
  

1979, 37(4):686.Appl. Environ. Microbiol. 
Johannes A. van Veen and Eldor A. Paul
 
Content
Biomass and Their Nutrient 

toVarious Moisture Tensions, 
Organisms, Grown Under
Measurements of Soil 
Conversion of Biovolume

http://aem.asm.org/content/37/4/686
found at: 
Updated information and services can be

These include:

CONTENT ALERTS

 more»
alerts (when new articles cite this article), 
Receive: RSS Feeds, eTOCs, free email

http://journals.asm.org/site/misc/reprints.xhtml
Information about commercial reprint orders: 

http://journals.asm.org/site/subscriptions/To subscribe to to another ASM Journal go to: 

 on M
arch 17, 2014 by C

O
LA

R
A

D
O

 S
T

A
T

E
 U

N
IV

http://aem
.asm

.org/
D

ow
nloaded from

 
 on M

arch 17, 2014 by C
O

LA
R

A
D

O
 S

T
A

T
E

 U
N

IV
http://aem

.asm
.org/

D
ow

nloaded from
 

http://http://aem.asm.org/content/37/4/686
http://aem.asm.org/cgi/alerts
http://aem.asm.org/cgi/alerts
http://journals.asm.org/site/misc/reprints.xhtml
http://journals.asm.org/site/subscriptions/
http://aem.asm.org/
http://aem.asm.org/
http://aem.asm.org/
http://aem.asm.org/


Vol.37, No.4APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Apr. 1979, p. 686-692
0099-2240/79/04-0686/07$02.00/0

Conversion of Biovolume Measurements of Soil Organisms,
Grown Under Various Moisture Tensions, to Biomass and

Their Nutrient Content
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Department of Soil Science, University of Saskatchewan, Saskatoon, Canada

Received for publication 22 January 1979

Direct microscopic measurements of biomass in soil require conversion factors
for calculation of the mass of microorganisms from the measured volumes. These
factors were determined for two bacteria, five fungi, and a yeast isolated from
soil. Moisture stress conditions occurring in nature were simulated by growth in
two media using shake cultures, on agar plates, and on membranes held at 34,
330, and 1,390 kPa of suction. The observed conversion factors, i.e., the ratio
between dry weight and wet volume, generally increased with increasing moisture
stress. The ratios for fungi ranged from 0.11 to 0.41 g/cm3 with an average of 0.33
g/cm3. Correction of earlier data assuming 80% water and a wet-weight specific
gravity of 1.1 would require a conversion factor of 1.44. The dry-weight specific
gravity of bacteria and yeasts ranged from 0.38 to 1.4 g/cm3 with an average of 0.8
g/cm3. These high values can only occur at 10% ash if no more than 50% of the
cell is water, and a specific conversion factor to correct past data for bacterial
biomass has not yet been suggested. The high conversion factors for bacteria and
yeast could not be explained by shrinkage of cells due to heat fixing, but shrinkage
during preparation could not be completely discounted. Moisture stress affected
the C, N, and P content of the various organisms, with the ash contents increasing
with increasing moisture stress. Although further work is necessary to obtain
accurate conversion factors between biovolume and biomass, especially for bac-
teria, this study clearly indicates that existing data on the specific gravity and the
water and nutrient content of microorganisms grown in shake cultures cannot be
applied when quantifying the soil microbial biomass.

The biomass of microorganisms does not rep-
resent a major fraction of the organic and inor-
ganic nutrient reservoirs of most ecosystems.
Models of carbon (C), nitrogen (N), and phos-
phorus (P) transformations, however, have
shown the biomass to be a major sink-source of
nutrients controlling the dynamics of the system
(10, 29, 33). Soil P redistribution is closely asso-
ciated with the cycling of bacteria and cell debris
(13). In P cycling, plants and microorganisms
utilize pools of labile inorganic P often produced
by microbial mineralization (10). Nitrogen cy-
cling calculations show that the N contained in
the soil biomass is often greater than the require-
ments for an annual crop (27), and mineraliza-
tion-immobilization rates have a strong influ-
ence on nitrogen fertility (7). In the case of C,
Jenkinson (16, 18) found that the biomass con-
stituted only 2.5% of the total soil organic C, but
12% of the "C from decomposing labeled rye-

t Present address: Association Euratom-ITAL, Wagenin-
gen, The Netherlands.

grass tissue was found in the biomass after 1
year of incubation. Changes in the biomass had
a large effect on C mineralization.

Plate counts are known to greatly underesti-
mate the size of populations in natural systems
(5, 32). Microscopic techniques for biovolume
measurements have not been widely used be-
cause they are exceptionally time consuming (J.
A. van Veen, Ph.D. thesis, Free Reformed Uni-
versity, Amsterdam). Alternate chemical tech-
niques such as adenosine 5'-triphosphate mea-
surements (2, 21), incubation, and CO2 respirom-
etry after CHC13 treatment (16, 17) or after
substrate and antibiotic addition (1) have been
recently suggested. These indirect techniques,
however, require standardization and compari-
son with microscopic measurements.

Microscopic methods have recently been
made easier by the availability of epifluoresc-
ence microscopes and a range of fluorescent dyes
and immunofluorescent techniques. These allow
for separation of organisms on a morphological
and cell wall composition basis, but do not over-
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BIOMASS OF SOIL ORGANISMS 687

come all methodological problems inherent in
microscopic measurements (6, 20). Interpreta-
tion of microscopic measurements requires a
knowledge of the relationship between the bio-
volume observed under the microscope and the
biomass and nutrient content of the microorga-
nisms.

Conversion from biovolume to biomass usu-
ally utilizes arbitrary factors such as 80% (wt/
wt) water and a specific gravity of 1.1. These
values have been obtained from a range of earlier
work relating media composition to the compo-
sition of a number of microbial types (11, 30, 31).
They have not included studies of the effect of
growth under different soil conditions such as
varying moisture stresses.
To obtain data for conversion of biovolume

measurements to biomass, we grew soil isolates
(two bacteria, a yeast, and five filamentous
fungi) under shake and plate conditions and on
cellulose membranes where the microorganisms
were subjected to moisture stresses normally
encountered in the soil. Conversion ofbiovolume
to biomass was obtained by weighing known
volumes of microbial biomass, followed by nu-
trient analysis.

MATERIALS AND METHODS
Microorganisms utilized. Two bacteria (Arthro-

bacter globiformis and Enterobacter aerogenes) and
one yeast (Cryptococcus albidus) were used. Fungi
included Trichoderma harzianum, Penicillium sp.,
Fusarium oxysporum, and sterile dark and hyaline
forms. The organisms had been isolated from a Cher-
nozemic soil during studies involved with the Inter-
national Biological Programme (22, 26).

Media. Bacteria were grown in nutrient broth or
nutrient agar (Difco) and fungi on potato dextrose
broth, potato dextrose agar (Difco), or a soil extract
medium. Soil extract was made by autoclaving and
extracting a fine sandy loam (Bradwell) with 1 liter of
water per kg of soil. After extraction, 0.4 g of K2HPO4,
0.4 g of NH4NO3, and 1 g of glucose were added per
liter of extract. The pH was adjusted to 7.4 for bacteria
and 5.6 for fingi. Agar plates were prepared by adding
1.5% agar (Difco).
Growth conditions. Organisms were grown in

shake culture, on agar plates, and at three moisture
stresses at room temperature. To obtain the different
moisture stresses, polyethylene glycol with a molecu-
lar weight of 20,000 (PEG 20,000; Fisher Scientific)
was dissolved in the liquid medium at concentrations
of 14 and 27 g per 100 g of solution. The microorga-
nisms were grown on a cellulose membrane with a
pore diameter that excluded material having molecu-
lar weight greater than 10,000 (Visking). This was
placed on a petri dish filled with the polyethylene
glycol-nutrient solution. Care was taken that the con-
tact between the membrane and the solution was
max:imal. Bacteria were also grown at 34 kPa of tension
by growing them on a 0.2-gm-pore-diameter polycar-

bonate filter (Nuclepore Corp., Pleasanton, Calif.) held
at the appropriate tension by a water column.

After 5 days of incubation, the microorganisms were
harvested and washed twice with a 0.85% NaCl solu-
tion that had been filtered (0.2-ILm pore size) and
autoclaved. After washing and centrifuging, the orga-
nisms were taken up in 50 ml of the NaCl solution and
used as stock solution. A 1:10 dilution of the stock
solution was used for counting and weighing.
Osmotic potential. The osmotic potentials of the

polyethylene glycol solutions as well as of the agar
plates were determined with a thermocouple psy-
chrometer. A concentration of 14 g of polyethylene
glycol per 100 g of solution yielded an osmotic tension
of 330 kPa (3.25 + 0.1 atm); 27 g of polyethylene glycol
per 100 g of solution resulted in a tension of 1,394 kPa
(13.75 ± 0.25 atm). To measure the osmotic potential
that microorganisms are subjected to during growth
on an agar plate, the percentage loss of water from the
agar versus the osmotic potential was determined dur-
ing the incubation period.
Microscopic measurements. Numbers of bacteria

and yeasts were determined using fluorescein isothio-
cyanate staining and fluorescence (3), counting 20
fields on each of four smears. They were also deter-
mined with the Levy bacterial chamber with a depth
of 0.1 mm, counting 16 fields per sample. Volumes of
50 representatives of each organism type were deter-
mined on heat-fixed fluorescein isothiocyanate-stained
slides and in wet preparations utilizing glyceraldehyde
as a fixing agent. Fungi were observed using water-
soluble aniline blue (BDH Chemicals, England) as the
staining agent (28).

Microscopic determinations were carried out with
a Carl Zeiss microscope equipped with epifluorescence.
Bacterial counts and volume measurements were car-
ried out at a magnification of 1,560, the yeast and fungi
at a magnification of 625. Bacterial rods were assumed
to be cylinders with spherical ends. After the length
and the width were measured, the volume was calcu-
lated by adding the volumes of the two half-spheres
with radium equal to 0.5x the width of the rod, plus
length equal to the length of the rod minus 2x the
radium of the half-spheres, i.e., the width of the rod.

Weights. The weights of the microorganisms were
determined by filtering 10 ml of a 1:10 dilution through
a 0.2-gm Nuclepore filter. The filters were prewashed
in sterile, filtered (0.2 ,um) water and dried to constant
weight. The filters plus microorganisms were dried at
110°C to constant weight. Four replicates of the solu-
tion with microorganisms as well as the NaCl solution
only were used.

Nutrient analysis. The C content of freeze-dried
preparations was determined with a wet combustion
procedure (24). The reaction miixture of K2Cr2O7 and
H2504 was previously mixed and cooled instead of
added separately, and the heating time was extended
to 45 min.

For N and P determination, freeze-dried microor-
ganisms were digested in 1 ml of concentrated H2SO4
and 2 to 4 drops of H202 at 225°C for 1.5 h. The digest
was transferred to 50-nml flasks and diluted to volume
(34). Solution N and P were analyzed with a Technicon
AutoAnalyzer II. The ash content of dried cultures
was determined after heating at 550°C for 2 h.

VOL. 37, 1979

 on M
arch 17, 2014 by C

O
LA

R
A

D
O

 S
T

A
T

E
 U

N
IV

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/
http://aem.asm.org/


688 VAN VEEN AND PAUL

RESULTS

Comparison of the fluorescein isothiocyanate
smears with phase-contrast observation of the
undried organisms in a bacterial counting cham-
ber indicated that unclumped organisms showed
similar counts for bacteria and yeasts. Under
certain cultural conditions, E. aerogenes and
occasionally Arthrobacter formed clumps. Un-
der these conditions, fluorescein isothiocyanate
smear technique accounted for 80% of the num-
ber found utilizing the counting chamber (data
not shown). However, this clumping, attributed
to extracellular polymers such as polysaccha-
rides, has not been found to be a major factor in
soil smears after treatment with a Waring
blender.
The greatest potential contributor to the error

in biovolume measurements was considered to
be the range in size of the organism. A. globifor-
mis showed a fivefold range in size under most
growth conditions, with no significant difference
between heat-fixed and wet-fixed preparations
(Table 1). The average volumes for the different
treatments ranged from 0.43 to 0.87 ,um3; the
average volume of the organisms growing on the
more complex but lower nutrient content soil
extract was two-thirds the volume of those
grown in nutrient broth. No significant size dif-
ferences were found for the effect of moisture
stress.
Data for E. aerogenes and the yeast C. albi-

dus did not show similar large size differences
between different media. However, the range in
size of individual organisms was again great (Ta-
ble 2). These data confirm the observation of
Jenkinson et al. (19), who indicated that an

accurate volume measurement is a prerequisite
for biomass determinations when conducting
microscopic counts. The average volume of soil

TABLE 1. Average and variation in volumes ofA.
globiformis measured on heat-fixed smears and in
wet-fixed preparations after growth under different

conditions

Vol (Pm3)

Growth condi- Heat-fixed smears Wet-fixed smears
tions'

Range Avg Range Avg
Vol Vol

Shake culture, NB 0.23-1.48 0.65 0.19-0.98 0.65
Shake culture, SE 0.19-0.98 0.51 0.23-0.98 0.52
3.25 atm, NB 0.32-2.1 0.80 0.32-2.1 0.85
3.25 atm, SE 0.10-1.1 0.42 0.10-1.5 0.50
13.75 atm, NB 0.34-2.1 0.83 0.32-2.1 0.87
13.75 atm, SE 0.23-1.5 0.69 0.23-1.5 0.69
Agar plate, NA 0.32-1.98 0.81 0.23-1.1 0.62
Agar plate, SEA 0.14-0.71 0.43 0.19-0.98 0.44

a NB, Nutrient broth; SE, soil extract; NA, nutrient agar;

SEA, soil extract agar.

APPL. ENVIRON. MICROBIOL.

TABLE 2. Average and variation in volumes ofE.
aerogenes and C. albidus grown under different
conditions as measured on heat-fixed smears

Vol (,m3)

Growth conditions' E. aerogenes C. albidus

Range Avg vol Range Avg vol

Shake culture, lab 0.2-1.5 0.70 13-106 47
medium

Shake culture, SE 0.3-1.5 0.76 5-94 40
3.25 atm, lab medium 0.2-0.9 0.58 10-80 33
3.25 atm, SE 0.2-0.6 0.39 5-56 27
13.75 atm, lab me- 0.2-1.5 0.70 10-89 38
dium

13.75 atm, SE 0.2-1.2 0.58 4-63 27
Agar plate, lab me- 0.2-1.2 0.46 8-55 27
dium

Agar plate, SEA 0.2-1.0 0.46 7-49 19

aLab medium is nutrient broth (or agar) for E. aerogenes
and potato dextrose broth (or agar) for C. albidus. SE, Soil
extract; SEA, soil extract agar.

organisms in situ (2, 4, 12) is smaller than the
average shown in Tables 1 and 2. The tabular
data agree with the data of Luria (23). However,
they fall within the lower ranges observed for
most of the growth conditions.

Early work with pure cultures (30, 31) indi-
cated that the specific gravity of bacteria aver-
aged 1.1 with 80% water on a weight basis. At a
specific gravity of water of 1, the volume of
water in a cell of 1 ,um3 would be (1.1 x 0.80)/1
= 0.88 ,um3. The dry matter weighing 0.22 jg
would occupy 0.12 ,tm3, and the specific gravity
of the water-free cell contents would equal 1.83.
In this paper, we have not attempted to measure
the moisture content of microorganisms because
we feel that this would be an impossible factor
to consider under field conditions. The biovol-
ume of a large number of organisms was deter-
mined by microscopic observation, and the bio-
mass was determined by weight of a known
number of washed cells. Division of the biomass
by the biovolume results in the conversion fac-
tors shown in Tables 3 and 4. These values
represent the dry weight of the microorganisms
divided by the original volume, and therefore
they are an expression of the specific gravity of
the organisms on a moisture-free basis. The
literature values of specific gravity (1.1 and 80%
water, wt/wt) can be transformed to a similar
conversion factor. Since 12% of the cell is mate-
rial with a specific gravity of 1.83, the conversion
factor for 80% water on a weight basis and a wet-
weight specific gravity of 1.1 would be 0.22.
Data for C. albidus grown in shake culture

(Table 3) show the average specific gravity on a
dry-weight basis to be 0.44. Growth under mois-
ture stress resulted in a doubling of this value.
Conversion factors for T. harzianum grown in
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BIOMASS OF SOIL ORGANISMS 689

TABLE 3. Conversion factors for determining biomass from biovolume for A. globiformis, E. aerogenes, C.
albidus, and T. harzianum for different growth conditions

Conversion factor (g/cm3)
Growth conditions'

A. globiformis E. aerogenes C. albidus T. harzianum

Shake culture, lab medium 0.6 ± 0.1 0.7 ± 0.2 0.5 ± 0.1 0.23 ± 0.03
Shake culture, SE 0.8 ± 0.2 0.7 ± 0.1 0.38 ± 0.04 0.11 ± 0.02
3.25 atm, lab medium 0.9 ± 0.3 0.9 ± 0.1 0.8 ± 0.2 0.30 ± 0.1
3.25 atm, SE 0.9 ± 0.3 0.6 ± 0.1 0.9 ± 0.2 0.04 ± 0.19
13.75 atm, lab medium 1.0 ± 0.2 1.2 ± 0.2 1.1 ± 0.2 0.41 ± 0.1
13.75 atm, SE 1.3 ± 0.3 0.7 ± 0.2 0.7 ± 0.2 0.30 ± 0.1
Agar plate, lab medium 1.2 ± 0.3 1.0 ± 0.2 1.4 ± 0.2 0.18 ± 0.01
Agar plate, SEA 1.4 ± 0.3 1.0 ± 0.2 1.0 ± 0.2 0.21 ± 0.05

a Lab medium is nutrient broth (or agar) for E. aerogenes and potato dextrose broth (or agar) for C. albidus.
SE, Soil extract; SEA, soil extract agar.

TABLE 4. Conversion factors for four fungi grown
under different conditions to calculate biomass from

biovolume
Conversion factor (g/cm3) under

growth conditions:
Fungi

Shake cul- Plate, 34 kPa,
ture, PDB PDA PDB

Sterile hyaline 0.11 ± 0.04 ND ND
Sterile dark ND 0.3 ± 0.1 ND
Penicillium sp. 0.1 0.2 0.3
Fusarium oxysporum 0.2 0.2 0.4

a PDB, Potato dextrose broth; PDA, potato dextrose agar.
ND, Not determined.

shake culture or on agar are low, ranging from
0.11 to 0.23 g/cm3. However, the average factor
for this organism when subjected to osmotic
tensions was 0.325 g/cm3. Growth of Penicillium
and Fusarium isolates under a stress of 34 kPa
(1/3 atm) yielded a factor of 0.35 g/cm3 (Table
5) with normal laboratory conditions, again re-
sulting in lower densities.
The two bacterial isolates yielded very high

conversion values even under nonstressed
growth conditions (Table 3). The data in Table
3 also show a general increase in weight per unit
volume for all the organisms as the growth con-
ditions were altered from shake culture to
growth under increasing moisture stresses. Al-
though the laboratory media had altered the size
of the individual organisms (Tables 1 and 2),
there was no consistent effect on the weight per
unit volume that could be attributed to sub-
strate.
The contents of C, N, P, and ash in Table 5

are within the wide range of values found in the
literature (9, 15, 23, 30, 36). However, most val-
ues for the P content of the bacteria and the
yeasts and the C content of A. globiformis are
somewhat below the average values reported,
i.e., 2 to 6% P and 40 to 55% C of the dry weight.
The effect of moisture stress on the nutrient

content of the various organisms seems to be
fairly consistent for a particular strain with re-
spect to the two growth media. They differ for
different organisms, with the ash content gen-
erally increasing when the organisms were
grown under higher moisture stress.

All organisms were grown on soil extract un-
der the 3.25- and 13.75-atm moisture stress, and
therefore nutrient content comparisons can be
made for the different organisms. A. globiformis
had an average N content of 7.3%, E. aerogenes
9.6%, C. albidus 2.0%, and the filamentous fun-
gus, T. harzianum, contained 4.0% N on a dry-
weight basis. The bacteria were grown on nutri-
ent broth rich in organic N and on soil extract
supplemented with inorganic N. The N content
under these conditions could not be expected to
represent the N content of organisms in soil
under N-starved conditions, but could represent
conditions where free mineral N is found. Simi-
larly, microbial P values under soil conditions
are very sensitive to levels of available P (B.
Chauhan, J. Stewart, and E. Paul, Trans. 11th
Cong. Soil Sci., 1:17, 1978).

Potato dextrose broth utilized for fungal stud-
ies is a medium more representative of condi-
tions in many soil types than is the rich nutrient
broth used for bacteria. Under these conditions,
both the C. albidus and the Trichoderma
showed lower but variable N and P levels (Table
5). The high C values for C. albidus have been
attributed to lipids; observations showed that
large portions of the cell did not fluoresce upon
staining with fluorescein isothiocyanate.

DISCUSSION
Bacteria and yeast grown on agar plates

showed a high weight-to-volume ratio. The pos-
sibility that this might be due to increased mois-
ture stresses as the plates dried out was investi-
gated. However, water loss from the agar, which
was observed to be proportional to the thickness

VOL. 37, 1979
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TABLE 5. C, N, P, and ash contents of microbes grown under different conditions
Content (% dry wt)

Organism Growth conditionsa
C N P Ash

A. globiformis Shake culture, NB 34.8 ± 0.2 8.0 ± 0.3 1.93 ± 0.01 2.1
3.25 atm, NB 37.1 ± 0.3 7.9 ± 0.2 1.53 ± 0.01 6.6
13.75 atm, NB 35.6 ± 0.2 7.2 ± 0.2 1.98 ± 0.06 5.6
Agar plate, NA 39 ± 2 8.9 ± 0.2 1.38 ± 0.05 NDb
Shake culture, SE 38 ± 1 ND ND ND
3.25 atm, SE 36 ± 2 8.1 ± 0.02 1.12 + 0.01 ND
13.75 atm, SE 38 ± 3 6.46 ± 0.07 1.86 ± 0.02 ND

E. aerogenes Shake culture, NB 36.4 ± 0.3 11.1 ± 0.2 1.98 ± 0.01 7.5
3.25 atm, NB 40.3 ± 0.6 11.1 ± 0.9 1.56 ± 0.04 8.9
13.75 atm, NB 48 ± 2 9.1 ± 0.3 1.45 ± 0.07 26.0
Agar plate, NA 41.6 ± 0.8 9.7 1.52 ND
Shake culture, SE 40 ± 1 ND ND ND
3.25 atm, SE 39 ± 2 10.4 ± 0.2 1.53 ± 0.02 8.7
13.75 atm, SE 47.2 ± 0.5 9.1 ± 0.2 1.11 ± 0.03 ND

C. albidus Shake culture, PDB 55 ± 2 2.0 ± 0.1 0.46 ± 0.04 2.4
3.25 atm, PDB 60 ± 2 0.74 ± 0.03 0.091 ± 0.001 0.8
13.75 atm, PDB 66 ± 1 0.48 ± 0.04 0.094 ± 0.005 1
Agar plate, PDA 64 ± 4 1.55 ± 0.05 0.28 ± 0.02 13.4
Shake culture, SE 44.0 ± 0.01 5.1 ± 0.3 1.21 ± 0.08 1.5
3.25 atm, SE 55.0 ± 0.07 2.0 ± 0.1 0.34 ± 0.04 0
13.75 atm, SE 63.7 ND ND ND

T. harzianum Shake culture, PDB 43.9 ± 0.8 1.16 ± 0.02 0.15 ± 0.04 0.5
3.25 atm, PDB 43.4 ± 0.1 2.76 ± 0.03 0.19 ± 0.01 0.9
13.75 atm, PDB 37.3 ± 0.7 3.93 ± 0.1 0.38 ± 0.01 ND
Agar plate, PDA ND ND ND ND
Shake culture, SE 41 ± 1 ND ND ND
3.25 atm, SE 38 ± 1 3.3 ± 0.2 0.229 ± 0.003 ND
13.75 atm, SE 38 ± 2 4.7 ± 0.01 0.39 ± 0.07 ND

a NB, Nutrient broth; NA, nutrient agar; SE, soil extract; PDB, potato dextrose broth; PDA, potato dextrose
agar.

b ND, Not determined.

of the agar layer, never exceeded 30% during the
5 days of incubation. This resulted in a moisture
stress of less than 101 kPa (1 atm). A more
appropriate explanation for the high conversion
factors might be contamination caused by the
harvesting procedure, which involved gentle
scraping of the organisms from the agar plates.
The data for the fungi unequivocally show

that shake culture results, where organisms are
grown without moisture stress, cannot be ap-
plied to field conditions. The fungal data for the
various stress conditions are also consistent
enough to allow the calculation of an average
specific gravity on a dry-weight basis. The range
in fungal conversion factors, for organisms grown
under conditions of 34 to 1,394 kPa of moisture
stress, was 0.10 to 0.41 g/cm3, with an average of
0.323. This is 44% higher than the literature
values utilized in the calculations of Babiuk and
Paul (3) and Clark and Paul (8). Correction of
the earlier data would require a multiplication
factor of 1.44 for most soil moisture conditions.

The high mass-to-volume ratios for the bac-
teria are difficult to explain. Jenkinson found a
20% drop in cell biovolume on heat fixing (19).
We did not find any volume differences between
wet- and dry-fixed organisms. Other aspects,
such as shrinkage during preparation, could not
be completely discounted and could account for
the high conversion factors. However, shrinkage
would not alter the calculation of soil biomass
as long as the proportion of shrinkage was the
same for the laboratory cultures and the orga-
nisms in the soil. The increase in the dry weight-
to-volume ratio, i.e., the conversion factor, was
related to increased ash content. In the case of
E. aerogenes grown at 1,394 kPa, 25% of the
total cell weight was ash. This could account for
the high weight-to-volume ratio. The average
conversion factor for the bacteria and yeasts is
0.8 g/cm3. At 10% ash with a specific gravity of
2.65 and organic materials with a specific gravity
of 1.55 (35), the void content that normally
would be filled by water would be 51%. Orga-

690 VAN VEEN AND PAUL APPL. ENVIRON. MICROBIOL.
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BIOMASS OF SOIL ORGANISMS 691

nisms grown under moisture stress have not
received much study; values such as this, al-
though they appear very low, cannot be dis-
counted.
The variation shown for these few bacteria

and the yeast is not great and is independent of
medium type, although affected by moisture
stress. The average conversion factor of 0.8 g/
cm3 would raise the bacterial biomass values in
previously reported studies from this laboratory
by the factor of 0.8/0.22 = 3.63. The bacteria
previously accounted for 20% of the soil biomass.
The use of the conversion factors discussed in
this paper would raise the bacterial-plus-fungal
biomass estimates by a factor of 1.88, with bac-
teria accounting for 39% of the sum of bacterial
plus fungal biomass.

Microscopic biomass measurements were ear-
lier criticized as giving values that were far too
high; however, the soil bacteria and fungi
counted microscopically only accounted for ap-
proximately 50% of the biomass determined by
other techniques such as chloroform or adeno-
sine 5'-triphosphate (29). Jenkinson et al. have
shown that filamentous fungi and bacteria ac-
count for approximately two-thirds of the total
biovolume (19). We have also observed a large
number of spherical forms ranging in size from
3 to 10 pm in diameter, but have not yet found
adequate methods for staining and biovolume
measurements. The inclusion of biovolume es-
timates for organisms other than bacteria and
fungi and the use of biovolume-biomass conver-
sion factors that take into account soil conditions
would decrease the discrepancy between micro-
scopic and chemical techniques.
The large number of replicates, the very ac-

curate weighing, and the detailed microscopic
measurements required in a study such as we
report make it difficult for us to suggest that
authors always measure biomass-to-biovolume
ratios. However, this study has definitely indi-
cated that shake culture data are not applicable
to soil conditions. Conversion factors of 0.33, as
found in this paper for fungi, are suggested.

It is difficult to accept the dry weight-to-bio-
volume ratio of 0.8 found for bacteria as reported
earlier in this paper. Transformation of these
data to a wet weight basis would result in a
maximum possible water content of 51%. The
specific gravity of the wet cell under these con-
ditions would be 1.3 rather than the generally
accepted value of 1.1 for laboratory-grown cul-
tures. Faegri et al. (12), using CsCl2 density
gradients of organisms actually separated from
soil, found a specific gravity of 1.3 for the soil
bacteria. Our data therefore are in agreement
with these findings.

Hansen et al. (14), in calculating the biomass
of soil organisms, utilized a specific gravity of
1.3. They assumed a dry matter content of 17%,
whereas Faegri et al. (12) assumed the dry mat-
ter to be 20%. According to our calculations,
these water contents are not feasible; 80% (wt/
wt) water of a 1-pm3 organism weighing 1.3 ,ug
would result in 1.04 jug of water. At normal
temperatures the water would occupy a larger
volume than the total cell of 1 pUm3. To confirm
or reject the biomass-to-biovolume ratio of 0.5
to 0.8 on a dry-weight basis requires further
work, and we look forward to other studies from
our own and other laboratories.

ACKNOWLEDGMENTS
The research was carried out under the auspices of the

National Science and Engineering Research Council of Can-
ada with the excellent technical assistance of Peggy Edward-
son.

LITERATURE CMD
1. Anderson, J. P. E., and K. H Domsch. 1978. A physi-

ological method for the quantitative measurement of
microbial biomass in soils. Soil Biol. Biochem. 10:215-
221.

2. Ausnus, B. S. 1973. The use of the ATP assay in terres-
trial decomposition studies. Bull. Ecol. Res. Comm.
(Stockholm) 17:223-234.

3. Babiuk, L A., and E. A. Paul. 1970. The use of fluores-
cein isothiocyanate in the determination of the bacterial
biomass of grassland soil. Can. J. Microbiol. 16:57-62.

4. Balkwell, D. L, D. P. Labeda, and L E. Casida, Jr.
1975. Simplified procedures for releasing and concetn-
trating microorganisms from soil for transmission elec-
tron microscopy viewing as thin-sectioned and frozen-
etched preparation. Can. J. Microbiol. 21:252-262.

5. Campbell, R. 1977. Basic microbiology, vol. 5. Microbial
ecology. John Wiley & Sons, New York.

6. Casida, L E., Jr. 1971. Microorganisms in unamended
soil as observed by various forms of microscopy and
staining. Appl. Microbiol. 21:1040-1045.

7. Clark, F. E. 1967. Bacteria in soil, p. 15-47. In Soil
biology. Academic Press Inc., New York.

8. Clark, F. E., and E. A. Paul. 1970. The microflora of
grassland. Adv. Agron. 22:375-435.

9. Cochrane, V. W. 1958. Physiology of fungi. Wiley & Sons,
Inc., New York.

10. Cole, C. V., G. S. Innis, and J. W. B. Stewart. 1977.
Simulation of phosphorus cycling in a semi-arid grass-
land. Ecology 58:1-15.

11. Cummins, K. W., and J. C. Wuycheck. 1971. Caloric
equivalents for investigations in ecological energetics.
Mitt. Internat. Verein. Limnol. 18:1-158.

12. Faegri, A., V. G. Torsvik, and J. Goksiyr. 1977. Bac-
terial and-fungal activities in soil: separation of bacteria
and fungi by a rapid fractionated centrifugation tech-
nique. Soil Biol. Biochem. 9:105-112.

13. Hannapel, R. J., W. H. Fuller, and R. H. Fox. 1964.
Phosphorus movement in a calcareous soil. II. Soil
microbial activity and organic phosphorus movement.
Soil Sci. 97:421-427.

14. Hansen, J. F., T. F. Thingstad, and J. Goks0yr. 1974.
Evaluation of hyphal lengths and fungal biomass in soil
by a membrane filter technique. Oikos 25:102-107.

15. Hawker, L. E. 1950. Physiology of fungi. University of
London Press, Ltd., London.

16. Jenkinson, D. S. 1966. Studies on the decomposition of

VOL. 37, 1979

 on M
arch 17, 2014 by C

O
LA

R
A

D
O

 S
T

A
T

E
 U

N
IV

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/
http://aem.asm.org/


692 VAN VEEN AND PAUL

plant material in soil. II. Partial sterilization of soil and
the soil biomass. J. Soil Sci. 17:280-302.

17. Jenkinson, D. S. 1976. The effects of biocidal treatments
on metabolism in soil. IV. The decomposition of fumi-
gated organisms in soil. Soil Biol. Biochem. 8:203-208.

18. Jenkinson, D. S. 1977. Studies on the decomposition of
plant material in soil. IV. The effect of rate of addition.
J. Soil Sci. 28:417-423.

19. Jenkinson, D. S., D. S. Powlson, and R. W. M. Wed-
derburn. 1976. The effects of biocidal treatments on
metabolism in soil. III. The relationship between soil
biovolume measured by optical microscopy and the
flush of decomposition caused by fumigation. Soil Biol.
Biochem. 8:189-202.

20. Jones, J. G., and B. M. Simon. 1975. An investigation of
errors in direct counts of aquatic bacteria by epifluoresc-
ence microscopy with reference to a new method for
dyeing membrane filters. J. Appl. Bacteriol. 39:317-329.

21. Lee, C. C., R. F. Harris, J. D. H. Williams, J. K. Syers,
and D. E. Armstrong. 1971. Adenosine triphosphate
in lake sediments. II. Origin and significance. Soil. Sci.
Soc. Am. Proc. 35:86-91.

22. Lowe, W. E., and E. A. Paul. 1974. Soil microorganisms.
III. Numerical taxonomy of aerobic, heterotrophic bac-
teria. Matador Projct Technical Report no. 66. Univer-
sity of Saskatchewan, Saskatoon.

23. Luria, S. E. 1960. The bacterial protoplasm: composition
and organization, p. 1-34. In I. C. Gunsalus and R. Y.
Stanier (ed.), The bacteria, vol. 1. Academic Press, New
York.

24. Nelson, D. W., and L. E. Somers. 1975. A rapid and
accurate procedure for estimation of organic carbon in
soils, p. 456-462. Indiana Academy of Science, Indian-
apolis.

25. Parkinson, D. 1970. Methods for quantitative study of
heterotrophic soil micro-organisms, p. 101-105. In J.
Phillipson (ed.), Methods of study in soil ecology.
UNESCO, Paris.

26. Parkinson, D., and G. C. Bhatt. 1974. Soil fungi. I.

Studies on the nature of fungal populations. Matador
Project Technical Report no. 53. University of Sas-
katchewan, Saskatoon.

27. Paul, E. A. 1976. Nitrogen cycling in terrestrial ecosys-
tems, p. 225-243. In J. 0. Nriagu (ed.), Environmental
biogeochemistry, vol. 1. Ann Arbor Science Publishers,
Inc., Ann Arbor, Mich.

28. Paul, E. A., and R. L. Johnson. 1977. Microscopic
counting and adenosine 5'-triphosphate measurement
in determining microbial growth in soils. Appl. Environ.
Microbiol. 34:263-269.

29. Paul, E. A., and J. A. van Veen. 1978. The use of tracers
to determine the dynamic nature of organic matter, p.
61-102. Trans. 11th Int. Congr. Soil Sci., Edmonton,
Canada.

30. Porter, J. R. 1946. Bacterial chemistry and physiology.
John Wiley & Sons, Inc., New York.

31. Ruffilli, D. 1933. Untersuchungen uber das spesifische
Gewicht von Bakterien. Biochem. Z. 263:63-74.

32. Skinner, F. A., P. C. T. Jones, and J. E. Mollison.
1952. A comparison of a direct- and a plate-counting
technique for the quantitative estimation of soil micro-
organisms. J. Gen Microbiol. 6:261-271.

33. Tanji, K. K., and S. K. Gupta. 1978. Computer simula-
tion modelling for nitrogen in irrigated croplands, p. 79-
130. In D. R. Nielsen and J. G. MacDonald (ed.),
Nitrogen in the environment, vol. 1. Academic Press,
New York.

34. Thomas, R. L., R. W. Sheard, and J. R. Moyer. 1968.
Comparison of conventional and automated procedures
for nitrogen, phosphorus and potassium analysis of
plant material using a single digestion. Agron. J. 59:
240-243.

35. Weast, R. C. (ed.). 1977. Handbook of chemistry and
physics, 56th ed. Chemical Rubber Co., Cleveland.

36. Whitaker, D. R. 1951. Studies in the biochemistry of
cellulolytic microorganisms. I. Carbon balances of
wood-rotting fungi in surface culture. Can. J. Bot. 29:
159-175.

APPL. ENVIRON. MICROBIOL.

 on M
arch 17, 2014 by C

O
LA

R
A

D
O

 S
T

A
T

E
 U

N
IV

http://aem
.asm

.org/
D

ow
nloaded from

 

http://aem.asm.org/
http://aem.asm.org/

