surface water and tap water prepared from surface water.
Biotype 7.2 was also found in ground water. Both isclates are pro-
teolytic and do not wultiply at 37 °C. Isolate P17 iz able to pro-
duce gaseous nitrogen from nitrate under anaerobic conditions.

Replica test

Utilization of organic compounds as sources of carbon and energy
for growth was tested by the replica technique using plates of basal
salts agar with separately sterilized carbon compounds in a concen-—
tration of 1lypug per 1liter (Van der Kooij, 1979a). The carbon
compounds tested are listed in Table 1.

Growth experiments in liquid media

The growth experiments wers performed in 1-liter, calibrated,
glass—stoppered Erlenmeyer flasks of Pyrex glass. These flasks were
cleaned with a 10 % solution of Ky Cry 07 in concentrated Hy50,,
followed by rineing with hot tap water, with 10 % HNO3 and with hot
tap water again. Thereafter, they were heated overnight at 250 -
300 °C. The pipettes (1 ml) were cleanad in the sgame way. The
cleaned flasks were filled with 600 ml of tap water originating from
the municipal Dune Waterworks of The Hague, where it is prepared
from dune~infiltrated river water by the addition of powdered
activated carbon, followed by rapid and slow sand filtratiom. This
water contalned 3.6 mg of dissolved organic carbon and 7.3 mg of
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Table 1. Compounda serving as sourced of carbon and enexgy for growth of che fluorescent plaudomonade

Pl7 and P5Q0.
Asino acids Carboxylic acids Carbohydzates and Arcmatic
{AA) {CA) {poly}alcahols acida
(cHA) (an)
Coapounda utilized L-alanine, L-vaiine acetate, propionate, D-glucose, p~hydraoxy~
by P17 and P500Q L~laucine, L-isolaucine DL-lactate, pyruvale, D-uannitol, benzoate
L-lyeine, L-arvginiae malonate, fumarace, glysaeral

L-aapartate, L-asparagine succingte, citrate
L-glutasaie, Lglutamiog
L-tyroaina, L-prolina

Compounds utilized DL-~serine, L~threonine adipate ethanol benzoate

by PLT only L-histidine, DL~tryptophan antheanilate

Coapounds utilized DL-phenylalanine D-arabinooe

by P500 oconly

Not ucilized glycine foruate, glycolate, D~maltose vanillate,
glyozylate, oxalate, phtalate,
L~cartrate unicotinate,

DL-wandelate

nitrate per liter; the pH was 7.6 (average values).

For cultures in tap water, the water was not autoclaved but
heated for 2 hours at 60 °C. This treatment was chosen to preserve
the organic content of the water as much as possible in its original
state. The counting plates done in the course of the experiments
showed that bacteria originally present in the water were
effectively removed by this treatment. Sclutions of single organic
compounds and of nitrogen compounds were alse heated at 60 °C.
Unless otherwise stated, NH4Cl was added with the carbon compounds
to obtain a C/N ratio similar to that of ammonium acetate. In a few
experiments the water was supplied with mixtures of amino acids
(AA), carboxylic acids (CA), carbohydrates and (poly)alcohols (CHA)
and aromatic acids (AR), as listed in Table 1. Stock solutions of
the 4 mixtures were prepared by dissolving the individual compounds
in demineralized water 1in equal carbon concentrations, except
glutamate which was used at twice this concentration. After
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neutralization with a sodium hydroxide solution, the mixtures were
sterilized (120 °C, 16 min) in Pyrex glass bottles containing a
screw cap with a teflon shield. Addition of NH4Cl was omitted in the
experiments with the mixtures, as it had become clear from previous
experiments that N was no limiting factor.

Inoculation and determination of baeterial growth in liquid media.

Turbid suspensions of 24-h slant cultures of the isolates were
used for inoculation of 50 ml of autoclaved tap water contained in
100 ml normally washed infusion bottles. The initial number of cells
in the inoculated water amounted to about 100 to 500 colony-forming
units (CFU) per ml. Incubation of the infusion bottles at 25 °C gave
maximum colony counts (Nmax) varying from 10° to 2.10% CFU/ml which
were reached within one or two weeks. Hereafter, the colony counts
decreased very slowly during a period of several months. These
cultures were used for inoculating the experimental solutions to
provide an initial cell density of 50 to 300 CFU/ml.

Incubation was carried out at 15 + 0.5 °C. Growth curves were
obtained by periodic determination of the number of viable cells
(Nt, CFU/ml) in triplicate. This was done by spreading 0.05 wl of
the culture either directly or from decimal dilutions on predried
Lab-Lemco (Oxoid) agar plates. Counting was performed after 40-48 h
of incubation at 25 °C. The doubling time (G in hours) of the
cultures was calculated with the equation:

G=log 2 (t'-t)/(log Nt‘-log Nt) (1)
where: t'—-t = the incubation time (hours) in which Nt increased to
Nt'. These calculations were performed for the period in which the
growth curve was linear with time in a half-logarithmie plot and in
which Nt' "< 0.1 Nmax. All experiments were performed in duplicate,
unless otherwise stated.

RESULTS

Utilization of organie compounds as esources of carbon and energy

Table 1 shows that at a concentration of 1 g of substrate per
liter, 24 of the tested compounds were utilized by both isolates, 8
substrates only promoted the growth of P17 and two substrates were
only utilized by P500.
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Fig. 1 Growth curves of P.fluoresecens P500 at 15 °C + 0.5 °C
with different concentrations of acetate added to tap water: @, 1 mg;
W, 25 ug; 4, 10 yg; O, 5 pg; A, 2.5 ug of acetate C per liter; ¥,
blancs. Solid and broken lines indicate duplicate experiments.

Utilization of acetate and glutamate at low concentrations

At concentrations varying from 1 mg to 2.5 ug of C per liter
acetate clearly enhanced the multiplication of P500 in tap water
(Fig. 1). Similar observations were obtained for P500 with glutamate
and for P17 with glutamate and acetate regpectively (data not
shown). From the maximum colony couats (Nmax) obtained for the
applied substrate concentrations (Fig. 2) the following yield values
(Y) were calculated: Y (P500) = 4 x 109 CFU/mg acetate C and 4 x 109
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Fig. 2 Maximum colony counts of P.fluorescens Pl7 and P500 at
different concentrations of acetate and glutamate added to tap
water: @, Pl7 on acetate, O, P500 on acetate; A, P500 on glutamate.

CFU/mg of glutamate C and Y (P17) = 4.2 x 109 CFU/mg of acetate C.
Nmax valueg for PL7 with glutamate were not estimated.

Using these yield data and the Nmax values in the blanks, the
natural substrate concentration {Su) available for the two
pseudomonads in the heated tap water may be expresged in equivalents
of acetate C or glutamate C, giving Sn (P500) = 0.7 - 3.5 ug of
acetate C or glutamate ¢ equivalents per liter and Sn (P17} = 4.5 ug
of acetate C equivalents per liter. These Sn values are only 0.1 Z
of the concentration of dissolved organic carbon.

In Fig. 3, the doubling times of P17 and P500 (derived from
Fig. 1) are plotted against the reciprocal values of the concentra-
tions of added substrate. The linear part of the relationship is
expressed by the following adapted Lineweaver-Burk equation:

6= Gmin + Gmin'Ks/AS (2

where G 1s the observed doubling time (in hours) at the concentra-
tion of substrate added AS (in ug of C per liter); Gmin = minimal G.
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Fig. 3 Lineweaver-Burk plots of the growth of P.fluorescens
P17 and P500 at low concentrations of acetate and glutamate added to
tap water: @, Pl7 on acetate; O, P500 on acetate; &, P17 on gluta-
mate; 4, P500 on glutamate.

Ks’ the saturation constant, is the substrate concentration at which
G = 2 Gmin' The non-linearity of the presented curves may be
explained by concurrent utilization of the natural substrates, which
obviously was important when AS < 10 ug of C/1, or when G according
to eq.2 was above 20 - 30 % of G of the blanks. From the plots in
Fig. 3, values for Gmin and Gmin X Ks were derived as presented in
the equations listed in Table 2, which permitted calculations of Ks'
It appears from Table 2 that P17 is better adapted {lower Ks value)
to low concentrations of acetate than P500.

Using the listed equations and the G values found in the blanks,
estimations could be made of the maximum natural concentrations
(Smax) of either acetate or glutamate that might have been present
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in the tap water used (Table 2). Comparison of the acetate C concen-
trations, calculated from the G values of P17, with Sn obtained from
the Nm values indicates that acetate might have been at most 30 %
of the substrate available for isolate P17 in the tap water.

Table 2. Growth constants of P.fluoresecens P17 and P.flucr-
egcens P500 with acetate and glutamate calculated from

Fig. 3.
Isolate Substrate Lineweaver-Burk KS Growth in Szax
equationa blanks
g C/1 M G(h) nec/1

P500 glutamate G=3.7+130.2/ s 34.8 0.58 86.3:60.5 1l.6-2.3
P17 glutamate G=3.3+97.6/ S 29.5 0.49 43.4;27.5 2.4=4.0
P500 acetate G=5.2+118.3/ S 22.8 0.95 48.5345.1 2.7-3.0
P17 acetate G=5.5+21.8/ s 4,0 0.17 22.1;21.6 1.3-1l.4

a
G=G, + Gmin .Ks/AS

maximum natural concentration of the substrate involved

Utilimation of varioue compounds at very low concentrations

Experiments with a number of substrates, representing different
types of naturally occurring organic compounds of low molecular
weight, revealed that the rates of growth (G'l) of P17 and P5300 in
tap water were increased by the addition of 20 ug of substrate C per
liter of all compounds tested except fumarate (Fig. 4). Fig. 5
indicates that fumarate was used by Pl7 after the exhaustion of Sn'
P500 was unable to utilize fumarate when present in a concentratien
of 20 ug of C per liter. Strain P17 multiplied more rapidly with the
compouhds tested than isolate P500. A number of compounds promoted
growth more clearly than others. The latter effect was even more
pronounced at initial concentrations of 10 yg of C per liter (Pl7
only). P17 multiplied more rapidly at 10 g of arginine C per liter
than at 20 ug of C per liter in the form of all the other substrates
tested.

The coefficients of the modified Lineweaver-Burk equations (2)
for growth with the various substrates were calculated using the
generation times at 1 mg of C per liter and those observed at 20 yg

24



G
022

0.20. P17 P500 | P17
20ugC/f 20ugC/ 10pa /1

1]

0.18-

0.164 L
0.14 - -

]

0.124
0.104
0.08 -

[

0.06-‘ - ] )

i

0.024 - ] = -
i

0
123456788 123456789 12345678810
substrate substrate substrate

Fig. & Growth rates (G™!) of P.fluomescens PL7 and P500 at
15 + 0.5 °C with 20 and 10 yg C/1 of different substrates added to
tap water. 1 = L-aspartate; 2, succinate; 3, acetate; 4, DL-lactate;
5, yeast extract; 6, malonate; 7, p-hydroxybenzoate; 8§, D-
glucose; 9, fumarate; 10, L-arginine. —, 6"l observed for growth
with the added substrate; -—-—-— 6¢~l observed without substrate added;
observations in duplicate. For P500 with 20 ug of acetate C/1, et
was calculated using the equation in Table 2.

of substrate C per liter (Table 3). With arginine, the generation
time at 10 Yg of C was used. With a few compounds, especially
malonate, p-hydroxybenzoate and glucoge, natural substrates
may have sgignificantly affected the generation times at low
substrate concentrations. Ia these cases calculations were made with
the assumption of complete preferential wuptake of the added
substrates. The substrate affinities of P500 were calculated
assuming that this isolate has generation times similar to those of
isolate P17 at 1 mg of substrate C per liter.
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log(CFU/ml)

days

Ffig. 5 Growth curves of P.fluorescens P17 at 15 + 0.5 °C in
tap water supplied with a low concentration of fumarate: @, tap
water without substrate added; O, tap water with 20 yg of fumarate C
per liter. Solid and broken lines indicate duplicate experiments.

Table 3. Modified Lineweaver-Burk equations and K; values of
different substrates for strains P17 and P500.

Isolate Substrate G(h) at Lineweaver-Burk K

1 mg C/1 eqpationb ﬁJEﬁC/f) {(uM)
P17 L-Arginine 3.8; 3.9 G=3.9+11.0/As 2.8 0.04
P17 L-Aspartate 3.1; 3.3 G=3.1+51.0/A8 16.4 0.34
P17 Succinate 3.1; 3.1 Gm3.0+68.4/A8 22.8 0.48
P17 DL-Lactate 3.5; 3.8 G=3.6+77.3/A8 21.4 0.59
P17 p~hydroxy-
benzoate 4 by 4.4 G=4.1+264.3/A8 64 .4 0.76
P17 D-Glucose 4.8; 5.0 G=4.6+264,3/4A8 57.4 0.79
P17 Malonate 11.6;14.6 G=13.0+74.4/AS 7.5 0.16
P500 L-Aspartate as P17 C=2,9+274 /AS 94 1.9
P500 Succinate " G=2.8+347 [AS 124 2.6
P500 DL-Lactate " C=3.2+464 JAS 145 4.0
P500 D-Glucose * G=3.6+1341 /AS 372 5.2

% In all cases preferential uptake of the added subgtrate is assumed
G = Gmin + Gmin.KB/AS '
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The Ks values obtained for P17 were all below 1 uM, and a few
were extremely low, e.g. 0.04 uM of arginine and 0.16 uM of malonate
(Table 3). The Ks of malonate C approximates the one of acetate
(Table 2). The K“g values for PS00 were elearly above those for Pl7.
The slopes of the Lineweaver-Burk equation for P500 on aspartate,
aspartate, succinate, lactate and glucose were all about 5 times
steeper than for isolate P17 on the same compounds. This factor
which was also observed with acetate, but not with glutamate (Table
2), appears to be a characteristic difference between the strains
and possibly between the biotypes to which the isolates belong.

el it}
0.20,

P17 P500
0.184 4

0.164

014177

[]

0.12 4
0.104
o.o8
0.064
0.04-

] LA

0 +
123458 123456
substrate substrate

Fig. 6 Growth rates (G_l) of P.fluorescene strains P17 and
P500 at 15 + 0.5 °C in the presence of mixtures of substrates. The
concentration of the individual compounds was 1 ug C per liter,
except for glutamate of which the double amount was added. 1, total
mixture (46 ug of C per liter); 2, amino acids, 19 pg of C per
liter; 3, carboxylic acids, 14 ug of C per liter; 4, aromatic
compounds, 7 ug of C per 1liter; 5, carbohydrates and (poly)-
alcohols, 6 ug of C per liter; 6, without substrates added; obser-
vations in duplicate.
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Utilization of mizturee of substrateg at very low consentrations

In natural habitats,including water, § 1is composed of low
concentrations of a great variety of compounds. For this reason and
to obtain rapid information about the ability of the isclates to
utilize many different compounds at low concentration (1l yug of C per
liter), growth experiments were performed in tap water supplied with
the mixtures of 18 amino acids (AA), & carbohydrates and (poly)
alcohols (CHA), l4 carboxylic acids (CA), 7 avomatic acids (AR) and
the total mixture (TM). Fig. 6 shows that the growth rates (G'l)
with the amino acid mixture equalled those with the total mixture,
suggesting that amino acids were preferred substrates for strains
P17 and P500. Furthermore it is shown that from the other mixtures
growth was most rapid with the carboxylic acids.

Using the Nmax values observed and the numbers of compounds
which may serve as a source of carbon and energy for growth (Table
1), average ylelds, Y (CFU/mg of substrate C) were calculated
{(Table 4). Most Ya values of P17 exceeded or approximated the yield
observed with growth on acetate. This suggests that all substrates
which served as a source of carbon and energy for growth of P17 when
present in 2.5 g/l were also utilized when present in 1 g of C per
liter. As compared with P17, PS00 had relatively low average yields
on the mixtures, which 13 clearly demonstrated with the total
mixture of compounds. These differences might resgult from the
inability of P500 to utilize a unumber of compounds at very low
concentrations. Evidence for such a possibility is obtained by the
inability of straln PS500 to multiply in the presence of 20 pg of
fumarate C per liter.

DISCUSSION

This study and previous ones (Van der Kooij et al, 1980, Chapter
5; Van der Kooij and Hijmen, 1981, Chapter &) reveal that simple
growth experiments in batch cultures provide information about
bacterial growth at low substrate conceantrations. In such
experiments colony counts are used as a parameter for biomass
concentration. From the linear relationship between maximum colony
counts (N ) and initial substrate concentrations as observed in
this study (Fig. 2) and those mentioned above, it is comcluded that
this procedure 1s justified in a number of cases. A decrease in
yvield at very low concentrations as observed with an Aeromonas
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hydrophila isolate growing on glucose (Van der Koolj et al,
1980, Chapter 5) was not found with the isolates Pl7 and P500
growing on acetate or glutamate (Fig. 2), probably because of the
pregence of the natural substrates in the tap water used. The
interpretation of the generation times observed at initial substrate

Table 4. Maximms colony counts of the fluorescent pseudowonsds P17 and P300 grown at 15 °C in
tap water supplied with mixtures of compounds.

strain P17 strain P500
Mixture” Total Cooe. of N b 4 Conc. of N b4 d

[ T4 & [ T+ 4 a
added conc.” compounds (10%CFU/mi) (10%CFU/xg C} compounds (10CFU/ml) (109CFU/ug C)

{ug C/1) used® usad®
(ug ¢/1) g €1}

Kome - - 2.3; 2.3 - - 2.9; 5.0 -
AA 19 17 15; 16 7.8 14 4.8; 8.1 3.0
cA 14 9 4.6; 5.8 3.2 8 3.8; 6.9 3.9
CHA 6 4 §.1; 4.8 3.4 4 2.5; 3.5 2.0
AR 7 3 3.5; 4.2 5.2 1 2.2; 2.2 <1
™ 46 33 22; 23 6.1 27 6.2; 6.4 1.5

* Ax = safno acide; CA = carboxylic acids; CHA = carbohydvates and (poly)alcohols;

AR = aromatic acids; TH = total mixture )
i All compounde added In amounts of 1 ug of C per licec, except glutamate which was added io an
swount of 2 ug of C per liter.
Total concentration of compounde weed 48 sources of carbon and snergy for growth when present
at 1 g/1 (cf. Table 1).
Due to unreliable R-“ valued in the blanca, 'l'a of P 500 ie calculated usiog llm with the
AR mixture as reference values for growth an Sn.

c

concentrations below 10 ug C per liter was also complicated by the
utilization of Sn (Fig. 3). These observations indicate that for
growth experiments at extremely low subgtrate concentrations, the
natural substrate concentration of the water is of critical
importance. Drinking water prepared by biological treatment (e.g.
slow sand filtration) seems to be most suited for this purpose.
Fluorescent pseudomonads are able to utilize & wide variety of
naturally occurring compounds as sources of carbon and energy
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{Den Dooren de Jong, 1926; Stanier et al, 1966; Table 1). Fumarate
which was congumed at 2.5 g per liter could not be utilized by P500
when present at 20 ug of C per liter. Previous investigations
revealed that an Aeromonas hydrophila isolate did not grow
with acetate, glutamate or succinate when these compounds were
present in an amount of 10 ug of C/1 though these substrates were
utilized at 1 mg of C per liter (Van der Kooij et al. 1980, Chapter
5). These findings stress the importance of investigating growth
regponges at concentrations of a few micrograms per liter.

The significance of the naturally occurring amino acids as
sources of carbon and energy for strains Pl7 and PS00 was clearly
demonstrated (Fig. 6; Table 4). Amino acids are also suitable
substrates for P. aeruginoga (Stanier et al, 1966), which
organism possesses constitutive transport systems for the uptake of
these compounds at very low concentrations (Kay and Groanlund, 1969;
1971). Therefore utilizatfon of low concentrations of amino acids
seems a common character of the mesophilic and psychrotrophic
fluorescent pseudomonads. This may explain why £fluorescent
pseudomonads occur 1in the bacterial populations on fresh plant
debris and in rhizospheres in larger percentages than in soil itself
(Rovira and Sands, 1971). Despite high-affinity uptake systems for
amino aclds, fluorescent pseudomonads appear to be unable to compete
with many other bacteria, as may be concluded from the low
percentage 1Iin which they are usually found in natural bacterial
populaticns. Very low concentrations of dissolved free amino acids
in natural environments (Burnison and Morita, 1974) combined with
the presence of biodegradable compounds for which the fluorescent
pseudomonads deo not have saturation constants as low as other
bacteria, e.g. carbohydrates which are utilized by flavobacteria
(Van der Koolj and H{jnen, 1981, Chapter 6}, may explain these
observations.

The occurrence of representatives of specific biotypes of the
fluorescent pseudomonads in specific environments as demonstrated by
Sands and Rovira (1971) and Van der Kooij (1979) points to
significant differences between the various psychrotrophic
fluorescent pseudomonads. The distinet differences in substrate
affinities as demonstrated in this study help explain that bacteria
similar to strain P17 (biotype 7.2, Van der Kooij, 1979) wera
igvlated more frequently from drinking water prepared from ground
water than bacteria similar to strain P500 (biotype 1.1,
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Van der Kooij, 1979). The relatively frequent occurrence of biotype
7.2 in various waters may further be related to its ability of using
nitrate as a hydrogen acceptor combined with a high affinity for
acetate, a compound which occurs In oxygen-depleted envirconments.
The frequent predomination of biotype 1.1 in surface water and in
tap water derived from surface water (Van der Kooij, 1979} cannot be
explained with the obtained K_ values, but the similarity of the
growth rates of P17 and P500 with the amino acids mixture, which is
in contrast with the differing saturation constants, may be
important in this respect.

Experiments with fluorescent pseudomonads, including
P. aeruginosa, using labelled substrates have frequently revealed
high affinity transport systems which are highly substrate specifie,
though groups of related compounds, e.g. dicarboxylic acids,
aromatic aminoe acids or aliphatic amino acids, may be transported by
one and the same gystem (Kay et al. 1969, 1971; Dubler et al. 1974,
Stinson et al. 1976, Tsay et al. 1971, Eisenberg et al. 1974, Romano
et al. 1980, Hoshino, 1979). Although transport constants (Kt’
0.1 - 1 pM) resemble K values obtained for P17, it remains un-
certain whether K and Kt should have gimilar numerical values. Such
a similarity would indicate that the transport of a substrate is the
growth limiting step. The observed constant difference in Ks values
of strains P17 and P500 for compounds requiring a2 number of totally
different transport systems (Tables 2 and 3) suggests that a
metabolic process was limiting the growth of P500 in the described
experiments. Arguments In support of this suggestion have been given
by Kay and Gronlund {1969, 1971), who observed that transport of
amino acids into cells of P. aeruginosa rapidly declined after
a few minutes as a result of saturation of the pool with the un-
changed compounds. -Further uptake was depending on incorporation of
these amino acids from the pool into cellular proteins. The rate of
C4—acid transport into cells of Escherichia coli also appeared
to be determined by the rate at which these substrates were
metabolized (Kay and Kornberg, 1971).

The experiments reported in this paper (Table 2) revealed that
the Hmax value of a pure culture in a specific water does provide
information about the concentration of compounds available to the
organism as a substrate. In addition, using the observed generation
time, maximum possible concentrations of specific compounds for
which the coefficients of the Lineweaver-Burk equations (Tables 2
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and 3) are known, may be calculated. Since P17 is able to utilize a
large variety of compounds at very low concentrations, growth
experiments with this organism may be valuable for the assessment of
the level of easily assimilable organic carbon (AOC) in water. In
recent finvestigations, such growth experiments are being used to
study the quality of various types of drinking water and for
measuring the effects of water treatment procedures on bilodegradable
compounds in water (Van der Kooij, 1979a).
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