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Abstract. The number of bacterial cells in soil that form colonies on 
nutrient agar represent a small fraction of the direct microscopic counts 
(DMC). The colony-forming cells have larger cell dimensions than the very 
small ("dwarP') cells which represent the majority of the DMC. This may 
indicate that the dwarf cells are species unable to form visible colonies on 
agar, or that they swell to normal dimensions when growing. Indigenous 
bacterial cells were separated from soil by density gradient centrifugation 
and fractionated according to diameter by filtration through polycarbonate 
filters. Each filtrate was studied with respect to DMC, cell dimensions, 
colony-forming cells (visible colonies and microcolonies), and cell dimen- 
sions during growth on the agar. The calculated average percent viability 
was only 0.2% for cells with diameters below 0.4 um, about 10% for ceils 
with diameters between 0.4 and 0.6 /~m, and 30-40% for cells with di- 
ameters above 0.6 #m. Only 10-20% of the viable cells with diameters 
<0.4 izm increased their diameter to >0.4 ~m prior to growth. Thus, size 
change during starvation and growth cycles did not explain the high num- 
bers of dwarf cells observed by microscopy. The results show that despite 
the relatively low number of  colony-forming bacteria in soil, the species 
that form colonies may be fairly representative for the medium size and 
large cells, which constitute a major part of the bacterial biovolume. Thus 
plate counting could be a useful method to count and isolate the bacteria 
accounting for much of the biovolume in soil. The origin of the dwarf cells 
is still unclear, but the low number of small cells that increased in size 
seems to indicate that the majority of  these bacterial cells are not small 
forms of  ordinary sized bacteria. 

Introduction 

Direct microscopic counting methods have revealed that a great majority of  
the bacterial cells in soil and water are extremely small compared to most of 
the described species of bacteria [2, 5, 7, 9, 22]. Further, direct microscopic 
counts (DMC) regularly exceed the number of  colony-forming units (CFU, 
nutrient agar media) by a factor of 30-1,000 both in soil [7, 19] and water [9]. 
Fry and Zia [9] observed a strong negative correlation between the percent 
viability (plate count and microcolony count) and the frequency of  small cells 
(<0.2 lzm 3) in different freshwaters, which could indicate that the colony- 



104 L .R .  Bakken and R. A. Olsen 

forming cells derive mainly from the large cells. The origin of  the small cells 
is unclear although they have been postulated to be the "autochtonous" flora 
lacking the ability to form visible colonies [13]. It has also been proposed that 
the "dwarf '  cells derive from larger cells which have become smaller due to 
starvation, since this has been demonstrated in pure cultures of  certain bacteria 
[ 1, 5, 12, 14, 17, 18]. This hypothesis is also supported by the observation that 
some indigenous seawater bacteria increased their cell dimensions prior to cell 
division on microslides [22], as well as the observation that seawater bacteria 
passed more readily through filters (0.45 #m) during starvation [21]. For soil, 
such direct demonstrations are lacking, although the electron microscopic study 
of Bae and Casida [2] gave some indications that soil bacteria respond to 
nutrient input by cell enlargement, followed by size reduction, when the nu- 
trients were exhausted. There is also a possibility that some of the very small 
cells in soil represent a kind of swarmer cell produced by asymmetric cell 
division as a survival strategy during starvation [6]. 

Thus, the dwarf cells may be a special population of  noncolony-forming cells 
not yet studied in pure culture, or they may be cells from "normal" colony- 
forming bacteria that have become smaller due to starvation. Establishing 
which of these two alternatives is true would have important consequences for 
the status of  plate-counting methods. 

If  the bacterial colonies derive mainly from the large cells in soil, this group 
of cells, which constitutes a major part of the bacterial biovolume in soil despite 
low numbers, would have a high percent viability. Thus, the plate-counting 
method would yield counts and isolates that are fairly representative for a 
major part of the bacterial biovolume. On the other hand, if  a substantial part 
of the bacterial colonies derive from the dwarf cells, the relevance of the plate- 
counting technique as a method for counting and isolating the dominating part 
of  the bacterial biomass would still be very doubtful. 

Materia ls  and M e t h o d s  

Soil 

The soil was a clay loam soil, used in a previous study, [3] containing 23% clay, 3% organic C, 
and 0.3% organic N and with pH 5.5. The soil was stored at field moisture content at 5~ for 2-  
3 months. 

Release of Cells from Soil 

The bacterial cells to be used in filtration experiments were separated from a soil sample by blending/ 
centrifugation, and purified further by density gradient centrifugation, as described by Bakken [3]. 
Both Percoll (Pharmacia, Sweden) and Metrizamide (NYCO, Norway) were tried as density media. 
The density gradient material was removed from the cells by diluting 1:20 in prefiltered (0.2 ~zm) 
distilled water and centrifuging (10,000 x g for 20 min). For the final resuspension of the bacterial 
pellet prior to filtration experiments, an Ilado X 10/20 homogenizer (Int Labor Gmbh Ballrechten- 
Dottingen, FRG) was used (25,000 rpm for 1 rain). 
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Microscopic Counts and Size Measurements 

The total number of cells was determined by acridine orange direct counts (AODC) on polycar- 
bonate membranes (0.2 um pore diameter) [11]. The cell dimensions were determined by com- 
parison with a calibrated New Porton eye graticule [15]. 

For a more accurate determination of  the cell dimensions in each filtrate, scanning electron 
microscopy was used. The cells were concentrated by centrifugation (10,000 • g for 20 rain), 
resuspended, and-adsorbed onto a positively charged coverglass surface (polylycine treated ac- 
cording to Mazia et al. [ 16]) by placing a drop of the concentrated suspension on the glass surface 
for 2 hours in a moist chamber. The adsorbed cells were fixed in 2.5% glutar dialdehyde (10 min) 
followed by 0.1% OsO4 + 2.5% glutar dialdehyde (10 min), both solutions buffered to pH 7 with 
0.1 M cacodylate buffer. They were then rinsed twice in 0.1 M cacodylate buffer (2 x 10 min), 
dehydrated through an ethanol gradient (30, 60, 90, 96 and 2 x 100%) followed by propylene 
oxide, and air-dried. The cells were coated with 30 nm gold by sputter-coating, and viewed in a 
JEOL Modell JFM840 scanning electron microscope operated with an accelerating voltage around 
20 kV. Twenty-thirty randomly selected areas on each coverglass were photographed and used to 
estimate the relative frequency of cells in different diameter groups. Based on these frequency 
values and the total numbers of  cells per ml as counted by fluorescence microscopy (AODC), the 
numbers per ml within diameter groups were estimated. 

Plate-Counting Technique 

Tenfold dilutions in distilled water were spread on the surface (0.1 ml per plate) of  a low nutrient 
soil extract agar medium, CSEA (600 ml distilled water, 400 ml cold-extracted soil extract, 64 mg 
KI-I2PO,, 36 mg Na2HPO4, and I 0 mg of each of the following components: Peptone (Difco), yeast 
extract (Difco), sodium citrate, sodium succinate, fructose, glucose, and xylose; pH 7) [19]. The 
plates were incubated at 21~ for 4 weeks and examined with a stereo-microscope. The dilution 
level which gave colony numbers between 10 and 30 per plate were generally preferred for estimating 
the number of  colony-forming cells [19]. 

Phase Contrast Microcolony Counts 

To count the number of microcolonies developing from cells in the 0.4 zm filtrate, as well as to 
observe the development of each colony (cell dimensions, lag phase, and growth rate), the micro- 
culture technique of Torella and Morita [22] was used with small modifications. Molten CSEA 
agar was spread in a I mm thick layer on sterile microscopic slides. When solidified, most o f  the 
agar was removed with a sterile knife leaving a 100 mm 2 square of agar on the slide. A small 
volume (between 5 and 10 zl, depending on the number of cells per ml determined by AODC) of  
the concentrated cell suspension was spread on the surface of  the agar with a small sterile bent- 
glass rod. The agar was then dried for about 10 rain and covered with a sterile coverglass on which 
lines had been engraved. Each comer of the coverglass was fastened to the microscopic slide by 
small pieces of modeling wax to avoid physical disturbance during handling and microscopic 
examination. The microscopic slides were incubated in a moist chamber at 25"C, and at lime 
intervals they were examined with phase-contrast microscopy (Leitz Orthoplan equipped with a 
100 • immersion oil phase-contrast objective) by scanning along the engraved lines. To repeat 
observation of cell numbers and cell dimension in each microcolony, their exact position was 
recorded using the calibrated microscopic stage. Only those groups showing increased cell numbers 
during the experiment were recorded as growing microcolonies. No attempts were made to count 
the total number of intact ceils on the agar surface, due to the difficulty of distinguishing between 
the very small cells and other particles present both on the glass surface and on the agar. The 
number of microcolonies was therefore related to the number of cells applied on the agar surface, 
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Table 1. The effect of filtration through polycarbon- 
ate membranes on the total counts (AODC) and plate 
counts of soil bacteria 

Total counts Plate count 
Suspension: (% unfiltered) (% total counts) 

Unfiltered 100 3.1 (0.8)" 
0.8 urn-filtrate 59 (5) ~ 1.2 (0.7) 
0.6 urn-filtrate 41 (5) 0.6 (0.3) 
0.4 urn-filtrate 15 (2) 0.04 (0.009) 

"Average values of three separate experiments, with 
standard deviation in parentheses 

calculated from the microscopic count (AODC) of the cell suspension and the volume of cell 
suspension applied per mm 2 agar surface. 

Fluorescence Microcolony Count 

To check whether microcolonies with very small cells were overlooked by the phase-contrast 
microcolony counting method, a relatively simple fluorescence-counting method was developed. 
The concentrated cells from the 0.4 ~m filtrate were spread on the surface o f a  CSEA agar plate, 
as for a normal plate-count, but with a higher number of  cells (AODC) per mm 2 agar surface. At 
time intervals, blocks of the agar were cut out with a sterile knife, placed on a microscopic slide, 
sprayed lightly with an aerosol of acridine orange (0.1% acridine orange + 2.5% glutar dialdehyde), 
air-dried for 10 rain, covered with a coverglass, and examined with a fluorescence microscope 
(Leitz Orthoplan equipped with a 200 W high pressure mercury lamp). Microcolonies containing 
a minimum of 8-10 cells were counted over a known area (scanned length x width). 

Filtration Experiments 

The suspension of soil bacteria was counted by fluorescence microscopy (AODC) and diluted to 
contain 5 x 10 B cells per ml. It was then filtered through 47 mm polycarbonate (Bio-Rad, Richmond, 
CA, USA) membranes with successively smaller pore diameters (0.8, 0.6, and 0.4 tzm) by applying 
0.8 atm of suction. A Gelman magnetic filter funnel with stainless steel support screen (Gelman, 
Ann Arbor, MI) was used. To avoid clogging of  the filters, only 10-15 ml suspension was loaded 
on each filter (thus 10-15 filters were used to filter 150 ml suspension). A part of each filtrate was 
withdrawn for AODC and plate counts. To permit microcolony counts on microslides or agar 
plates (fluorescence microcolony counts) the cells in the 0.4 #m filtrate were concentrated by 
centrifugation (10,000 x g for 20 rain) and resuspended in a small volume by gentle ultrasonic 
treatment (output = 5 W per ml for 1 min) with a Branson sonifier (Branson Sonic Power Comp,, 
Danbury, CT, USA). The release, purification, and filtration of soil bacteria were done under sterile 
conditions. 

Results  

The choice of  density gradient medium was found to be important when pre- 
paring cell suspensions for the filtration experiments. The silica particles in 
Percoll were only partly removed from the bacterial suspension by dilution/ 
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Table 2. Filterability of soil bacteria in relation to cell diameter: 
total counts (x 10 6 per ml)" within different diameter groups after 
filtration through polycarbonate membranes 

Rods Cocci 
Diameter 

group b I II III IV I II III IV 

Unfiltered 392 73 4 6 75 39 2 8 
0.8 jzm-filtrate 230 45 2 NO c 50 25 1 NO 
0.6 ~tm-filtrate 160 27 NO NO 36 23 NO NO 
0.4 gm-filtrate 75 NO NO NO 16 l NO NO 

Estimated from AODC, and the relative frequency of each diameter 
group as observed in SEM 
b The diameter limits are: I: <0.4 gm, II: 0.4--0.6 izm, III: 0.6--43.8 
~tm, IV: >0.8 gm 
NO: not observed 

centrifugation [3], and this resulted in rapid clogging of  the filters. Metr izamide 
was easier to remove  completely by dilution/centrifugation, and fur thermore 
it did not result in clogging of  the filters i f  present. Thus, except for prel iminary 
experiments, Metrizamide was used. The amounts  o f  suspension filtered through 
each filter had to be kept very low to avoid  partial clogging of  the filter pores 
which would result in a very low number  o f  cells in the filtrate. With a sus- 
pension containing 5 x 108 cells per ml, a m a x i m u m  of  10-15 ml could be 
filtered. 

Table 1 shows the effect o f  filtration on the total counts (AODC) and colony 
counts. The data are average values o f  three separate experiments. Each filter 
retained a substantial percentage o f  the AODC.  However ,  a much  higher per- 
centage o f  the colony-forming cells were retained, resulting in a successive 
reduction in the percentage o f  colony-forming cells f rom 3.1% in the unfiltered 
suspension to 0.04% in the 0.4/xm filtrate. 

To check the effectivity o f  polycarbonate  filters in selectively filtering the 
cells according to diameter, the number  o f  rods and cocci within different 
diameter groups in each filtrate were counted (SEM and AODC)  (Table 2). The 
filters effectively retained the cells with diameters larger than the filter pores, 
but a substantial percentage (30-50%) o f  the cells with diameters smaller than 
the filter-pores were also retained. 

To investigate the possible cell d iameter  enlargement at the onset o f  growth 
on the agar, the dimensions o f  the cells in the colonies f rom the filtrates were 
investigated. All the colonies on several agar plates f rom each filtrate were 
examined by phase contrast microscopy,  and the number  o f  colony-forming 
units within each diameter  group (CFUi) was estimated (CFUi = f~ CFU,  where 
f~ is the relative frequency among  the colonies o f  diameter  group i, and C F U  
is the total numbers  o f  colony-forming units ml-l). The results are shown in 
Table 3. On the agar plates innocutated with the 0.8 um filtrate, no colonies 
contained cells with diameters larger than 0.8 #m. Similarly, the 0.6 #m filtrate 
gave no colonies with cells larger than 0.6 ~m in diameter. Only a small fraction 
of  the colonies f rom the 0.4 #m filtrate contained cells with diameters larger 
than 0.4 um. Thus, there was general agreement between the direct micro- 
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Table 3. Filterability of colony-forming cells within different diameter groups: colony counts 
(• 104 per ml)" after filtration through polycarbonate filters 

No. of  
Rods Cocci colonies 

Diameter inves- 
group b I II III IV I II III IV tigated 

Unfiltered 92 889 153 NO d NO 92 429 184 57 
(0.2) c (12) (38) (2) (200) (23) 

0.8/~m-filtrate 12 245 117 NO NO 47 23 NO 35 
(0.05) (5) (60) (2) (23) 

0.6 jzm-filtrate 5 137 NO NO 5 NO NO NO 25 
(0.03) (5) (0.14) 

0.4 ~m-filtrate 3 0.4 NO NO 0.1 NO NO NO 31 
(0.04) (0.007) 

Estimated from the number of colony-forming units per ml, and the relative frequency of each 
diameter group among the colonies 
b The diameter limits for each group, see Table 2 (footnote) 
c The percent of the total count (Table 2) within the same diameter group is shown in brackets 
below each figure 
d NO: not observed 

scopical counts (Table 2) and the colony counts (Table 3) concerning the ef- 
fectiveness o f  selective filtration. 

Table 3 also shows (in parentheses below each CFUi) the colony numbers  
in each diameter  group expressed as percent o f  the total counts within the same 
diameter group (Table 2). These percentage values estimate the percent viability 
within each diameter  group, if  it can be assumed that  the cell diameter  during 
growth in the agar is the same as the cell diameter  of  the cell that  gave rise to 
the colony. 

The estimated percent viability for rods in diameter  group I (<0 .4  ttm) and 
II (0.4-0.6 /~m) showed a dramat ic  reduction after filtration through 0.8 #m 
filters. Similarly, the percent viability o f  the cocci in diameter  group III  (0.6-  
0.8 ~tm) dropped from the anomalous  value o f  200% in the unfiltered suspension 
to 23% in the 0.8 tim filtrate. Thus, the filtration not  only eliminated the colonies 
with cell diameters larger than the filter pores, but  it also selectively retained 
a part  of  the colony-forming cells with smaller diameters than the filter pores. 

The phase-contrast  microcolony counting method  was used to determine 
both growth rate and lag phase of  each microcolony by counting the number  
o f  cells at t ime intervals. However,  we were not  able to make direct observations 
o f  the single cells before they started to multiply, because o f  the great difficulty 
in distinguishing between the very small cells and other particles which were 
present in the agar and on the glass surface (determined on blanks), and also 
because o f  the extremely low percent viability. Therefore, we were not able to 
directly observe the lag phase or cell enlargement prior to cell multiplication. 
The lag phase was calculated from the linear regression of ln  N(N = cell number ,  
Y-axis) against t ime (X-axis) (lag phase = t ime from start o f  incubation to the 
X intercept). The specific growth rate 0z = In 2/doubling time) and lag phase 
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Fig. 1 .  Specific growth rate 
and lag phase for single mi-  
crocolonies observed in mi- 
croslides. 

for single colonies (n = 39) are plotted in Figure 1. The figure shows a positive 
correlation (r = 0.335, P < 0.01) between growth rate and lag phase. The 
morphology or cell dimensions showed no correlation with either growth rate 
or lag phase. 

Since the microcolony-forming cells were detected only after the onset of  cell 
division, the original cell dimensions could not be determined, and we were 
therefore unable to check by direct observation whether any o f  the cells in- 
creased their cell diameter prior to cell division. The observed cell dimensions 
in the growing microcolonies remained constant throughout the incubation. 
Growth restriction at an early stage of  microcolony development was not ob- 
served, and several of  the fast-growing microcolonies rapidly became too large 
to permit cell counts. Some colonies contained slender rods (0.3 x 3/~m) with 
gliding movements,  which were difficult to count because they were spread 
over a wide area after 3-4 generations. 

The fluorescence-microcolony-counting method was rather complicated in 
use, because of  high background fluorescence from the agar (depending on the 
amount of  acridine orange sprayed on) and the possibility of  disturbance o f  
colonies when the cover glass was put on. The real advantage of the method 
was that microcolonies with very small cells were more readily observed than 
with phase-contrast microscopy. Single cells were practically impossible to 
count, however, due to the background fluorescence. 

Since neither of  the microcolony methods allowed direct counts of  single 
ceils, the percent viability had to be calculated from the AODC which were 
applied per mm 2 agar surface and the observed number of  microcolonies per 
mm z agar suface. The average percent viability values for three separate ex- 
periments were 0.07% for both methods, which was considerably higher than 
the plate count values (Table 4). The differences are not statistically significant 
(P > 0.07), however due to a relatively large variation between the separate 
experiments. 
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Table 4. The percent viability in the 0.4 um filtrate: comparison of three different 
viable count techniques 

Technique Plate-count Phase-contrast Fluorescence 
technique microcolony microcolony 

counts counts 
Incubation period 4 weeks 48 hours 48 hours 
Objects counted Visible Dividing cells Microcolonies 

colonies microcolonies 

% Viability (average 0.04 0.07 0.07 
of 3 experiments) 

Range of variation 0.02-0.05 0.04---0.09 0.06-0.07 

Table 5. The diameter of the (micro-)colony-forming cells in the 
0.4 ~m-filtrate 

Percent within each 
No. colo- diameter group ~ 

nies 
investi- <0.4 0.4-0.6 

Method gated gm gm >0.6 gm 

Microslide technique 81 65 22 14 ~ 
Fluorescence micro- 

colony count 46 80 20 NO ~ 
Normal plate count 58 86 14 ~a 

- Rods and cocci combined, cocci represented less than 5% of total 
b NO cells had larger diameters than 0.75 t~m 

NO: not observed 
d ? Three colonies (5% of total) contained slender rods (0.3-0.4 x 
1.5-3 #m) which were swollen to a very large diameter (0.7-1.4 #m) 
near the end 

The  f requency  o f  d i f ferent  d i a m e t e r  g roups  o b s e r v e d  on  n o r m a l  agar plates  
a n d  m i c r o c o l o n y  c o u n t  were s imi l a r  (Table  5), b u t  phase  con t ras t  gave h igher  
f r equency  o f  cells wi th  d i a m e t e r s  a b o v e  0.4 u m  t h a n  the o the r  me thods .  Th i s  
was d e m o n s t r a t e d  b o t h  as a h igher  percentage  of  cells wi th  a d i a m e t e r  b e t w e e n  
0.4 a n d  0.6 #m,  a n d  the  presence  o f  14% with  d i a me t e r s  a b o v e  0.6 #m.  Such 
cells were o b s e r v e d  ne i t he r  on  n o r m a l  agar  pla tes  n o r  wi th  the  f luorescence-  
m i c r o c o l o n y  counts .  The  s l ender  rods  wi th  swol len  ends  which  were o b s e r v e d  
a m o n g  the c o l o n y - f o r m i n g  cells (Tab le  5) were n o t  o b s e r v e d  in  mic roco lon ie s .  
A low percentage  o f  cocci was o b s e r v e d  wi th  bo th  m i c r o c o l o n y  me thods ,  cor-  
r e s p o n d i n g  to the  p l a t e - c o u n t  resul ts  (Tab le  3). 

Discuss ion  

T h e  d r a m a t i c  r e d u c t i o n  in  the pe rcen t  v iab i l i ty  by  f i l t ra t ion (Table  1) i nd i c a t e d  
a s t rong  nega t ive  correlation be tween  cell size a n d  percent viabi l i ty .  However ,  
the r educ t i on  in  v i ab i l i t y  cou ld  also be due  to cell d a m a g e  by  the  f i l t ra t ion  or 
select ive a d s o r p t i o n  o f  the v i ab le  cells to the filter surface. A d h e r e n c e  o f  ce r ta in  
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cell types to polycarbonate membranes has been demonstrated [23], and surface 
charge and hydrophobicity may be affected by the cell metabolism [12]. 

The diameter frequency of the cells in the filtrate observed with direct mi- 
croscopy (Table 2) showed clearly that the filters retain not only the cells with 
larger diameters than the filter pores, but also 30-40% of the cells with smaller 
diameters, due either to extra cellular structures, special surface properties 
resulting in strong adsorption to the filter surface, or simply to random en- 
trapment. The possibility of  cell shrinkage during the preparation for SEM 
obervations [8] was checked with pure cultures of  soil bacteria from the clay 
loam soil which were prepared for SEM as described in this paper (L. R. Bakken 
and R. A. Olsen, unpublished). Eighteen out of  20 investigated organisms 
showed < 10% diameter reduction after preparation for SEM, and the other 
two organisms showed 13 and 32% diameter reduction. Thus, the diameter 
frequency based on AODC and SEM (Table 2) is probably not affected much 
by such shrinkage effects. 

The calculated percent viability for each diameter group (values in paren- 
theses, Table 3) are based on the assumption that the diameter of the cells in 
the colonies is the same as the diameter of the original cells that gave rise to 
the colonies. This assumption seems to be valid for the large cells, since the 
filtration through 0.8 and 0.6 /~m filters effectively eliminated colonies with 
cells having diameters larger than 0.8 and 0.6 um respectively. It is also largely 
true for the small cells, since only a small fraction of the colonies from the 0.4 
um filtrate had cells with diameters above 0.4 #m (Table 3). It may be concluded 
therefore, that the percentage values in brackets (Table 3) give fairly correct 
estimates of the percent viability for each diameter group in the different fil- 
trates. Filtration through the 0.8 #m filters resulted in a dramatic reduction of  
the percent viability of the cells with diameters below 0.8 #m (group I and II, 
Table 3). Similarly, the filtration through 0.6 t~m filters reduced the viability 
of the cells with diameters below 0.6 t~m. Thus, the filtration has selectively 
trapped or damaged viable cells among those having diameters smaller than 
the filter pores. 

On this basis, it may be concluded that the percentage viability values for 
the unfiltered suspension (Table 3) are the best estimates of  the percent viability 
for each diameter group. Due to a relatively low number of  observed cells/ 
colonies, there are large errors in each estimate resulting in anomalous values 
such as 200% viability for group III of cocci. By combining the rods and cocci 
in only three diameter groups, i.e., <0.4, 0.4-0.6, and >0.6 um, the calculated 
percent viability for each group would be 0.2, 9, and 38%, respectively (cal- 
culated from the data in Tables 2 and 3 for the unfiltered suspension). 

The lack of  observations of colony-forming small cocci (<0.4 t~m) in the 0.8 
~zm-filtrate and the unfiltered suspension (Table 3) is probably a consequence 
of the high number of cells within the other groups. Assuming a binomial 
distribution, and 0.2% viability within this group (cocci < 0.4 gm), there was 
only about 50% probability of  observing one or more of these cells among the 
colonies investigated. Thus, the lack of  observations indicates a low percent 
viability, but not necessarily lower than that of rods within the same diameter 
group (0.2%). 
The two microcolony-counting methods gave somewhat higher total numbers 
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of colonies (Table 4) and a higher percentage with diameters larger than 0.4 
#m than the normal plate-counting method (Table 5). The higher percentage 
of cells with diameters above 0.4/zm could be explained by the fact that the 
colonies on microslides are observed in the early phase of colony development 
with exponential growth, whereas the colonies on normal agar plates were 
investigated after a very long time (4 weeks). Thus, it is possible that the visible 
colonies had reached a stationary phase with an accompanying moderate re- 
duction in mean cell size. In general, however, the microcolony-counting meth- 
ods confirm the conclusion reached from the plate-counting method, i.e., that 
a very low percentage of colony-forming cells occur in the 0.4 um filtrate, and 
that a great majority of  those growing colonies contain cells that do not exceed 
0.4 #m in diameter. 

According to the first order rate model for colony formation proposed by 
Hattori [I0], a low colony count in comparison with total counts can be ex- 
plained by a low probability 00 of initiation of growth. Thus, the low apparent 
percent viability in the 0.4/~m filtrate could partly be explained by a low )~-value, 
perhaps combined with a slow growth rate. To check this model, a frequent 
count during the incubation would be necessary to estimate the theoretical 
maximum number of colonies that would be formed after an infinite incubation 
period (!). 

In contrast to the general agreement between plate counts and microcolony 
counts observed in the present study, Fry and Zia [9] observed large differences 
between plate counts and microcolony counts of  bacteria in different waters. 
However, their plate-counting method was the spotting method [4] which re- 
quires a relatively high colony density (numbers per mm 2) compared to normal 
plate count. A high colony density probably results in biological interactions 
on the agar surface, and growth restriction of  a majority of  the colonies before 
they are large enough to be detected [19]. Thus, the low colony counts with 
the spotting method may possibly be explained by this effect. 

In the present study, the length of the rod-shaped cells has not been consid- 
ered. The reasons for this are that the filters probably do not discriminate cells 
according to cell length, and also that the length of  cells within each colony 
varied over a relatively wide range. Thus, we have no reason to assume that 
the cell length observed in colonies or microcolonies on agar reflects the lengths 
of the original cells. 

It seems clear from the data presented, that a large percentage of the cells 
with diameters larger than 0.6 #m do form visible colonies on the soil extract 
agar, CSEA. Since a fraction of  each species population in soil can be expected 
to be dead or moribund [ 19], this implies that the bacterial species isolated 
from the colonies on the soil extract agar plates are fairly representative for 
the cells with diameters larger than 0.6 tzm. Since these cells represent a very 
large part of the bacterial biovolume in soil, we can conclude that the plate- 
counting method enables us to enumerate and isolate a majority of  those bac- 
terial species which constitute the major part of  the bacterial biovolume in 
soil. Thus, plate counting of soil bacteria may be more meaningful than pre- 
viously anticipated [20]. On the other hand, only 0.2% of the cells with di- 
ameters below 0.4 t~m were able to form colonies on agar. Thus, they represent 
the typical noncolony-forming cells in soil responsible for the large discrepancy 
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be tween  mic roscop ica l  c o u n t s  a n d  p la te  coun ts .  T h e  large n u m b e r  o f  such 
"dwar f "  cells in  soil  m a y  be par t ly  cells r educed  in  size due  to s t a r v a t i o n  [12], 
" s w a r m e r  cells ,"  or  s imi l a r  types  o f  cells p r o d u c e d  by  a s y m m e t r i c  cell d i v i s i o n  
[6] or  a special  g roup  o f  ( a u t o c h t o n o u s )  bac te r i a  u n a b l e  to grow on  a n y  m e d i a  
so far tested.  H o w e v e r ,  the low f requency  o f  d i a m e t e r  e n l a r g e m e n t s  a m o n g  the  
c o l o n y - f o r m i n g  cells i n  the  0.4 /~m fil trate (Tab le  3 a n d  5) i nd ica t e  tha t  size 
r educ t ion  a s y m m e t r i c  cell d i v i s i o n  can  on ly  a c c o u n t  for a m i n o r  pa r t  o f  the  
d w a r f  cells i n  soil. 

References 

1. Amy PS, Morita RY (1983) Starvation-survival patterns of sixteen freshly isolated open water 
bacteria. Appl Environ Microbiol 45:1109-1115 

2. Bae HC, Casida LE (1973) Responses of indigenous microorganisms to soil incubation as 
viewed by transmission electron microscopy of cell thin sections. J Bacteriol 113:1462-1473 

3. Bakken LR (1985) Separation and purification of soil bacteria by density gradient centrifu- 
gation. Appl Environ Microbiol. 49:1482-1487 

4. Bousfleld IJ, Smith GL, Trueman RW (1973) The use of semi-automatic pipets in the viable 
counting of bacteria. J Appl Bacteriol 36:297-299 

5. Casida LE Jr (1977) Small cells in pure cultures ofAgromyces ramosus and in natural soil. 
Can J Microbiol 23:214-216 

6. Dow CS, Whittenbury R (1980) Procaryotic form and function. In: Eliwood DC, Hedger JN, 
Latham M J, Lynch JM, Slater JH (eds) Contemporary microbial ecology pp 391-417 

7. F~egri A, Torsvik VL, Goksoyr J (1977) Bacterial and fungal activities in soil: separation of 
bacteria and fungi by a rapid fractionated centrifugation technique. Soil Biol Biochem 9:105- 
112 

8. Fry JC, Davies AR (1985) An assessment of methods for measuring volumes of planktonic 
bacteria with particular reference to television image analysis. J Appl Bacteriol 58:105-112 

9. Fry JC, Zia T (1982) Viability of heterotrophic bacteria in freshwater. J Gen Microbiol 128: 
2841-2850 

10. Hattori T (1985) Kinetics of colony formation of bacteria. Reports of Inst Agric Res Tohuko 
University (Japan) 34:1-36 

11. Hobble JE, Daley RJ, Jaspen S (1977) Use of Nucleopore filters for counting bacteria by 
fluorescence microscopy. Appl Environ Microbiol 13:1225-1229 

12. Kjelleberg S, Humphrey BA, Marshall KC (1983) Initial phases of starvation and activity of 
bacteria at surfaces. Appl Environ Microbiol 46:978-984 

13. Lund V, Gokseyr J (1980) Effects of water fluctuations on microbial mass and activity in soil. 
Microb Ecol 6:115-123 

14. Luscombe BM, Gmy TRG (19 74) Characteristics of  Arthrobacter grown in continuous culture. 
J Gen Microbiol 82:213-222 

15. May KR (1965) A new graticule for particle counting and sizing. J Sci Instruments 42:500- 
501 

16. Mazia D, Schatten G, Sale W (1975) Adhesion of cells to surfaces coated with polylysine: 
applications to electron microscopy. J Cell Biol 66(1): 198-200 

17. Morita RY (1982) Starvation-survival of heterotrophs in the marine environment. Adv Mi- 
crobial Ecol 6:171-198 

18. Novitsky JA, Morita RY (1976) Morphological characterization of small cells resulting from 
nutrient starvation of psychrophilic marine vibio. Appl Environ Microbiol 32:617-622 

19. Olsen RA, Bakken LR (1987) Viability of soil bacteria: optimization of the plate-counting 
technique. Microb Ecol 13:59-74 

20. Schmidt EC (1973) The traditional plate-count technique among modern methods. Bull Ecol 
Res Comm 17:453-454 



114 L.R.  Bakken and R. A. Olsen 

21. Tabor PS, Ohwada K, Colwell RR (198 I) Filterable marine bacteria found in the deep sea: 
distribution, taxonomy and response to starvation. Microb Ecol 7:67-83 

22. Torella F, Morita RY (1981) Microcultural study of bacterial size changes and microcolony 
and ultramicrocolony formation by heterotrophic bacteria in seawater. Appl Environ Microbiol 
41:518-527 

23. Zierdt CH (1979) Adherence of  bacteria, yeast, blood cells and Latex spheres 1o large-porosity 
membrane filters. Appl Environ Microbiol 38:1116-1172 


