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Abstract

A continuous nutrient flow system has been developed to measure microbial activity in soil with various
concentrations of added substrate. The system consists of a thin soil layer through which substrate was added
continuously over periods up to 4.5 days. Substrate utilization was determined by effluent analysis. Respira-
tion was measured manually by injecting a sample into a gas chromatograph or automatically by coupling
the growth chamber to a computer-controlled gas sampling valve. This permitted respiratory CO, to be
measured by the gas chromatograph at intervals selected by the investigator. Software controlling the valve
and gas chromatograph not only automated gas phase sampling, but also provided a scan of CO, evolution
and a preliminary data summary. This included the date and time of sample, peak height, and percent CO,
in the gas phase. Data for growth on glucose using a microbial population native to a California annual
grassland soil demonstrated that the direct cell count and respiratory techniques for biomass estimation give
comparable results. This procedure provides the potential for detailed analyses of substrate utilization in
studies of the growth and maintenance of soil microorganisms.

Introduction siological state of microorganisms in soil culture
(Stotzky, 1958). Perhaps the best known and most

Traditional methods of estimating microbial widely used of the procedures is the “Perfusion
growth in terrestrial systems have relied upon the Technique” (Lees and Quastel, 1946) developed to
batch or static culture of organisms in various study soil nitrification. This technigue relies on
media or in aliquots of soil (Alexander, 1986). perfusing soil with a source of nitrifiable material,
These techniques have provided considerable in- thereby overcoming some of the difficulties asso-
formation about the types and numbers of organ- ciated with batch cultures. Specifically, the water
isms, their ability to grow on various substrates, content of the soil column can be kept at levels
and the rates of physiological and biochemical above saturation throughout the course of the
transformations. However, static cultures develop experiment. Macura (1961) modified the perfusion
growth conditions where the physiological state of apparatus by replacing the circluation feature with
the culture is constantly changing due to the de- the incremental addition of substrate. Using the
pletion of substrate and the accumulation of meta- modified apparatus, data collected in nitrification
bolites. studies (Macura and Kunc, 1965) were similar to
Attempts have been made to control the phy- those reported-earlier by Lees and Quastel (1946).
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Both the perfusion and the incremental flow
procedures operate at moisture levels greater than
saturation and rely on air-saturated substrate to
maintain aerobiosis within the column.

The development of methodology to measure
rates of nutrient transformation in soil and to
mathematically express microbial growth on easily
degradable carbohydrates (Nannipieri et al., 1978;
Paul and Voroney, 1984) has led to a requirement
for growth measurements at predetermined soil
moisture stresses. The use of automated CO, meas-
uring devices (Brooks and Paul, 1987) can be com-
bined with the analysis of eluate from a soil culture
to determine the fate of microbial metabolites in
this complex growth matrix. We have developed a
continuous-flow procedure that permits control of
the physiological state of the culture and the mois-
ture level while making it possible to measure un-
utilized substrate. In this study, laboratory experi-
ments were conducted to relate evolution of CO,
and utilization of substrate to the production of
biomass using both static culture and our con-
tinuous-flow techniques.

The objectives of this study were to develop con-
tinuous-flow methodology for the culture of soil
microorganisms, to compare those results with
corresponding data from static cultures, and deter-
mine the extent to which the system could be auto-
mated.

Materials and methods
Soil

The soil used in this study was a Mollic ha-
ploxeralf of the Argonaut series from an oak-grass
savannah in the lower Sierra foothills of California.
These soils are formed from highly weathered basic
igneous rocks in a Mediterranean type climate.
This site typically receives 60cm annual rainfall.
The soil pH was 5.9; organic carbon, 2.6%; pho-
sphate, 2.1%; and nitrogen, 0.22%. The carbon/
nitrogen ratio was 12 (Smith and Paul, 1985).

Soil samples were collected from a depth of
0—4cm in the above study site, moistened and in-
cubated for 5 days at room temperature (25-27C)
and then screened through a 2-mm sieve. Aliquots
of the prepared soil were stored at 5 + 2C until
used.

Continuous-flow culture apparatus

The continuous-flow culture apparatus was con-
structed from a Nucleopore (Pleasanton, CA)*.
Twin-lok membrane holder (47-mm diameter) with
a filter holder adapter attached to provide addition-
al headspace. A Millipore (Bedford, MA) fiberglass
prefilter was used to support a thin layer of soil.
The 13.0g (dry wt) of soil used in each growth
experiment formed a 3 to 4-mm layer when the
device was in operation.

After adding soil, the apparatus was placed into
a wide-mouthed Mason jar (500ml) and sealed
with a new dome lid. The lids were fitted with
Tygon tubing used for adding substrate, removing
effluent, and sampling the gas phase (Figure 1). A
Lachat (Mequon, WS) peristaltic pump regulated
substrate addition and effluent removal. The gas
phase was sampled by periodically pressurizing the
vessel with air using an automated valve assembly
(Brooks and Paul, 1987). For 12h prior to the
addition of substrate, a modified Johnson’s solu-
tion (Johnson, 1957) lacking additional nitrogen
was passed through the soil (9.6mlh™") to pack it
and to achieve the desired vacuum on the effluent
side of the device to maintain the soil at a field
capacity moisture lével. The concentration of the
modified Johnson’s solution (uM) was:
MgSO,-7H,0, 250, KH,PO,, 500; Kcl, 13;
H,BO,, 6.25; MnSO,-H,0, 0.50; ZnSO,-7H,0,
0.50; CuSO,-5H,0, 0.13; H,Mo0O, (as 85%
Mo0,), 0.13; Fe-EDTA, 5.00. This solution also
provided essential micronutrients for cell growth
where nutrients were being continuously flushed
from the system.

Automatic sampling valve

The 36-port sampling valve used in this inves-
tigation was operated by an IBM computer (Boca
Raton, FL) fitted with a Dascon I control board
and SRAOl and STAOl modules (Metrabyte
Corp., Stoughton, MA). This system operated the
valve motor and switched solenoids that controlled
air flow and gas chromatograph (GC) sampling
phases of CO, analysis. The control board and
BASIC software also provided preliminary calcula-

* Mention of trade names or commercial products does not
constitute endorsement or recommendation for use.
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Fig. 1. Schematic diagram of the automated continuous-flow system.

tions of the CO, data and the storage and retrieval
of this information by the computer (Brooks and
Paul, 1987).

Soil incubation experiments

Two types of experiments were run to test the
effectiveness of the continuous-flow system. The
first series was designed to test the nutrient flow and
CO, collection portions of the automated system.
Mason jars were modified to accept a small rubber
septum so that the gas phase could be sampled
daily and manually injected into a gas chromato-
graph (Varian, Model 90P) for CO, measurement a
gas-tight syringe. This system used a Poropak Q
column and a thermoconductivity detector. Known
CO, concentrations were used to calibrate and sys-
tem unit standards were run after every fifth sam-
ple.

B, D-glucose (Sigma Chemical Company, St.
Louis, MO) was added to the static culture jars in
concentrations ranging from 0.05 to 10.0mgCg™'
dry soil, and ammonium sulfate was added to make
an equivalent C:N ratio of 10:1. Both the glucose
and ammonium sulfate were prepared in modified
Johnson’s solution. Carbon and nitrogen were

aded to the continuous-flow cultures in the same
concentration and proportion, but the pump speed
and tubing size are adjustable to permit delivery of
a particular concentration over 1 day. For the ex-
periments reported here, the flow rate was
9.6 mlday ' using 0.57 mm diameter tubing. A ten-
sion of .01 KPa vacuum was maintained on the
effluent side of each continuous-flow culture to
keep soil moisture near field capacity.

The second series of experiments used the auto-
matic CO, sampling valve of Brooks and Paul
(1987). Carbon (B, D-glucose) was added at the
rate of 10mgC of both static and flow-through
cultures was sampled automatically every 4 hrs and
analzyed for CO,. In both series of experiments,
reported CO, values were calculated as the mean of
at least two cultures.

At the beginnng of each experiment and period-
ically throughout the course of each run, influent
and effluent samples and soil from static cultures
were collected from at least two cultures and meas-
ured for residual glucose using the Glucostat
technique (Sigma Chemical Company, St. Louis,
MO). Samples were analyzed in dulplicate within
an hour after collection. Liquid samples were
analyzed directly, but glucose was extracted from
the soil of static cultures by the method of Brookes
et al. (1985).
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Biomass determinations

At specific intervals during an experiment, re-
presentative static and continuous-flow cultures
were terminated and biomass determinations were
made. Bacterial numbers in samples were estimated
by the technique of Babiuk and Paul (1970). This
procedure utilizes fluorescein isothiocyanate
(FITC) stain and requires a fluorescence micros-
cope to visualize and count the bacteria. Fungi
were counted with the bright field microscope, and
smears were prepared and stained with phenolic
analine blue (Paul and Johnson, 1977). Bacterial
numbers and fungal hyphal lengths were measured
using an eyepiece grid in the microscope and, for
both the fungal and bacterial determinations, 20
fields were counted from each of two smears per
culture sampled.

Biomass estimates using the Respiratory Res-
ponse Method (Anderson and Domsch, 1978;
Smith et al., 1985) were made concurrently with the
bacteria and fungi counts. These analyses were
conducted in 50-ml Erlenmeyer flasks using 5g of
soil (wet wt) from both the static and the con-
tinuous-flow cultures. f, D-glucose (500 ug/g soil)
was added to each flask and incubated at 22 + 1C
for 2h, after which headspace CO, was sampled
through a rubber septum and measured by GC
analysis.

Since visual observations showed fungal mats
developing on the surface of the continuous-flow
cultures receiving 10mg C gm ' dry soil d~', sam-
ples were taken at the beginning and end of an
expermient, dried for 5d at room temperature
(25 27 C) coated with platinum, and observed with
an ISI, DS-130 (30 KV) scanning electron micros-
cope.

Results

The continuous-flow culturing system consists of
two parts: the nutrient cycling portion, and the CO,
sampling and analytical components (Fig. 1). The
pump speed regulated nutrient flow so further con-
trol by the computer was not necessary.

Several support bases for the soil culture layer
were evaluated, including various pore sizes of
membrane filters, glass wool, filter paper, sand, and
glass fiber prefilters. Of these supports, the inert

glass fiber prefilters provided the required strength
and unobstructed flow. Glass Mason jars of several
sizes were also evaluated; the 500-ml jars were
found most effective for our use. However, the size
of the jar used will depend on the number of sam-
ples taken per hour, the amount of CO, evolution,
and the sample size accommodated by the valve
and gas chromatograph.

Glucose concentrations of 10, 1.0, and
0.1mgCg ' dry soil d~' were used in the evalua-
tion of the continuous-flow procedure; initial glu-
cose concentrations for the static cultures were 10,
1.0, and 0.1 mg C g~ ' dry soil (Fig. 2). The constant
addition of substrate to the continuous-flow cul-
tures resulted in an increase in respiration through-
out the experiment, as expected. CO, evolution
from the static cultures increased and then declined
as substrate was depleted. Initially, however, all
cultures were respiring at the same rate.
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Fig. 2. Daily CO, evolution values for continuous-flow and
static growth in manual CO, injection system. So/id and open
points are shown for continuous-flow and static data, respective-
ly, for growth on glucose at 10mgC (®), 1.0mgC (a), and
0.1 mgC (m) g~! dry soil. (Data points are the mean of at least
2 replications + SEM.)
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Fig. 3. CO, evolution values for continuous-flow (a) static (O)
and control (@) cultures for growth on glucose (10mgCg™ ' dry
soil d~!) using the automated system. (Data points are the mean
of at least two replications + SEM.)

To evaluate the continuous-flow culture app-
aratus coupled with the automated valve and GC,
evolved CO, was automatically measured every 4 h
from cultures receiving 10mgCg™' dry soil day ™.
Respiratory rates increased logarithmically for 2.5
days, and reached a maximum of 0.82mgC
4h~'g " dry soil at day 4. The maximum respira-
tion rate observed for the static cultures was
0.05mgC 4h 'g~' dry soil (Fig. 3).

Both continuous-flow and static culture devices
were sacrificed daily for glucose and microbial bio-
mass analysis (Tables 1 and 2). Respiration data
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Table 1. Glucose utilization by microbial cells in the continuous-
flow (CF) and static (S) culture apparatus

Time  Growth Respiratory rate  Glucose remaining

(day) condition (mgCg'dry (mgCg™!
soil d7") dry soil)
0 Control 0.00 + 0.002° 10.0 + 0.00
1 CF 0.34 + 0.09 8.0 + 1.07
S 0.20 + 0.06 57 + 0.82
2 CF 0.89 + 0.13 54 1+ 0.80
S 0.26 + 0.07 4.1 + 0.59
3 CF 2.66 + 0.42 57 £ 0.79
S 0.13 + 0.04 0.3 + 0.04
4 CF 426 + 0.63 55+ 0.82
S 0.10 + 0.02 ND?

* ND = not detected.
® +SEM.

(Table 1) are expressed as 24-h values obtained
from the integration of the 4-h data (Fig. 3). In the
upper log phase of growth (3-d), 57% of the input
glucose concentration remained in the effluent of
the continuous-flow culture apparatus. Of the 43%
utilized by the microorganisms, 62% evolved as
CO, and approximately 38% of the carbon conver-
ted to cell mass. Glucose was virtually depleted
from the static cultures by the third day.

The general trend of microbial growth from the
direct cell count and respiratory response biomass
techniques is similar (Table 2). We feel that the
more favorable growth conditions occurring in the
continuous-flow apparatus resulted in a dramatic
increase in the fungal population. This observation

Table 2. Biomass estimates based on direct cell count and respiratory response methods for glucose (10mg C g™ dry soil) added to soil

samples under both continuous-flow (CF) and static (S) conditions

Time Growth Direct cell count method

Respiratory

(day) condition method
No. cells Hyphal length Biomass Total
(g7" dry (mg~! dry soil) (mgCg~' dry soil) biomass
soil x 10%) (mgCg™)
I —— dry soil)
Bacteria Fungi Bacteria Fungi Total
0 Control 1.83 £+ 0.93 107 + 23 0.12 + 0.06 0.10 + 0.04 0.22 £ 0.10 0.62 + 0.25
1 CF 333 £ 1.53 299 + 59 0.23 £ 0.11 0.28 + 0.10 0.51 £ 0.21 1.17 £ 0.42
S 2.19 + 0.79 299 + 59 0.15 + 0.09 0.28 + 0.11 043 + 0.20 0.97 + 0.38
2 CF 3.89 + 1.98 567 + 126 0.27 + 0.11 0.53 + 0.18 0.80 + 0.29 1.89 + 0.77
S 3.03 £+ 1.45 288 + 65 0.21 + 0.12 0.27 + 0.09 0.48 + 0.21 1.10 + 0.42
3 CF 5.46 + 2.07 3,770 + 829 0.38 + 0.20 3.52 + 0.64 391 + 0.84 4.17 + 1.04
S 478 + 1.86 567 + 113 033 + 0.18 0.53 £ 0.21 0.86 + 0.39 0.70 + 0.26
4 CF 3.51 £ 1.40 5,620 + 1,193 0.24 + 0.12 5.25 £ 1.09 549 + 1.21 7.24 + 1.66
S 329 + 1.74 288 + 56 0.22 + 0.11 0.27 £ 0.11 0.49 + 0.22 0.64 + 0.21

* +SEM.
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19KV 2.76KX 3.62F 4395
Fig. 4. Scanning electron microphotographs of soil from static and continuous-flow growth studies. Glucose concentratoins were
10mgCg™' dry soil and 10mgCg~' dry soil d~', respectively.

was confirmed by microphotographs that show the
development of a fungal mat in the continuous-
flow culture but not in the static culture (Fig. 4).

Discussion

Various types of soil column apparatus have
been developed to study degradation of organic
chemicals and process transformations by specific
organisms. These include soil columns which could
be periodically infused with water (or nutrient solu-
tions) (Chahal and Wagner, 1965), the soil per-
fusion apparatus (Lees and Quastel, 1946) and the
continuous cultivation apparatus developed by
Macura (1961). Because of basic design limitations
of these microcosms, soil moisture levels cannot be
controlled, and the lengthy column produces a soil
profile effect that results in differential sorption of
ions such as NH; (Paul and McLaren, 1975). Stu-
dies of microbial growth are best performed under
controlled moisture levels not greater than field
capacity (Orchard and Cook, 1983). The use of thin
soil layers and the effluent vacuum in this study
demonstrated that soil moisture could be controll-
ed and kept below 31 percent.

The results of th# investigation have shown that
a continuous-flow soil culture device can be con-
structed. Glucose utilization was not rate limiting
since only 45% of the available glucose per day was
utilized at the point of maximum CO, evolution.
Nitrogen was probably not limiting either, since
ammonium sulfate was applied at the ratio of

} f
18KV 735.0X%

10C:1 N. One can speculate that the rate-limiting
factor was space, some unidentified micronutrient,
or death and/or predation of the biomass (Pert,
1975; Jenkinson et al., 1976; Nannipieri et al., 1978;
Jenkinson and Ladd, 1981). It is interesting to note
that the bacterial biomass remained constant and
little difference was observed between continuous-
flow and static cultures. However, a substantial
increase in the fungal component was observed,
which suggests that these organisms have the abil-
ity to out-compete the other organisms when there
is a continued excess supply of substrate. This
phenomena also has been observed by others
(Nannipieri et al., 1978).

The error associated with the CO, and glucose
analyses was approximately 15%. We suspect this
error is associated with differences in the develop-
ing microbial flora from culture. This assumption is
consistent with the observation that CO, data ob-
tained from the automated valve and that obtained
manually are not significantly different (R* = 0.98)
(Brooks and Paul, 1986). The errors observed for
the biomass estimates are higher than those asso-
ciated with the chemical analyses. However, they
are similar to those observed by others (Babiuk and
Paul, 1970; Paul and Johnson, 1977). It may be
possible to significantly reduce the error by hom-
ogenizing the sample prior to taking aliquots for
bacterial and fungal estimates.

The development of the automatic valve by
Brooks and Paul (1987) and the availability of a
pump with good variable flow characteristics were
a prerequisite to the construction of this con-



tinuous-flow culture system. We have successfully
sampled at 24, 6, and 4 h intervals, but the maxim-
um number of samples is governed by the time
needed for analysis per sample and the total num-
ber of sample ports on the valve. The automatic
valve system can perform CO, analysis as precise as
present manual GC techniques thereby substant-
ally increasing the number of analyses that can be
performed. This system also has the unique advan-
tage of side-by-side comparisons of cultures and
offers better and more frequent sampling than can
be achieved otherwise.
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