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An Azospirillum brasilense Sp7 strain containing a plasmid-borne translational cy/N-gusA4 fusion was grown
in a continuous culture to quantitatively evaluate the influence of extracellular signals (such as O,) on
expression of the cytNOQP operon. The dissolved oxygen concentration was shifted at regular time intervals
before the steady state was reached. The measured (-glucuronidase activity was used to monitor cytN gene
expression. However, as the 3-glucuronidase activity in the experimental setup not only depended on altered
transcription of the hybrid gene when the signal was varied but was also influenced by cellular accumulation,
degradation, and dilution of the hybrid fusion protein, a mathematical method was developed to describe the
intrinsic properties of the dynamic bioprocess. After identification and validation of the mathematical model,
the apparent specific rate of expression of the fusion, which was independent of the experimental setup, could
be deduced from the model and used to quantify gene expression regulated by extracellular environmental
signals. In principle, this approach can be generalized to assess the effects of external signals on bacterial gene

expression.

Gene fusions containing reporter genes are widely used to
monitor and quantify the effects of external signals on bacterial
gene expression (11, 14). However, complications may arise if
the external signals, such as the levels of O, and other sub-
strates utilized by the bacteria, cannot be kept constant during
the test (7). Since O, level is a very important external signal
regulating expression of certain genes, a reliable method is
needed to study the influence of O, on bacterial gene expres-
sion.

The use of a continuous culture in an O,-stat to test the
influence of O, on expression of a gene represents a major
improvement in such studies (5, 12, 23, 24). In a continuous
culture the O, concentration can be adjusted easily; thus, the
effects of fluctuating cell densities and respiratory rates on O,
concentrations can be compensated for. When the effects of
constitutive O, shifts on gene expression are studied, measure-
ments in a continuous fermentation are usually taken after
establishment of a steady state (5, 12). Such experiments re-
quire extended fermentation times and therefore might involve
a high risk of biological instability problems.

An experimental setup in which measurements could be
taken after the O, shift occurs and before a steady state is
reached would significantly enhance analysis. It should be
noted that in such a setup the absolute expression level not
only is dependent on altered transcription of the hybrid gene
when the signal is varied but also is influenced by the cellular
accumulation, degradation, and dilution rate of the hybrid
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fusion protein. (It should also be noted that even in a steady
state, the absolute value for fusion protein activity depends on
the implemented dilution rate and therefore is not completely
independent of the experimental setup.) Therefore, a reliable
method which is independent of the experimental parameters
to describe the influence of O, on expression of genes can
facilitate interpretation of the experimental data.

In this study, a method was developed to determine the
mere influence of O, on expression of target genes. A general
dynamic model was used to describe cell growth and fusion
protein expression in a continuous culture in which the dis-
solved oxygen (DO,) concentration was shifted at regular time
intervals before the steady state was reached. The apparent
specific rate of expression of the gene fusion, which was intrin-
sically independent of the experimental parameters, was de-
fined and deduced from a validated mathematical model. The
model was used to study induction of cytN gene expression by
O, in Azospirillum brasilense Sp7 based on the activities of a
cytN-gusA fusion. The A. brasilense cytNOQP operon, encoding
a cytochrome cbb; terminal oxidase, has been shown to be
involved in microaerobic growth and respiration (16). Model-
based data analysis indicated that the optimal DO, level for
expression of the cytNOQP genes is in the microaerobic range,
which is consistent with a previous study (16).

MATERIALS AND METHODS

Plasmids, bacterial strains, and growth conditions. The strains and plasmids
used in this study are listed in Table 1. Luria-Bertani medium was used for
Escherichia coli, while MMAB medium (29) was used for Azospirillum strains.
When required, ampicillin (100 pg/ml) or tetracycline (10 wg/ml) was added to
the medium.

To construct the translational cytN-gusA fusion used in this study, a 517-bp
upstream region of the cytN gene was PCR amplified and inserted into the
PstI-Xbal sites of plasmid pFAJ1171 (25) to generate plasmid pFAJ870. After
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TABLE 1. Plasmids and bacterial strains used in this study

Plasmid or strain Relevant characteristic(s) Reference or source

pFAJ1171 pUC18 derivative containing the promoterless gusA4 gene from pBI101.3 on a 2-kb 25
BamHI-EcoRI fragment

pFAIJ870 pFAJ1171 derivative containing a 517-bp fragment from the cytN gene of A. brasilense Sp7 This study

pFAJ873 pLAFR3 derivative containing a 2.6-kb PstI-EcoRI fragment from pFAJ870 This study

pLAFR3 Broad-host-range vector, Tc" 21

Azospirillum brasilense Sp7 ~ Wild type (= ATCC 29145) 22

Escherichia coli DH5a hsdR17 endAl thi-1 gyrA96 relAl recAl supE44 AlacU169 (P80lacZ AM15) Gibco-BRL

verification by DNA sequence analysis, a 2.6-kb PstI-EcoRI fragment from
pFAJ870, containing the cytN upstream region fused to the promoterless gusA
reporter gene, was cloned into the corresponding sites of plasmid pLAFR3 (21),
yielding pFAJ873, which contained 427 bp of the cytN upstream region and the
sequences encoding the first 29 amino acids of CytN fused to the GusA coding
sequence. This plasmid was mobilized from E. coli DH5a to A. brasilense Sp7 by
triparental conjugation.

Continuous fermentation was performed in a 2-liter O,-stat fermentor as
previously described (16) by using MMAB medium (29). The concentration of
DO, was controlled by varying the air flow into the fermentor on the basis of the
measured DO, value. Gaseous nitrogen was sparged into the fermentor at a flow
rate of 1.27 liters/min at low DO, levels (0 to 15% DO,).

Analytical procedures. Quantitative B-glucuronidase activity was measured as
previously described (26); this activity was expressed in Miller units (17) but was
calculated per hour instead of per minute. Cell growth was monitored by mea-
suring the optical density at 578 nm (ODs-g) with a Perkin-Elmer Lambda 2 UV
spectrum spectrophotometer. The L-malate concentration in the culture broth
was determined with a test kit from Boehringer (Mannheim, Germany). All data
in this paper are averages based on at least two replicates.

Fermentation strategy. The bacteria were first cultivated in a batch fermen-
tation. At the end of the exponential growth phase, continuous fermentation
started. Consecutive small DO, concentration shifts were made before a new
steady state was reached. The profiles of DO, concentrations during fermenta-
tion are shown in Fig. 1A, 2A, and 3A. Samples were taken about each 1.5 h (just
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before a DO, concentration shift) and used to determine the B-glucuronidase
activity and cell density. To monitor strain stability and purity, samples were
collected at the end of the fermentation period and spread on indicator plates
containing bromo-4-chloro-3-indolyl-B-glucuronide (X-Gluc) (11). During the
continuous fermentation, the carbon source (malate) was designed to be the
limiting factor.

Analysis of the fermentation data. Changes in the B-glucuronidase activity of
a hybrid gene reporter in the presence of a changing external signal indicate that
the external signal is the transcriptional activation signal. However, in the ex-
perimental setup described above, not only alterations in transcriptional activa-
tion of the plasmid encoding the cytN-gusA fusion induced by the DO, concen-
tration shifts but also accumulation and turnover of the fusion protein can
account for the B-glucuronidase activity measured. Therefore, only the specific
rate of expression of the fusion protein, which is independent of the experimental
design, can reflect the influence of O, on expression of the target gene. In order
to derive the specific rate of expression of the fusion protein from the B-glucu-
ronidase activity measured, the following general dynamic mathematical model
based on mass balances was applied (28):
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FIG. 1. Identification of the mathematical model. (A) Profile of on-line-measured values for DO, concentration (DO,) (solid line) and dilution
rate (D) (dashed and dotted dot line). (B to D) O, experimental data; solid line, simulation results obtained with the full model; dashed line,
simulation results obtained with the simplified model. EFT, elapsed fermentation time; GUS, B-glucuronidase.
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FIG. 2. Validation of the mathematical model. The symbols and abbreviations are the same as those described in the legend to Fig. 1.

dp
4 =mX-DP—kpP

3)
where X is the concentration of biomass (grams of cells per liter), S is the concen-
tration of the carbon source (grams of malate per liter), S;, is the concentration of
the carbon source in the feed flow (grams of malate per liter), P is the concentration
of the fusion protein (grams of protein per liter), D is the dilution rate (per hour),
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. is the specific growth rate of cells (per hour), o is the specific rate of consumption
of the carbon source (grams of malate per gram of cells per hour),  is the specific
rate of expression of the fusion protein (grams of protein per gram of cells per hour),
and k is the in vivo rate of degradation of the fusion protein (per hour).

According to the definition of B-glucuronidase activity (17), the B-glucuroni-
dase activity value is assumed to be proportional to the amount of fusion protein
per cell:

EFT (hn)
D4o00
g
S 3000
5
s
> 2000
=
5
1]
81000
(O]
0
0 5 10 15 20 25
EFT (hr)

FIG. 3. Further validation of the mathematical model with a different DO, profile. The symbols and abbreviations are the same as those

described in the legend to Fig. 1.
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P=aUX 4)

where U is the B-glucuronidase activity (Miller units [enzyme activity per gram of
cells per hour]) and « is a proportionality constant (grams of protein per gram
of cells per Miller unit).

By combining equation 4 with equations 1 and 3, the following equation can be
deduced:

dUu
T =B U—kU ®)
where B is /o (Miller units per hour), the apparent specific rate of expression
of the fusion protein, and reflects the direct influence of the external signal on
transcriptional activation of the hybrid gene fusion.
The three specific reaction rates can be correlated with equation 6:
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where Yy (grams of cells per gram of malate) and Y,,¢ (Miller units per gram of
cells) are two positive constant yield coefficients.

To complete the model, the following kinetic expressions are proposed. A
double Haldane model is used to describe the specific growth rate of cells as a
function of two substrates, malate and O, (1). The apparent specific rate of
expression of the fusion protein is described as a function of the carbon substrate
(malate) concentration with a Monod model (18) and as a function of DO,
concentration with a Haldane-like model in which background expression of the
fusion protein is introduced since constitutive background expression of the
fusion protein has been observed under anaerobic conditions (data not shown).
Although it is generally known that E. coli B-glucuronidase is a very stable
enzyme in cell extracts and in cells (10, 11), no value for in vivo decay of any
B-glucuronidase protein in A. brasilense has been described so far. However, the
dependence of degradation of the fusion protein on DO, concentration has also
been observed in experiments carried out in test tubes (data not shown). The rate
of degradation of the fusion protein can be expressed as a function of DO,
concentration in the frame of the Monod model (18). Therefore, the following
equations are proposed:

S DO,
P = B (M + S + SYKTys)  (KMyg+DO, + DOK ) Q)

N (DO, + KBpg)

B = Pou (K + 5) KMy + DO, + DO /KIpg) ®)
k=k Dbo. 9
— Fmax m ( )

where DO, is the concentration of dissolved oxygen (percent); KMyg and Klyg
are the saturation constant and inhibition constant of malate for cell growth
(grams of malate per liter), respectively; KMy and Kl are the saturation
constant and inhibition constant of DO, for cell growth (percent), respectively;
KM py is the saturation constant of malate for fusion protein expression (grams of
malate per liter); KMp; and Klpg are the saturation constant and inhibition
constant of DO, for fusion protein expression (percent), respectively; KBp; is
the constant for background expression of the fusion protein (percent); K is the
saturation constant of DO, for decay of the fusion protein (percent); p,,., is the
maximal growth rate of cells (per hour); B,,., is the maximal apparent rate of
expression of the fusion protein (Miller units per hour); and k_,,,, is the maximal
rate of degradation of the fusion protein (per hour).

In order to assess the influence of DO, on the specific level of expression of
the cytN-gusA fusion, the measured experimental values were fed into the model
to identify the appropriate parameters. Once the values are identified, the com-
plete model (parameters and model structure) can be used to predict the be-
havior of the hybrid fusion protein as a function of the external variables.

Simulation and parameter identification for the model described above were
performed by using Matlab 5.3 (The MathWorks, Inc., Natick, Mass.) on a Linux
platform.

RESULTS

Parameter identification. A. brasilense Sp7 containing plas-
mid pFAJ873 was cultivated in a fermentor for 13 h. Subse-
quently, continuous fermentation was started by maintaining
the dilution rate at 0.15 h™'. The DO, concentrations were
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shifted before a steady state was reached at regular intervals
(about 1.5 h). The profile of DO, concentration is shown in
Fig. 1A. The parameters in the mathematical model were iden-
tified by minimizing the following cost function (/):

2
w (Yo — Yoy
i=1
eij

oy

W

(10)

)

7=
j=1

where i is the sampling time; j is the components X, S, and U;
n (n = 3 in this case) and m are the number of components and
the sampling time, respectively; Y, is the data set for the
simulation results; Y, ; is the data set for the experimental
results; Y, ; is the average value for the components; and o is
the standard deviation of the experimental data. In order to
diminish the effects of the different physical quantities of the
measurements, the relative errors, (Y, ; — Ye,,-j)/f’e,j, are taken
into account in cost function J.

The identification results are shown in Figure 1B to D, while
the values for the identified parameters are summarized in
Table 2. The estimated initial (zero-time) values were as fol-
lows: § = 5.2087 g of malate per liter; X = 0.0554 ODs,¢ unit;
and U = 41.9123 Miller units. The carbon source concentra-
tion in the feed flow (§,,) was 5.0075 g of malate per liter.
Because cell density rather than dry weight of cells was used to
monitor cell growth, the yield coefficient Y, as defined in
equation 6 was expressed in ODs-¢ units per gram of malate
instead of grams of cells per gram of malate. The agreement
between the simulation results and the experimental data is
remarkable.

Validation of the mathematical model. To validate the
model structure and parameters, an experimental test set was
generated by performing a continuous fermentation similar to
the one used for parameter identification but with a slightly
different DO, profile (Fig. 2A) and different initial values. The
continuous fermentation started at 10 h with a dilution rate of
0.1125 h™'. The following initial values for validation were
chosen from the first experimental measurements: S = 4.8388
g of malate per liter; X = 0.097 ODs5g unit; and U = 25.5267
Miller units. For the carbon source concentrations in the feed
flow, the following experimentally measured value was used:
S,,, = 4.989 g of malate per liter. Both the simulation results, as
obtained by applying the model and parameters identified
above, and the experimental data are shown in Fig. 2. The
good agreement between the simulated and experimental re-
sults indicates the applicability of the model when comparable
experimental conditions (such as DO, profile) are used.

In order to further validate the applicable range of the
model, a continuous fermentation with a totally different DO,
profile (Fig. 3A) was performed. The DO, concentration was
kept at 10% during the batch fermentation, and it was subse-
quently shifted from low to high values during the continuous
fermentation. The continuous fermentation started at 12 h
with a dilution rate of 0.1193 h™!. The following initial values
used for validation were based on the first experimental mea-
surements: § = 5.3812 g of malate per liter; X = 0.038 ODs4
unit; and U = 126.84 Miller units. For the carbon source
concentration in the feed flow, the following measured value
was used: S;, = 5.308 g of malate per liter. The simulation
results and the experimental data are shown in Fig. 3. The
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TABLE 2. Summary of the parameters used in the general mathematical model
Parameter Units Description Value
Momax Per hour Maximal growth rate of cells 0.2785 h™!
Bmax Miller units per hour Maximal rate of expression of fusion protein 1.0387 x 10* Miller units/h
Kpnax Per hour Maximal rate of degradation of fusion protein 0.1270 h !
KMy Grams of malate per liter Saturation constant of malate for cell growth 1.58 X 102 g of malate/liter
Kl Grams of malate per liter Inhibition constant of malate for cell growth 7.805 X 10% g of malate/liter
KMy Percent Saturation constant of DO, for cell growth 0.1533%
Kl Percent Inhibition constant of DO, for cell growth 6.1583 X 10°%
KM Grams of malate per liter Saturation constant of malate for fusion protein 5.7782 X 10~* g of malate/liter
expression
KBpg Percent Background expression constant of fusion protein 0.0056%
KMpg; Percent Saturation constant of DO, for fusion protein 7.6233%
expression
Klp Percent Inhibition constant of DO, for fusion protein 0.6527%
expression
K, Percent Saturation constant of DO, for degradation of fusion 0.4781%
protein
Yxs ODys5 units per gram of malate  Yield coefficient for biomass on carbon substrate 0.3282 ODs4 unit/g of malate
Yus Miller units per gram of malate  Yield coefficient for GUS activity on carbon substrate® ~ 2.7181 X 10* Miller units/g of malate

“ GUS, B-glucuronidase.

agreement between the simulated and experimental results
corroborates the generality of the model.

Influence of O, on the rate of expression of the target genes.
As indicated in Fig. 4A and B, the rate of expression of the
cytN-gusA fusion is very dependent on the DO, concentration,
and the maximal values occur under microaerobic conditions
(a DO, concentration of 2.23% results in maximal expression).

As shown by the values for KM y; and Kl in Table 2, the
model predicts that O, is not a limiting factor for cell growth
under the conditions tested. In view of the highly efficient
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microaerobic metabolism of Azospirillum (30), such behavior is
not unexpected. The minor effect of carbon substrate concen-
tration on the apparent specific rate of expression is also pre-
dicted by the model, implying that the cytNOQP operon is not
subject to catabolic repression by malate. Furthermore, the
specific rate of degradation of the fusion protein as a function
of the DO, concentration is shown in Fig. 4C. The maximal
specific rate of degradation of the fusion protein is 0.1270 h™*,
corresponding to a half-life of 5.46 h. The native CytN protein
is a transmembrane protein (16), but its GusA fusion counter-
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FIG. 4. (A) Apparent specific rate of expression of fusion protein as a function of the concentrations of the substrates malate and DO,. (B)
Cross section of panel A at a constant malate concentration of 1 g/liter. (C) Specific rate of degradation of fusion protein as a function of DO,
concentration.
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TABLE 3. Summary of the parameters used in the simplified mathematical model

Parameter Units Description Value

Momax Per hour Maximal growth rate of cells 0.2785 h™!

Bmax Miller units per hour Maximal rate of expression of fusion protein 1.0387 x 10* Miller units/h
Kpnax Per hour Maximal rate of degradation of fusion protein 0.1270 h !

KM pe; Percent Saturation constant of DO, for fusion protein expression 7.6233%

Klpg Percent Inhibition constant of DO, for fusion protein expression 0.6527%

Yxs ODs-5 units per gram of malate Yield coefficient for biomass on carbon substrate 0.3282 ODs5g unit/g of malate
£ Constant 1072

€ Constant 10°¢

part lacks any potential transmembrane region and should
therefore be cytoplasmically located. The cytoplasmic GusA
fusion appears to be a stable protein in A. brasilense.

Towards a simplified model. When the general model struc-
ture represented by equations 1, 2, 5, and 6 to 9 is examined
and the large range of orders of magnitude for the 14 param-
eters summarized in Table 2 is considered, a legitimate ques-
tion is whether a similar high-quality fit of the experimental
data can be obtained with a simplified model that includes
fewer parameters. In order to mathematically investigate this
possibility, a thorough sensitivity analysis was performed.

The dilution rate and the DO, concentration were defined
as system inputs u, and u,, respectively, and the biomass con-
centration, the malate concentration, and the B-glucuronidase
activity were defined as system outputs y,, y,, and y,, respec-
tively. The parameters were denoted p; with j ranging from 1 to
14.

A 3 X 14 sensitivity matrix containing the sensitivity func-
tions (dy,/dp;)(¢) was then computed. These sensitivity functions
represent the sensitivity of each output (y;) to (small) varia-
tions in each model parameter (p;). More details on sensitivity
function-related procedures have been described by Bernaerts
et al. (3).

Based on the sensitivity functions and the experimental data,
the kinetic expressions (equations 7 to 9) of the general model
described above could be substantially simplified as follows:

- s DO, 1
K= Memax (&, +8) (8, + DO,) an

) DO, 1
B = Brax (&, +8) (KMpg + DO, + DOZZ/K[PG) (12
P 13
— Rmax (82+D02) ( )

Meanwhile, the correlation among the three specific reaction
rates can be simplified as equation 14:

W

o= —
YXS

(14)
The number of model parameters has been reduced to six. The
parameters and constants in the simplified kinetic expressions
(equations 11 to 13) are summarized in Table 3.

As Table 3 and equations 11 to 14 show, most of the satu-
ration constants are replaced by €, or &,. The former is the
same order of magnitude as the residual substrate concentra-
tion (i.e., 10~?) and results in a 50% reduction in the specific

growth rate when the malate concentration is low. The latter is
a very small number (e.g., 10~°) and results in a switch from
the maximum specific rate when substrate or DO, is present to
a rate of zero when both substrates are absent. Furthermore,
the inhibition constants (i.e., Kl s and Kly;) that have been
omitted can be considered replaced by an infinitely large (pos-
itive) number corresponding to a noninhibition situation.
Note, however, that from a mechanistic point of view, it cannot
be claimed that growth of A. brasilense is not inhibited by high
substrate or DO, concentrations. We merely concluded that an
inhibition effect cannot be inferred from the available experi-
mental data. Also, the yield coefficient Y, is assumed to be
infinitely large to reflect the negligible contribution of product
formation to the substrate consumption rate.

Figure 1 (identification) and Fig. 2 and 3 (validation) illus-
trate that the descriptive quality of this simplified model is as
good as the descriptive quality of the original 14-parameter
model. Note that there was apparently no need to reoptimize
the six parameters in the simplified model (Tables 2 and 3).

Detailed exploration of the significance of model parameters
in the general model, as well as in the simplified model, is the
subject of ongoing research. Thus, optimal experiments (com-
plemented with parameter uncertainty analysis) will be de-
signed to check whether the model features present in the
general model but omitted in the simplified model (e.g., inhi-
bition of the specific growth rate at high substrate or DO,
concentrations, the presence of background gene expression in
the absence of DO,) are truly needed.

DISCUSSION

Use of a dynamic mathematical model allows reliable quan-
titative interpretation of gene expression measurements as a
function of varying environmental conditions without a re-
quirement for a steady state. The parameters of the model are
determined by using experimental data. When validated, the
model can be used to predict in silico the effects of external
signals on expression of the gene studied under nonexperimen-
tally tested conditions. The use of mathematical models based
on differential equations to describe and predict the behavior
of cellular processes is becoming widespread (4, 6, 8, 9, 13, 20,
27). According to previous studies with E. coli, a steady state
can be achieved within 5 reactor residence times (12, 23, 24),
which equals 33 h at a dilution rate of 0.15 h™'. A total
fermentation time of 297 h (12 days) would be needed to test
nine different DO, levels. The overall experimental time can
be decreased to only 15 h when the DO, level is varied each
1.5 h and a mathematical model is used to analyze the results;
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this yields more detailed information about the effects of ex-
ternal signals on expression of the genes.

In this study, a mathematical model was used to predict the
specific pattern of expression of an A. brasilense cytN-gusA
fusion as a function of DO, concentration. The role of the
cytNOQP-encoded oxidase during microaerobic respiration
and the presence of an FNR-binding consensus sequence in
the upstream region of the A. brasilense cytN gene (16) point
towards microaerobic regulation of the operon by an FNR-like
protein. The simulated behavior of the A. brasilense hybrid
cytN-gusA fusion, showing clear upregulation under microaero-
bic conditions, was therefore in good agreement with results
obtained previously for the A. brasilense cytochrome cbb, oxi-
dase. Moreover, it is noteworthy that the DO, concentration
that resulted in maximal specific expression of the cytN-gusA
fusion was approximately the same as the DO, concentration
reported by Zhulin et al. (30) and coincided with generation of
a maximal proton motive force. Furthermore, an expression
pattern similar to the one obtained in this study has been
reported for the CytN-like protein of Rhodobacter sphaeroides
(19).

The model assumes that the shift in expression of the target
gene occurs as soon as the DO, shift occurs. However, we
cannot exclude the possibility that there may be a lag between
signal transduction and fusion protein synthesis (for example,
the delay between maximal mRNA synthesis and maximal pro-
tein synthesis). Usually, such a delay in prokaryotes is minimal
(15). If a longer response time is expected (2), it is advisable to
adapt the time intervals for measurements accordingly. Thus,
the effects caused by the transition are similar for different
DO, levels, and the results are comparable.

On the basis of a careful sensitivity analysis, a simplified
model (with fewer parameters) was deduced in this case study,
and this model had predictive values similar to those of the full
model. The key feature of both the full model and the simpli-
fied model is mathematical description of fusion protein bio-
synthesis and degradation during bacterial growth. Given the
high predictive value of these models, it is sensible to assume
that they can form a basis for evaluating the effects of other
external environmental signals, such as nitrogen source or
other substrates which can be utilized by bacteria, on expres-
sion of target genes by using suitable fusions with the appro-
priate reporter genes. In view of fermentation technology,
when optimization of heterologous gene expression is desired,
such studies might allow workers to determine the environ-
mental conditions that result in maximal gene expression.
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