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Abstract
Diagnosing Zika virus (ZIKV) infections has been challenging due to the cross-reactivity of induced antibodies with
other flavivirus. The concomitant occurrence of ZIKV and Dengue virus (DENV) in endemic regions requires diagnos‑
tic tools with the ability to distinguish these two viral infections. Recent studies demonstrated that immunoassays
using the C-terminal fragment of ZIKV NS1 antigen (ΔNS1) can be used to discriminate ZIKV from DENV infections. In
order to be used in serological tests, the expression/solubility of ΔNS1 and growth of recombinant E. coli strain were
optimized by Response Surface Methodology. Temperature, time and IPTG concentration were evaluated. According
to the model, the best condition determined in small scale cultures was 21 °C for 20 h with 0.7 mM of IPTG, which
predicted 7.5 g/L of biomass and 962 mg/L of ΔNS1. These conditions were validated and used in a 6-L batch in the
bioreactor, which produced 6.4 g/L of biomass and 500 mg/L of ΔNS1 in 12 h of induction. The serological ELISA test
performed with purified ΔNS1 showed low cross-reactivity with antibodies from DENV-infected human subjects.
Denaturation of ΔNS1 decreased the detection of anti-ZIKV antibodies, thus indicating the contribution of conforma‑
tional epitopes and confirming the importance of properly folded ΔNS1 for the specificity of the serological analyses.
Obtaining high yields of soluble ΔNS1 supports the viability of an effective serologic diagnostic test capable of dif‑
ferentiating ZIKV from other flavivirus infections.
Keywords: Zika NS1, Serological diagnosis, E. coli, Heterologous protein production, Soluble expression, Response
Surface Methodology
Introduction
Zika virus (ZIKV) is a flavivirus transmitted primarily by
Aedes aegypti mosquitoes. Many cases of microcephaly
and other congenital malformations were reported following ZIKV infections during pregnancy (Franca et al.
2016). Most cases are asymptomatic, however, infection
of both children and adults can lead to serious neurologic complications, such as Guillain-Barré syndrome or
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neuropathy (WHO 2016). The ZIKV infections are normally diagnosed by molecular tests designed to detect
viral RNA in the blood or saliva, but the short bloodstream viral detection window limits its utilization. Furthermore, another concern lies in the molecular tests
reliability, since recent reports showed 73% of suboptimal
sensitivity or specificity among 15 Brazilian laboratories
(Fischer et al. 2018) and similar results among European
laboratories, which highlights the challenging aspect of
the diagnosis.
On the other hand, serological tests do not have the
disadvantage of limited window of detection. IgM and
IgG antibodies can be detected for months or even years
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following the ZIKV infection (Chua et al. 2017; PazBailey et al. 2018). Moreover, serological tests also have
the advantage of being easily implemented due to lower
costs and technical requirements. Since the ZIKV outbreak in the Northeast of Brazil, there was a major effort
towards the development of a reliable serological test. For
other flavivirus, particularly DENV, the laboratory diagnostic was mostly based on the detection of antibodies
against the non-structural protein 1, NS1 (Kikuti et al.
2018; Stettler et al. 2016). Previous work indicated that
serological assays based on NS1 can be used to discriminate ZIKV and DENV infections (Balmaseda et al. 2017;
Bosch et al. 2017; Stettler et al. 2016). However, ZIKV
and DENV proteins share high sequence identity resulting in the cross-reactivity of antibodies generated after
the infection (Balmaseda et al. 2017; Fernanda Estofolete
et al. 2016; Granger et al. 2017; Priyamvada et al. 2017).
In spite of significant progress made in the last years in
our understanding of ZIKV, the improvement of diagnostic assays is still needed (Kikuti et al. 2018; Theel and
Hata 2018).
We have previously produced a recombinant ZIKV
NS1 protein initially as insoluble inclusion bodies, which
required the use of high hydrostatic pressure in order
to refold it. Even though refolded NS1 from ZIKV and
DENV preserved the antigenic properties (Amorim et al.
2010; Rosa da Silva et al. 2018), the refolding is generally avoided since it requires more steps of purification
and increases the overall cost of the process (Vallejo and
Rinas 2004; Yang et al. 2011). In recent studies, we have
produced a recombinant protein derived from the ZIKV
NS1 protein (ΔNS1) (Caires-Junior et al. 2018; Kam et al.
2017; Oliveira et al. 2016). To be used as a diagnostic test,
ΔNS1 needs to be produced at high yields in its soluble
form.
Escherichia coli is one of the most used hosts to produce recombinant proteins due to its well characterized
genetics and the abundant number of strains and vectors (Baneyx 1999; Baneyx and Mujacic 2004; Rosano
and Ceccarelli 2014). Furthermore, other variables such
as medium components, additives and culture conditions, allows a series of combinations between these factors and increase the challenge in determining which
factors are important in order to obtain high yields of
properly folded recombinant proteins. Even if we restrict
to the most important factors affecting the production
of recombinant proteins, testing one-factor-at-a-time
will require many experiments. The Response Surface
Methodology is a statistical tool used to deal with several
variables that affect a particular response, including the
production of recombinant proteins (Larentis et al. 2011;
Marthos et al. 2015; Montgomery 2008; Papaneophytou
and Kontopidis 2012). Using E. coli BL21 (DE3) as host
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to express 104 ORFs from different organisms in standard conditions (induction at 37 °C with 0.5 mM IPTG for
3 h), Abergel et al. (2003) demonstrated that 89 exhibited
detectable expression and 54 were obtained in soluble
form (52%). On the other hand, using a statistical design
to evaluate E. coli strains, culture media and different temperatures, out of the 94 ORFs tested, 93 showed
detectable expression and 68 were soluble. This represents 72% of the proteins obtained in the soluble form,
thus demonstrating that optimization of culture conditions through statistical designs can improve the solubility of the recombinant proteins.
The goal of this work was to increase the yield of ΔNS1
by improving the growth of the E. coli host and solubility of ΔNS1. The present study applied Response Surface Methodology (RSM) to evaluate different culturing
conditions. We validated the model, scaled-up the production and evaluated the performance of ΔNS1 in
serological tests to discriminate between the ZIKV and
DENV infections in mouse and human.

Materials and methods
Plasmids construction and bacterial strains

Recombinant plasmids (GenScript, USA), derived from
pET-28a, encoding the full sequence of DENV-2 strain
NGC (GenBank reference number M29095) and ZIKV
NS1 based on the Brazilian strain (GenBank reference
number ALU33341) were introduced into chemically
competent E. coli BL21-Codon Plus (DE3)-RIL strain
(Stratagene, USA). The plasmid encoding the ZIKV
ΔNS1 carries the genetic sequence corresponding to the
last 100 amino acids of the C-terminal region of ZIKV
NS1 (patent application number: BR 10 2016 011318
0). The plasmid encoding DENV-2 NS1 was previously
reported (Amorim et al. 2010). Recombinant expression
plasmids encoding the ΔNS1 were introduced in E. coli
Arctic Express (DE3) (Agilent) and BL21 (DE3) (Invitrogen) strains.
Evaluation of culture media for the expression of ΔNS1

The expression of the full DENV-2 and ZIKV NS1 proteins was performed according to protocols described
previously (Amorim et al. 2010). To produce ZIKV ΔNS1,
the clones were grown in LB (Yeast extract 5 g/L, Tryptone 10 g/L, NaCl 10 g/L), TB (Yeast extract 24 g/L, Tryptone 12 g/L, glycerol 4 mL/L, KH2PO4 2.31 g/L, K
 2HPO4
12.54 g/L) or 2xHKSII medium [Yeast extract 10 g/L,
tryptone 20 g/L, acid hydrolyzed casein 4 g/L, salts Mg, K
and Ca, and trace metals Fe, Zn, Mn, Cu, Co, B, Mo and
I, as described by Jensen and Carlsen (1990)], containing kanamycin (20 µg/mL). A cell bank was prepared for
each bacterium and the same procedure was performed
for every culture. Briefly, a single clone was grown in LB
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or TB with kanamycin until mid-log phase, centrifuged
and cells washed with phosphate-buffered-saline. The cell
pellet was resuspended with medium and aliquots stored
with 10% glycerol at − 80 °C until use. Before each run, a
pre-inoculum was prepared a day before by inoculating
an aliquot of the frozen stock in 50 mL of medium kept at
37 °C for 16 h at 200 rpm using a Gyromax 737R incubator (Amerex, USA). 500 mL-Erlenmeyer flasks containing
50 mL of medium were inoculated with the pre-inoculum
to an initial optical density (OD) at 600 nm of 0.1 and
grown at 37 °C at 250 rpm. When the cultures reached
an OD ~ 2.0, they were transferred to 11 °C (Arctic strain)
and 16 °C (BL21 DE3 strain) for 30 min without shaking.
Cultures were induced with 0.5 mM of IPTG (Aldrich
Sigma, USA) and incubated in the same temperature at
250 rpm for 18 h.
Response Surface Methodology setup

After the selection of the strain and culture medium with
the highest ΔNS1 solubility (BL21 DE3 in TB, with the
addition of anti-foam polypropylene glycol (PPG) 0.03%
(v/v)), a Central Composite Rotatable Design (CCRD)
was created with the aid of the Design Expert software
7.0. Based on the literature and our previous data, three
factors were selected as independent variables: temperature, time of harvest after induction and inducer
concentration, and the design comprised a total of 20
experiments, 14 experimental variations, including 6
axial points with an alpha of 1.68, and 6 centerpoints
(Table 1). Before each run, the previously prepared glycerol stocks were inoculated into 500 mL-Erlenmeyer
flasks with 50 mL of TB and incubated at 37 °C for 16 h at
200 rpm. The pre-inoculum was used to seed full-baffled
TunAir mini flasks (Aldrich Sigma, USA) with 100 mL
medium to an initial OD of 0.1 and cultures were grown
at 37 °C at 250 rpm. When the OD of the cultures reached
approximately 2.0, they transferred to the specified temperatures according to the experimental design and incubated for 30 min without shaking. The cultures were then
induced with the indicated amount of IPTG, incubating
at the respective temperatures with shaking at constant

Table 1 Independent
variables
of the experimental design
Independent variable

levels

Level
− αa

A: Temperature (°C)

and

−1

0

+1

+ αa

11.2

16

23

30

34.8

B: Time (h)

7.9

12

18

24

28.1

C: IPTG (mM)

0.2

0.4

0.7

1.0

1.2

a

α = 1.68

250 rpm. The effect of the variables and their interactions
were considered statistically significant when p < 0.05.
Non-significant factors were excluded from the model.
Quantification of biomass production and soluble ΔNS1

After each cultivation the final OD was measured and the
equivalent volume of an OD 5.0 was collected (e.g. collect
1 mL of OD 5.0 or 2 mL of OD 2.5). The suspension was
washed with lysis buffer (100 mM Tris, 500 mM NaCl,
1 mM PMSF, pH 8.5) and resuspended in a final volume
of 0.5 mL. Bacteria were disrupted by sonication using
an Ultrasonic Processor GE 100 (3 cycles of 5 min with
1 s pulses at 60 Hz). Soluble and insoluble fractions were
separated by centrifugation at 14,000g, at 4 °C for 30 min.
The protein extracts were separated by SDS-PAGE (15%
gels). The gels were stained with Coomassie Blue R-250
for 16 h and unstained using a destaining solution (30%
ethanol, 10% acetic acid v/v). To evaluate the production
of ΔNS1, the band area corresponding to its predicted
mass (~ 18 kDa) was measured by densitometry using
ImageJ software. A standard curve of BSA was used to
determine the concentration of ΔNS1. Total yield (mg/L)
was calculated considering the culture volume collected
and the volume applied to the gel. Cell concentration
was measured as OD and converted to dry cell weight
(DCW). To calculate DCW, 500 mL of culture was taken
after the bioreactor cultivation and inactivated using 2%
formalin for 16 h. Serial dilutions were made and OD
measured for each dilution. Pre-determined volumes of
the samples were centrifuged and the cell pellets taken to
an oven set to 100 °C. After at least 48 h or until constant
weight, cell pellets were weighed and plotted against the
OD to establish the correlation of OD vs DCW, resulting
in 1 unit of OD to 0.34 g/L of DCW.
Bioreactor setup

The best condition identified in the shake-flask experiments was carried out in the 6-L bioreactor (BioStat
C-Plus, Sartorius) in a batch cultivation using the chosen medium with addition of kanamycin (20 µg/mL)
and anti-foam PPG (0.03% v/v). The inoculum of the
bioreactor was prepared as follows: 1 L Erlenmeyer flask
containing 100 mL of medium was previously cultured
overnight and used to inoculate the bioreactor to an initial OD of 0.1. Dissolved oxygen (pO2) was maintained at
30% air saturation and pH at 7.2, controlled by the automatic addition of phosphoric acid 98% or ammonium
hydroxide 24%. The culture was maintained at 37 °C until
OD reached ~ 2.0, then the temperature was decreased to
21 °C and IPTG was added according to the values determined in the shake-flask experiments. Cell concentration
was measured by regular readings after inoculation, and
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The recombinant ZIKV proteins, as well as the NS1
originally derived from DENV-2 NGC strain, were purified by affinity chromatography according to previously
described methodology (Amorim et al. 2010). For ΔNS1
an additional purification step was necessary using sizeexclusion chromatography with a previously described
protocol (Caires-Junior et al. 2018).

An insignificant lack-of-fit test (p-value > 0.05) states that
the model correctly represents the correlation between
response and predictors. Adequate precision was used
to measure the signal-to-noise ratio. Ratios greater than
4 suggest that the model is adequate in predicting the
responses within the space design. The normal probability plot was used to observe the distribution of the
residuals. Differences in the antibody levels determined
by ELISA were calculated using two-way ANOVA and
the Bonferroni test. Differences with p < 0.05 were considered statistically significant.

ELISA

Results

Polystyrene high-binding COSTAR microplates (Corning
Inc., New York, EUA) were coated with 200 ng of ZIKV
ΔNS1 or equimolar amounts of the ZIKV and DENV
NS1 proteins in phosphate-buffered saline (PBS) pH 7.2,
overnight at 4 °C, and, then, blocked with 5% skimmed
milk and 1% BSA for 2 h at room temperature. The plates
were washed three times in PBS-Tween 0.05% (PBST)
and human serum samples from ZIKV and/or DENVinfected individuals were serially diluted (log2) in 5%
skimmed milk and 0.25% BSA and incubated at room
temperature for 1.5 h. The DENV+ sera were obtained
from eight patients infected with serotypes 1 to 4 (Alves
et al. 2016). After a washing cycle, the diluted goat antihuman IgG peroxidase conjugate (Aldrich Sigma, USA;
reference code: A0170) was added to the wells and incubated again for 1.5 h. After a final washing step, plates
were developed with citrate buffer (pH 5.8) containing
0.4 mg/mL of ortho-phenylenediamine dihydrochloride (OPD) (Aldrich Sigma, USA) and 0.12% H
 2O2. The
reaction was stopped after 15 min with the addition of
50 µL/well of 2 N H2SO4. The OD of the reaction was
measured at 492 nm in a plate reader (Labsystems Multiskan, Thermo Scientific, USA). For assays using the
denatured forms of the proteins, these were previously
heated to 100 °C for 10 min and immediately cooled to
0 °C in ice. The proteins were then used to coat the plates
as described above. To evaluate the specificity of ZIKV
ΔNS1 and DENV NS1 proteins in mice infected with
ZIKV and other Flavivirus, the same protocol was used
with goat anti-mouse IgG peroxidase conjugate (Aldrich
Sigma, USA; reference code: A4416).

Response Surface Methodology for growth and production
of soluble ΔNS1

samples were also used to determine the production and
solubility of ΔNS1.
Protein purification

Statistical analysis

Design Expert 7 Software was used to analyze the results
of CCRD. The quality of the regression of the model
equation was evaluated by the coefficients R2, adjusted
R2 and predicted R2. The significance of the factors and
interactions was determined by the tabulated and calculated F-value at p = 0.05. The lack-of-fit test was used to
evaluate the differences of experimental and pure error.

A preliminary evaluation of strains and culture media
was performed to exclude some variables and reduce the
number of experiments in the RSM design. Since solubility was an important aspect, we sought to compare the
solubility of ΔNS1 produced by E. coli Arctic Express
(DE3) and BL21 (DE3) strains using LB, TB and 2xHKSII.
In the protein extracts of the cold-adapted Arctic strain it
was possible to detect soluble ΔNS1 but at very low levels, only detectable by Western blot. Only the BL21 strain
cultured and induced in TB showed a distinguishable
band of soluble ΔNS1 in Coomassie stained SDS-PAGE
(Additional file 1: Figure S1) and therefore were used for
further optimization using the statistical design. For the
statistical design we used full-baffled shake flasks, which
resulted in a much higher final OD (OD ~ 18.0), but also
required the addition of anti-foam. Furthermore, in the
presence of the anti-foam ΔNS1 showed increased solubility (Additional file 1: Figure S2).
The RSM design, coded independent variables (time,
temperature and IPTG), actual and predicted responses
(biomass and production of soluble ΔNS1) are summarized in Table 2. Throughout the experiments, biomass
varied between 2.02 and 7.76 g/L and ΔNS1 from 5 to
1154 mg/L. The effects of temperature, time of induction and IPTG concentration on biomass and ΔNS1
concentration are shown in Table 3. The time of induction presented a positive significant effect on biomass
(p < 0.0001). The interaction between time and temperature presented a negative significant effect on biomass
(p < 0.0001) and all quadratic factors were significant
and had negative effect on this response. The quadratic
effect of the temperature presented the major influence
on biomass (the lowest coefficient, − 1.86), which makes
sense, as values below or above the optimum temperature range will diminish cell growth (Table 3). For ΔNS1,
the effect of the temperature was significant (p < 0.05)
and negative, which means that high induction temperatures led to ΔNS1 aggregation into inclusion bodies. The

Kanno et al. AMB Expr

(2020) 10:1

Page 5 of 13

Table 2 Results of CCRD used to assess the influence of temperature, time of induction and IPTG concentration
on biomass and soluble ΔNS1 production
Run

Independent variablesa

Responses
Biomass (DCW g/L)

Temp
1

Time

− 1.68

2

+1

3

0

4
6

+1

7

+1

8

2.02

2.30

229

2.81

3.45

52

7

3.33

3.51

344

279
144

0

−1

2.10

1.92

168

0

2.51

1.89

5

14

+1

+1

3.17

3.45

97

38

+1

−1

0

0

0

0

−1

+1

+ 1.68

0

+1

0

278

0

9
11

Predicted

0

10
12

Experimental

−1

−1

−1

Predicted

0

−1

+ 1.68

Experimental

+1

− 1.68

−1

5

IPTG

ΔNS1 (mg/L)

+1

0

− 1.68

3.92

4.08

292

286

2.17

1.92

131

175

4.97

5.16

357

386

6.78

7.35

802

969

6.39

6.09

526

463

5.68

5.16

304

334

13

0

0

0

7.65

7.35

1021

969

14

0

0

0

7.10

7.35

837

969

15

0

16

−1

17
18

+ 1.68

+1

+1

−1

0

0

6.99

6.48

190

313

−1

5.63

6.09

506

432

−1

0

0

3.92

4.08

194

254

7.76

7.35

1154

969

19

0

0

0

7.10

7.35

917

969

20

0

0

0

7.65

7.35

1095

969

a

Code values for independent variables, the actual values in Table 1

Table 3 Estimated effects for IPTG concentration, temperature and time of induction on biomass and ΔNS1 solubility
Factors

Biomass (DCW g/L)
Effect

Mean
A: Temp
B: Time
C: IPTG
AB
AC
BC
A2
B2
C2

ΔNS1 (mg/L)
Standard error

p-value

7.35

0.21

< 0.0001

− 0.12

0.14

0.4032

0.14

< 0.0001

0.88

Effect

Standard error

p-value

969

49

< 0.0001

− 79

32

0.0352

32

0.7601

10

0.00

0.14

0.9975

16

32

0.6377

− 1.20

0.18

< 0.0001

− 134

42

0.0100

− 0.06

0.18

0.7486

20

42

0.6461

0.13

0.18

0.4851

0

42

0.9915

− 1.86

0.14

< 0.0001

< 0.0001

< 0.0001

− 291

31

0.14

31

< 0.0001

− 0.78

0.14

0.0002

− 215

31

< 0.0001

− 0.83

interaction between time and temperature of induction
also had a significant negative effect on ΔNS1 solubility
(p = 0.01), indicating that the formation of inclusion bodies increased with time and temperature. All quadratic
factors presented significant negative effect on ΔNS1 solubility (p < 0.0001) and the square of temperature showed
the more pronounced effect (Table 3).

− 238

The conditions that generated the highest biomass
and ΔNS1 concentration in the soluble fraction were
observed at the centerpoint, 23 °C for 18 h and 0.7 mM
IPTG, which produced an average of 7.34 ± 0.4 DCW
g/L and 954 ± 120 mg/L of ΔNS1. The lowest temperature (11.2 °C) produced the lowest biomass concentration, while the highest temperature (34.8 °C) resulted
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in the lowest amount of soluble ΔNS1. For biomass, the
response surface plot for temperature (A) and time (B)
showed a rising ridge shape towards longer times and
lower temperatures (Fig. 1a). In Fig. 1b we observe the
positive effect of mild temperatures and in Fig. 1c the
positive effect of longer times on cell growth. In both
cases, the influence of IPTG concentration on biomass
response is less pronounced than the other two factors (Fig. 1b, c). All surface plots showed less intense
effects of independent variables on ΔNS1 production
(Fig. 1d–f ) than on biomass (Fig. 1a–c). The ANOVA
table showed that the empirical model was statistically
significant (p < 0.0001), while the lack of fit was insignificant (Table 4). The normal probability plot of the studentized residuals showed normal distribution and residuals
were insignificant for both biomass and ΔNS1 responses
(Additional file 1: Figure S3).
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Predicted versus actual DCW and ΔNS1 production
and model validation

The experimental data for DCW and ΔNS1 production were compared to the values predicted by the
model (Fig. 2a, b). Both responses showed good correlation between the actual and the predicted values
(R2 = 0.97 and 0.94 for DCW and ΔNS1, respectively).
According to the model, the highest biomass concentration (7.7 g/L) would be obtained at 21.5 °C, 22 h,
and the highest yield of ΔNS1 in the soluble fraction
(975 mg/L) at 22 °C, 18 h. The best solution for both
responses would be 21 °C for 20 h. This condition predicted 7.5 g/L DCW and 962 mg/L of ΔNS1. To validate
the model generated by the RSM design we performed
three independent runs at predicted optimal condition
for both dependent variables. The results we obtained
were very close to those predicted by the model. On

Fig. 1 Response surface plots for biomass and production of soluble ΔNS1 as a function of time, temperature of induction and IPTG concentration.
The model generated by the CCD for a–c biomass concentration measured as dry cell weight (DCW g/L) and d–f production of ΔNS1 the soluble
fraction of cell extracts (mg/L). The temperature range was 16–30 °C, time between 12 and 24 h of induction and IPTG concentration between 0.4
and 1.0 mM. Color-coding indicates high (red) and low (blue) responses
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Table 4 Analysis of variance (ANOVA) of the influence of temperature, time and IPTG concentration on biomass and ΔNS1
solubility
Source of variation

Biomass (DCW g/L)a
Sum of squares

Regression

82.49

df
9

ΔNS1 (mg/L)b
Mean square

F-calc

p-value

Sum of squares

9.17

34.83

< 0.0001

2.5 × 106

Residuals

2.63

10

0.26

Lack of fit

1.83

5

0.37

Pure error Total

0.80

5

0.16

a
b

2.30

0.1913

df
9

Mean square

F-calc

p-value

2.8 × 105

19.52

< 0.0001

0.31

0.8228

5

1.4 × 10

10

4.2 × 104

5

8335

1.0 × 105

5

20,168

14,251

Model: 7.35 + 0.88*B − 1.20*AB − 1.86*A2 − 0.83*B2 − 0.78*C2, R2 = 0.97; Adj. R2 = 0.95; Pred. R2 = 0.92. Adeq. precision = 21.9. F-tab = 2.96
Model: 969 − 79*A − 134*AB − 291*A2 − 238*B2 − 215*C2, R2 = 0.94; Adj. R2 = 0.92; Pred. R2 = 0.90. Adeq. precision = 16.9. F-tab = 2.96

Table 5 Biomass
and
soluble
of the validation experiments

ΔNS1

Biomass (DCW g/L)

Fig. 2 Predicted vs actual plots for biomass and ΔNS1. Linear
regression plot for the predicted and actual responses for a biomass
formation (g/L DCW) and b ΔNS1 (mg/L) obtained in soluble fraction
of cell extracts

average 7.25 ± 0.25 g/L DCW and 1022 ± 29 mg/L of
ΔNS1 were produced (Table 5).
Bioreactor

Based on the culture conditions established in the
shaken-flask experiments, we scaled-up ΔNS1 production to a 6-L batch. In the bioreactor, induction was

production
ΔNS1 (mg/L)

Predicted

7.50

963

Experiment 1

7.54

1033

Experiment 2

7.10

989

Experiment 3

7.10

1043

Experiment average

7.25 ± 0.25

1022 ± 29

performed at 21 °C and 0.7 mM IPTG, while regular
readings provided information on growth and solubility of ΔNS1 across time. Biomass reached its maximum
value (DCW 5.5–6.4 g/L) at 10–12 h after induction.
Soluble and insoluble ΔNS1 were observed as soon as
2 h after the induction. The maximum of soluble protein
was observed after 10–12 h of induction. Further cultivation greatly affected the solubility of ΔNS1, which starts
to decrease and aggregates in inclusion bodies (Fig. 3). At
the same time, specific growth rate and plasmid stability
also decreases from 0.24 to 0.1/h and from 99 to 56% of
antibiotic resistant colonies, respectively, suggesting that
an overall stress may be occurring after 10–12 h of induction (data not shown). For controlling the pH, a total of
37 mL phosphoric acid and 1 mL ammonium hydroxide
were added during the process.
Validation of the specificity of the antigen produced

After establishing the best expression conditions, the
next step was to determine the recombinant protein
specificity for the detection of virus-specific antibodies
raised among ZIKV-infected subjects, particularly those
previously infected with DENV. We produced and purified ΔNS1 as well as the full length NS1 of the Brazilian ZIKV strain and the NS1 derived from type 2 DENV
(NGC strain) (Fig. 4a). To test the specificity of the
∆NS1 in serological assays, we standardized an ELISA
with the above-mentioned proteins and probed them
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reduced the reactivity of the tested serum antibodies
(Fig. 4c).

Fig. 3 Solubility of ΔNS1 during the induction in the bioreactor.
After inoculation to achieve OD 0.1, culture was maintained at 37 °C
until OD ~ 2.0 (pre-induction). Temperature was shifted to 21 °C
and protein production induced with 0.7 mM IPTG. To determine
solubility and biomass concentration, aliquots were taken at regular
intervals after inoculation. After lysis, soluble and insoluble protein
extracts were separated by SDS-PAGE and stained by Coomassie Blue.
NI = non-induced. OD converted to biomass (g/L) according to the
relation 1.0 OD = 0.34 g/L

with monovalent ascitic fluids from mice infected with
DENV2, ZIKV, YFV or CHIKV (Additional file 1: Figure
S4a). The results showed reduced (DENV) or no (YFV
and CHIKV) cross-reactivity with ΔNS1. Similarly, there
was low cross-reactivity of ∆NS1 with sera from mice
infected with DENV1, DENV3 and DENV4 (Additional
file 1: Figure S4b). In contrast, antibodies of mice infected
with ZIKV strongly reacted with ΔNS1, which indicated
that the protein preserved the targeted epitopes under
the established production conditions. Antigen validation was also assessed with serum samples collected from
eight patients infected with DENV serotypes 1, 2, 3 and
4 before the entry of ZIKV in South America (Fig. 4b) or
double-positive for ZIKV/DENV (Fig. 4c). The DENV+
sera for all four serotypes exhibited significantly lower
reactivity with ΔNS1 as compared to the full length ZIKV
NS1 (50% reduction) and to the DENV NS1 (75% reduction) (Fig. 4b), indicating its reduced cross-reactivity.
In a serum sample collected from a subject previously
exposed to DENV and ZIKV, the ΔNS1 antigen showed
significant reactivity. ZIKV NS1 and DENV NS1 reactivities were significantly increased as compared to that
observed for the ΔNS1 antigen, as expected (Fig. 4c).
Notably, heat denaturation of the antigens drastically

Discussion
The initial results with ΔNS1 indicated that it would be
a promising candidate for the differential serological
diagnosis of ZIKV infections in the presence of DENV
and CHIKV. However, it is necessary to obtain the protein in high yields and in soluble form. Previous observations showed that insoluble NS1 in the form of inclusion
bodies could be renatured by a high-pressure refolding
strategy (Rosa da Silva et al. 2018). The expression of
NS1 from DENV-2 in recombinant E. coli was obtained
as insoluble, and after refolding, the protein was shown
to preserve its structural and immunological properties
(Amorim et al. 2010; Chura-Chambi et al. 2019). In this
context, although refolding of NS1 would be possible,
its scale-up would impose additional purification steps,
therefore increasing its cost.
In preliminary experiments, we evaluated different
strains of E. coli, Arctic Express (DE3) and BL21 (DE3),
using different temperatures (11 °C and 16 °C) and media
(LB, TB and 2xHKSII). Arctic Express (DE3) could support improved folding of heterologous proteins at very
low temperatures (4–11 °C) due to two chaperones from
the psychrophilic bacterium, Oleispira Antarctica (Ferrer et al. 2003). However, our results showed that BL21
(DE3) cultured at 16 °C expressed higher levels of soluble
ΔNS1 than Arctic Express (DE3) grown at 11 °C. Of the
media evaluated, only TB allowed the production of soluble ΔNS1. The main advantage of TB over LB and 2xHKSII is its buffering capacity, maintaining a controlled pH
during growth, and the presence of glycerol as an additional carbon source. TB had previously demonstrated
improved performance over other culture media for the
production of recombinant proteins (Osadska et al. 2014;
Zamani et al. 2015) and plasmid DNA (Wood et al. 2017).
The auto-induction medium described by Studier (2005)
was also evaluated, but the growth and solubility of ΔNS1
were not better than that observed with TB (data not
shown). Thus, the E. coli BL21 (DE3) and the TB medium
were selected for further optimizations.
We have applied RSM, which allows evaluation of several factors in parallel with a minimum number of experiments, to optimize culture conditions to improve the
yield and solubility of ΔNS1 in E. coli (Bae and Shoda
2005; Einsfeldt et al. 2011; Emamipour et al. 2019; Uhoraningoga et al. 2018; Xie et al. 2003). From the initial
experiments performed using Erlenmeyer flasks, we
changed to full-baffled flasks that improve the oxygen
transfer rate, approaching the results to that obtained in
bioreactors (Tunac 1989). Based on the literature (Berrow
et al. 2006; Jia and Jeon 2016), we selected temperature,
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Fig. 4 Antigenicity and specificity of the recombinant protein ΔNS1. a Coomassie Blue staining (left panels) and Western blots (right panels)
obtained with 1 µg of purified ΔNS1 or full length Brazilian ZIKV NS1 and DENV2 NS1 (strain NGC). Western blots were probed with a mAb
anti-His-Tag (ZIKV proteins) or anti-DENV2-NS1. b Reaction of human immune sera from eight DENV-infected subjects (serotypes 1 to 4) with DENV
NS1, ZIKV NS1 and ΔNS1 in ELISA. c Reaction of ZIKV+ DENV+ human serum sample with intact and heat denatured DENV NS1, ZIKV NS1 and ΔNS1.
Statistical significance was assessed by two-way ANOVA and the Bonferroni test

time and IPTG concentration as the independent variables to evaluate their effect on the responses of biomass
concentration and solubility of ΔNS1. Our preliminary
data demonstrated that lowering the temperature to
16 °C coupled with induction time of 18 h increased the
solubility of ΔNS1 in TB. Therefore, we investigated temperatures from 16 to 30 °C, induction times from 12 to
24 h, and concentrations of the inducer IPTG from 0.4 to
1.0 mM, and included axial points with an alpha of 1.68
in a Central Composite Rotatable Design.
Temperature and time are two of the most important factors affecting the production and solubility of a
recombinant protein (Papaneophytou and Kontopidis
2014, 2016). Lowering the temperature can significantly
increase the solubility of recombinant proteins (Schein
and Noteborn 1988), although this is not always the
case and should be evaluated for each protein. Vincentelli et al. (2011) applied high-throughput screening to

analyze the effect of E. coli strain, culture media and
temperature on the solubility of recombinant proteins.
Of the 110 prokaryotic proteins tested, induction at 37,
25 and 17 °C resulted in 38, 36 and 25 soluble proteins,
respectively. In our statistical model, time presented a
significant positive effect for biomass production. On
the other hand, temperature had a significant negative effect on the solubility of ΔNS1. The interaction
between these factors was also statistically significant
with a negative effect on both responses. In the production of soluble recombinant proteins, other studies
have also demonstrated that these factors interact with
each other (Larentis et al. 2011; Maharjan et al. 2014;
Marini et al. 2014; Swalley et al. 2006). Furthermore,
in our study, the response surface plots showed a positive curvature and represented well the significance of
the quadratic terms of temperature and time of induction, indicating that along with the interaction between
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these factors, values too high or low will have a negative effect on the responses.
Moreover, the effect of the concentration of IPTG was
not significant for any of the responses, but its quadratic
term presented a significant negative effect on both biomass formation and ΔNS1 production. IPTG may lead to
poor induction or result in inhibitory effects for the cell in
a dose-dependent manner (Heyland et al. 2011). In fact,
the concentration of the inducer can have a great impact
on growth and yield (Einsfeldt et al. 2011; Larentis et al.
2011; Marini et al. 2014) or little to no effect (Ghaderi
et al. 2018; Xie et al. 2003). Through statistical designs,
Papaneophytou et al. (2013) observed a significant effect
of IPTG on the solubility of RANKL, but not for TNF-α
(Papaneophytou and Kontopidis 2012), both produced in
recombinant E. coli. IPTG can also be used in low concentrations when coupled to other inducers such as galactose, in an attempt to decrease the cost and prevent the
deleterious effect of IPTG (Restaino et al. 2013). Across
all the experiments, biomass concentration varied almost
fourfold and soluble ΔNS1 concentration more than 240fold. This emphasizes the importance of optimizing the
culture conditions before scaling-up. If we had applied a
standard protocol using lower temperature (induction at
18 °C for 16 h with 0.5 mM of IPTG) (Structural Genomics et al. 2008), we would have obtained soluble ΔNS1, but
according to our model at a yield approx. 40% lower. The
best conditions predicted by the model were tested and
validated. From the predicted responses of 7.5 g/L DCW
and 962 mg/L of ΔNS1 we obtained an average of 7.25 g/L
DCW and 1022 mg/L ΔNS1, a difference of only 3 and 6%,
between predicted and actual values, respectively.
Using the condition established by the RSM (induction at 21 °C with 0.7 mM IPTG) we scaled-up the cultivation to a 6-L bioreactor batch. In comparison to the
small-scale flasks, the optimal duration of induction in
the bioreactor was lower. These differences may be due
to control of dissolved oxygen and pH during the whole
culture. Additionally, even with the use of full-baffled
flasks, some differences in the growth rate are expected
when scaling-up from 100 mL to a 6-L batch. During
the batch cultivation in the bioreactor, we observed
mainly the addition of phosphoric acid (not ammonium
hydroxide), suggesting a tendency towards alkalization.
This was previously observed by others and implies a
rapid consumption of glycerol as carbon source during
the culture (Kram and Finkel 2015; Losen et al. 2004).
In this scenario, further improvements could be possible by optimizing the input of the carbon source in a
pH-controlled environment, which could be achieved
in a batch or fed-batch process. The addition of ethanol up to 2% v/v has been shown to increase the solubility of recombinant catalase expressed in E. coli (Zheng
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et al. 2019) and could be used to further increase the
yield. Nonetheless, the current culture conditions
allowed production of an estimated 0.5 g/L of ΔNS1
in a 6-L batch culture. Based the current purification
setup, with an estimated 20% of ΔNS1 recovery, a single
batch would be sufficient for ~ 30,000 ELISA plates.
Despite the broad utilization of the NS1 proteins for
flaviviruses serological diagnosis, it has been demonstrated that DENV NS1 proteins lead to conflicting
results in endemic areas, especially for ZIKV (Felix et al.
2017; Matheus et al. 2016). Although ZIKV NS1 proteins have been considered specific for ZIKV infections
(Matheus et al. 2016), it’s cross-reactivity with DENV is
widely acknowledged by the scientific community. Our
previous results had shown that the recombinant ΔNS1
fragment was a useful antigen for the detection of specific
IgG antibodies generated upon ZIKV infection (CairesJunior et al. 2018; Kam et al. 2017; Oliveira et al. 2016).
Here, the purified ΔNS1 protein was used to characterize the specificity of the antibodies generated by infection with ZIKV and other flavivirus, including human
serum samples of patients infected with DENV. The
serological tests carried out with ΔNS1 showed a reduced
cross-reactivity of the serum from individuals previously
infected with DENV as compared to full length NS1. Such
enhancement in the specificity may be ascribed to the
reduction of common surface exposed epitopes in NS1
between ZIKV and DENV. Despite the structural similarity between the NS1 protein of ZIKV and other flavivirus,
ZIKV NS1 displays a divergent electrostatic potential that
may explain the altered binding profile of the antibodies
to ΔNS1 (Song et al. 2016). Finally, the lack of detection
when using denatured ΔNS1 reinforces the relevance of
conformational epitopes in the detection of ZIKV-specific antibodies and the essential requirement of soluble
protein production.
The data presented in this study demonstrates the
application of statistical design to improve the yield and
solubility of ΔNS1 produced by recombinant E. coli, its
pilot-scale production and specificity for serological diagnosis of ZIKV infection. These results will contribute to
the viability of this much needed serological diagnostic of
ZIKV infection in the presence of other flavivirus.

Supplementary information
Supplementary information accompanies this paper at https://doi.
org/10.1186/s13568-019-0926-y.
Additional file 1: Fig. S1. Evaluation of culture medium and comparison
of Arctic and BL21 E. coli strains producing ΔNS1. Fig. S2 Effect of anti‑
foam on the production of soluble ΔNS1. Fig. S3 Normal (%) probability
plot of the Studentized residuals. Fig. S4 Reactivity of ΔNS1 and IgG
antibodies from mouse infected with ZIKV and other viruses.

Kanno et al. AMB Expr

(2020) 10:1

Acknowledgements
We would like to thank Dr. A. A. Sall (Institut Pasteur Dakar) for kindly provid‑
ing ascitic fluids from mice infected with DENV (GenBank reference number
D00346.1), chikungunya virus (CHIV - GenBank reference number AF339485.1),
yellow fever virus (YFV - GenBank reference number X03700.1) or ZIKV
(GenBank reference number KF383035.1), to C. S. Pannuti and P. M. A. Zanotto
(Biomedical Sciences Institute, University of São Paulo) for providing DENV
positive serum.
Authors’ contributions
AIK and VMG designed the experiments, analyzed and interpreted the data.
LRP, MJRJ, RA-S and RPSA constructed the strains and performed the serologi‑
cal assays. AIK performed the experiments and wrote the manuscript. VMG
contributed to interpretation of the results and revising of the manuscript.
LCCL, ELD, LCSF contributed to evaluation of the data and write the manu‑
script. All authors read and approved the final manuscript.
Funding
This work was supported by Fundação de Amparo a Pesquisa do Estado de
São Paulo (FAPESP) under Project 2012/23124-4, 2016/20045-7, 2014/17595-0
and Fundação Butantan.
Availability of data and materials
All data generated or analyzed during this study are included in this published
article and in additional file. Please turn to the corresponding author for all
other requests.
Ethics approval and consent to participate
Our institutional review board approved this study and all biological samples
were collected under the approval of the Ethics Committee of the Institute of
Biosciences of the University of São Paulo (CEPSH - Off.011616).
Consent for publication
Not applicable.
Competing interests
The authors have a patent application on the gene sequence of the Zika virus
used for differential diagnosis (Number: BR 10 2016011318 0) and another pat‑
ent on the ΔNS1 production process developed (Number: BR 10 2018067345
9).
Author details
1
Laboratório de Desenvolvimento de Vacinas, Instituto Butantan, Av Vital
Brasil, 1500, São Paulo, SP 05503‑900, Brazil. 2 Laboratório de Desenvolvimento
de Vacinas, Instituto de Ciências Biomédicas, Universidade de São Paulo, São
Paulo, SP, Brazil. 3 Laboratório de Virologia, Instituto de Ciências Biomédicas,
Universidade de São Paulo, São Paulo, SP, Brazil.
Received: 9 October 2019 Accepted: 3 December 2019

References
Abergel C, Coutard B, Byrne D, Chenivesse S, Claude JB, Deregnaucourt C,
Fricaux T, Gianesini-Boutreux C, Jeudy S, Lebrun R, Maza C, Notredame C,
Poirot O, Suhre K, Varagnol M, Claverie JM (2003) Structural genomics of
highly conserved microbial genes of unknown function in search of new
antibacterial targets. J Struct Funct Genomics 4(2–3):141–157
Alves RPDS, Pereira LR, Fabris DLN, Salvador FS, Santos RA, Zanotto PMDA,
Romano CM, Amorim JH, Ferreira LCDS (2016) Production of a recombi‑
nant dengue virus 2 NS5 protein and potential use as a vaccine antigen.
Clin Vaccine Immunol 23:460–469. https://doi.org/10.1128/CVI.00081-16
Amorim JH, Porchia BF, Balan A, Cavalcante RC, da Costa SM, de Barcelos Alves
AM, de Souza Ferreira LC (2010) Refolded dengue virus type 2 NS1 pro‑
tein expressed in Escherichia coli preserves structural and immunological
properties of the native protein. J Virol Methods 167(2):186–192. https://
doi.org/10.1016/j.jviromet.2010.04.003
Bae S, Shoda M (2005) Statistical optimization of culture conditions for bacte‑
rial cellulose production using Box-Behnken design. Biotechnol Bioeng
90(1):20–28. https://doi.org/10.1002/bit.20325

Page 11 of 13

Balmaseda A, Stettler K, Medialdea-Carrera R, Collado D, Jin X, Zambrana
JV, Jaconi S, Cameroni E, Saborio S, Rovida F, Percivalle E, Ijaz S, Dicks S,
Ushiro-Lumb I, Barzon L, Siqueira P, Brown DWG, Baldanti F, Tedder R,
Zambon M, de Filippis AMB, Harris E, Corti D (2017) Antibody-based assay
discriminates Zika virus infection from other flaviviruses. Proc Natl Acad
Sci 114(31):8384–8389. https://doi.org/10.1073/pnas.1704984114
Baneyx F (1999) Recombinant protein expression in Escherichia coli. Curr Opin
Biotechnol 10(5):411–421
Baneyx F, Mujacic M (2004) Recombinant protein folding and misfold‑
ing in Escherichia coli. Nat Biotechnol 22(11):1399–1408. https://doi.
org/10.1038/nbt1029
Berrow NS, Bussow K, Coutard B, Diprose J, Ekberg M, Folkers GE, Levy N, Lieu
V, Owens RJ, Peleg Y, Pinaglia C, Quevillon-Cheruel S, Salim L, Scheich C,
Vincentelli R, Busso D (2006) Recombinant protein expression and solu‑
bility screening in Escherichia coli: a comparative study. Acta Crystallogr D
Biol Crystallogr 62(Pt 10):1218–1226. https://doi.org/10.1107/S090744490
6031337
Bosch I, de Puig H, Hiley M, Carre-Camps M, Perdomo-Celis F, Narvaez CF, Sal‑
gado DM, Senthoor D, O’Grady M, Phillips E, Durbin A, Fandos D, Miyazaki
H, Yen CW, Gelvez-Ramirez M, Warke RV, Ribeiro LS, Teixeira MM, Almeida
RP, Munoz-Medina JE, Ludert JE, Nogueira ML, Colombo TE, Terzian ACB,
Bozza PT, Calheiros AS, Vieira YR, Barbosa-Lima G, Vizzoni A, Cerbino-Neto
J, Bozza FA, Souza TML, Trugilho MRO, de Filippis AMB, de Sequeira PC,
Marques ETA, Magalhaes T, Diaz FJ, Restrepo BN, Marin K, Mattar S, Olson
D, Asturias EJ, Lucera M, Singla M, Medigeshi GR, de Bosch N, Tam J,
Gomez-Marquez J, Clavet C, Villar L, Hamad-Schifferli K, Gehrke L (2017)
Rapid antigen tests for dengue virus serotypes and Zika virus in patient
serum. Sci Transl Med. https://doi.org/10.1126/scitranslmed.aan1589
Caires-Junior LC, Goulart E, Melo US, Araujo BHS, Alvizi L, Soares-Schanoski
A, de Oliveira DF, Kobayashi GS, Griesi-Oliveira K, Musso CM, Amaral MS,
daSilva LF, Astray RM, Suarez-Patino SF, Ventini DC, Gomes da Silva S,
Yamamoto GL, Ezquina S, Naslavsky MS, Telles-Silva KA, Weinmann K,
van der Linden V, van der Linden H, de Oliveira JRM, Arrais NMR, Melo A,
Figueiredo T, Santos S, Meira JGC, Passos SD, de Almeida RP, Bispo AJB,
Cavalheiro EA, Kalil J, Cunha-Neto E, Nakaya H, Andreata-Santos R, de
Souza Ferreira LC, Verjovski-Almeida S, Ho PL, Passos-Bueno MR, Zatz
M (2018) Discordant congenital Zika syndrome twins show differen‑
tial in vitro viral susceptibility of neural progenitor cells. Nat Commun
9(1):475. https://doi.org/10.1038/s41467-017-02790-9
Chua A, Prat I, Nuebling CM, Wood D, Moussy F (2017) Update on Zika
diagnostic tests and WHO’s related activities. PLoS Negl Trop Dis
11(2):e0005269. https://doi.org/10.1371/journal.pntd.0005269
Chura-Chambi RM, da Silva CMR, Pereira LR, Bartolini P, Ferreira LCS, Morganti L
(2019) Protein refolding based on high hydrostatic pressure and alkaline
pH: application on a recombinant dengue virus NS1 protein. PLoS ONE
14(1):e0211162. https://doi.org/10.1371/journal.pone.0211162
Einsfeldt K, Severo Junior JB, Correa Argondizzo AP, Medeiros MA, Alves TL,
Almeida RV, Larentis AL (2011) Cloning and expression of protease ClpP
from Streptococcus pneumoniae in Escherichia coli: study of the influence
of kanamycin and IPTG concentration on cell growth, recombinant
protein production and plasmid stability. Vaccine 29(41):7136–7143. https
://doi.org/10.1016/j.vaccine.2011.05.073
Emamipour N, Vossoughi M, Mahboudi F, Golkar M, Fard-Esfahani P (2019)
Soluble expression of IGF1 fused to DsbA in SHuffle T7 strain: optimi‑
zation of expression and purification by Box-Behnken design. Appl
Microbiol Biotechnol 103(8):3393–3406. https://doi.org/10.1007/s0025
3-019-09719-w
Felix AC, Souza NCS, Figueiredo WM, Costa AA, Inenami M, da Silva RMG, Levi
JE, Pannuti CS, Romano CM (2017) Cross reactivity of commercial antidengue immunoassays in patients with acute Zika virus infection. J Med
Virol 89(8):1477–1479. https://doi.org/10.1002/jmv.24789
Fernanda Estofolete C, Terzian AC, Parreira R, Esteves A, Hardman L, Greque
GV, Rahal P, Nogueira ML (2016) Clinical and laboratory profile of Zika
virus infection in dengue suspected patients: a case series. J Clin Virol
81:25–30. https://doi.org/10.1016/j.jcv.2016.05.012
Ferrer M, Chernikova TN, Yakimov MM, Golyshin PN, Timmis KN (2003)
Chaperonins govern growth of Escherichia coli at low temperatures. Nat
Biotechnol 21(11):1266–1267. https://doi.org/10.1038/nbt1103-1266
Fischer C, Pedroso C, Mendrone A Jr., de Bispo Filippis AM, Vallinoto ACR,
Ribeiro BM, Durigon EL, Marques ETA Jr., Campos GS, Viana IFT, Levi
JE, Scarpelli LC, Nogueira ML, Bastos MS, Souza NCS, Khouri R, Lira S,

Kanno et al. AMB Expr

(2020) 10:1

Komninakis SV, Baronti C, Charrel RN, Kummerer BM, Drosten C, Brites C,
de Lamballerie X, Niedrig M, Netto EM, Netto EM, Drexler JF (2018) Exter‑
nal quality assessment for Zika virus molecular diagnostic testing, Brazil.
Emerg Infect Dis. https://doi.org/10.3201/eid2405.171747
Franca GV, Schuler-Faccini L, Oliveira WK, Henriques CM, Carmo EH, Pedi VD,
Nunes ML, Castro MC, Serruya S, Silveira MF, Barros FC, Victora CG (2016)
Congenital Zika virus syndrome in Brazil: a case series of the first 1501
livebirths with complete investigation. Lancet 388(10047):891–897. https
://doi.org/10.1016/S0140-6736(16)30902-3
Ghaderi H, Arasteh J, Hesampour A (2018) Using response surface methodol‑
ogy in combination with Plackett-Burman design for optimization of
culture media and extracellular expression of Trichoderma reesei synthetic
endoglucanase II in Escherichia coli. Mol Biol Rep 45(5):1197–1208. https
://doi.org/10.1007/s11033-018-4272-y
Granger D, Hilgart H, Misner L, Christensen J, Bistodeau S, Palm J, Strain AK,
Konstantinovski M, Liu D, Tran A, Theel ES (2017) Serologic testing for
Zika Virus: comparison of three Zika virus IgM-screening enzyme-linked
immunosorbent assays and initial laboratory experiences. J Clin Microbiol
55(7):2127–2136. https://doi.org/10.1128/JCM.00580-17
Heyland J, Blank LM, Schmid A (2011) Quantification of metabolic limitations
during recombinant protein production in Escherichia coli. J Biotechnol
155(2):178–184. https://doi.org/10.1016/j.jbiotec.2011.06.016
Jensen EB, Carlsen S (1990) Production of recombinant human growth
hormone in Escherichia coli: expression of different precursors and
physiological effects of glucose, acetate, and salts. Biotechnol Bioeng
36(1):1–11. https://doi.org/10.1002/bit.260360102
Jia B, Jeon CO (2016) High-throughput recombinant protein expression in
Escherichia coli: current status and future perspectives. Open Biol. https://
doi.org/10.1098/rsob.160196
Kam YW, Leite JA, Lum FM, Tan JJL, Lee B, Judice CC, Teixeira DAT, AndreataSantos R, Vinolo MA, Angerami R, Resende MR, Freitas ARR, Amaral E,
Junior RP, Costa ML, Guida JP, Arns CW, Ferreira LCS, Renia L, ProencaModena JL, Ng LFP, Costa FTM, Zika-Unicamp N (2017) Specific biomark‑
ers associated with neurological complications and congenital central
nervous system abnormalities from Zika virus-infected patients in Brazil. J
Infect Dis 216(2):172–181. https://doi.org/10.1093/infdis/jix261
Kikuti M, Tauro LB, Moreira PSS, Campos GS, Paploski IAD, Weaver SC, Reis MG,
Kitron U, Ribeiro GS (2018) Diagnostic performance of commercial IgM
and IgG enzyme-linked immunoassays (ELISAs) for diagnosis of Zika virus
infection. Virol J 15(1):108. https://doi.org/10.1186/s12985-018-1015-6
Kram KE, Finkel SE (2015) Rich medium composition affects Escherichia coli
survival, glycation, and mutation frequency during long-term batch cul‑
ture. Appl Environ Microbiol 81(13):4442–4450. https://doi.org/10.1128/
AEM.00722-15
Larentis AL, Argondizzo AP, Esteves Gdos S, Jessouron E, Galler R, Medeiros
MA (2011) Cloning and optimization of induction conditions for mature
PsaA (pneumococcal surface adhesin A) expression in Escherichia coli and
recombinant protein stability during long-term storage. Protein Expr Purif
78(1):38–47. https://doi.org/10.1016/j.pep.2011.02.013
Losen M, Frolich B, Pohl M, Buchs J (2004) Effect of oxygen limitation and
medium composition on Escherichia coli fermentation in shake-flask
cultures. Biotechnol Prog 20(4):1062–1068. https://doi.org/10.1021/
bp034282t
Maharjan S, Singh B, Bok JD, Kim JI, Jiang T, Cho CS, Kang SK, Choi YJ (2014)
Exploring codon optimization and response surface methodology to
express biologically active transmembrane RANKL in E. coli. PloS One
9(5):e96259. https://doi.org/10.1371/journal.pone.0096259
Marini G, Luchese MD, Argondizzo AP, de Goes AC, Galler R, Alves TL, Medeiros
MA, Larentis AL (2014) Experimental design approach in recombinant
protein expression: determining medium composition and induction
conditions for expression of pneumolysin from Streptococcus pneumoniae
in Escherichia coli and preliminary purification process. BMC Biotechnol
14:1. https://doi.org/10.1186/1472-6750-14-1
Marthos BV, Ferri AL, de Figueiredo DB, Zangirolami TC, Goncalves VM (2015)
Capsular polysaccharide production by Streptococcus pneumoniae sero‑
type 1: from strain selection to fed-batch cultivation. Appl Microbiol Bio‑
technol 99(24):10447–10456. https://doi.org/10.1007/s00253-015-6928-z
Matheus S, Boukhari R, Labeau B, Ernault V, Bremand L, Kazanji M, Rousset
D (2016) Specificity of dengue NS1 antigen in differential diagnosis of
dengue and Zika virus infection. Emerg Infect Dis 22(9):1691–1693. https
://doi.org/10.3201/eid2209.160725

Page 12 of 13

Montgomery DC (2008) Design and analysis of experiments, 7th edn. Wiley,
Hoboken
Oliveira DB, Almeida FJ, Durigon EL, Mendes EA, Braconi CT, Marchetti I,
Andreata-Santos R, Cunha MP, Alves RP, Pereira LR, Melo SR, Neto DF,
Mesquita FS, Araujo DB, Favoretto SR, Safadi MA, Ferreira LC, Zanotto PM,
Botosso VF, Berezin EN (2016) Prolonged shedding of Zika virus associ‑
ated with congenital infection. N Engl J Med 375(12):1202–1204. https://
doi.org/10.1056/NEJMc1607583
Osadska M, Bonkova H, Krahulec J, Stuchlik S, Turna J (2014) Optimization
of expression of untagged and histidine-tagged human recombinant
thrombin precursors in Escherichia coli. Appl Microbiol Biotechnol
98(22):9259–9270. https://doi.org/10.1007/s00253-014-5840-2
Papaneophytou CP, Kontopidis GA (2012) Optimization of TNF-alpha
overexpression in Escherichia coli using response surface methodology:
purification of the protein and oligomerization studies. Protein Expr Purif
86(1):35–44. https://doi.org/10.1016/j.pep.2012.09.002
Papaneophytou CP, Kontopidis G (2014) Statistical approaches to maximize
recombinant protein expression in Escherichia coli: a general review.
Protein Expr Purif 94:22–32. https://doi.org/10.1016/j.pep.2013.10.016
Papaneophytou C, Kontopidis G (2016) A comparison of statistical approaches
used for the optimization of soluble protein expression in Escherichia coli.
Protein Expr Purif 120:126–137. https://doi.org/10.1016/j.pep.2015.12.014
Papaneophytou CP, Rinotas V, Douni E, Kontopidis G (2013) A statistical
approach for optimization of RANKL overexpression in Escherichia
coli: purification and characterization of the protein. Protein Expr Purif
90(1):9–19. https://doi.org/10.1016/j.pep.2013.04.005
Paz-Bailey G, Rosenberg ES, Doyle K, Munoz-Jordan J, Santiago GA, Klein L,
Perez-Padilla J, Medina FA, Waterman SH, Gubern CG, Alvarado LI, Sharp
TM (2018) Persistence of Zika virus in body fluids—final report. N Engl J
Med 379(13):1234–1243. https://doi.org/10.1056/NEJMoa1613108
Priyamvada L, Hudson W, Ahmed R, Wrammert J (2017) Humoral crossreactivity between Zika and dengue viruses: implications for protection
and pathology. Emerg Microbes Infect 6(5):e33. https://doi.org/10.1038/
emi.2017.42
Restaino OF, Bhaskar U, Paul P, Li L, De Rosa M, Dordick JS, Linhardt RJ (2013)
High cell density cultivation of a recombinant E. coli strain expressing a
key enzyme in bioengineered heparin production. Appl Microbiol Bio‑
technol 97(9):3893–3900. https://doi.org/10.1007/s00253-012-4682-z
Rosa da Silva CM, Chura-Chambi RM, Ramos Pereira L, Cordeiro Y, de Souza
Ferreira LC, Morganti L (2018) Association of high pressure and alkaline
condition for solubilization of inclusion bodies and refolding of the NS1
protein from zika virus. BMC Biotechnol 18(1):78. https://doi.org/10.1186/
s12896-018-0486-2
Rosano GL, Ceccarelli EA (2014) Recombinant protein expression in Escherichia coli: advances and challenges. Front Microbiol 5:172. https://doi.
org/10.3389/fmicb.2014.00172
Schein CH, Noteborn MHM (1988) Formation of soluble recombinant proteins
in Escherichia coli is favored by lower growth temperature. Bio-Technol
6(3):291–294. https://doi.org/10.1038/Nbt0388-291
Song H, Qi J, Haywood J, Shi Y, Gao GF (2016) Zika virus NS1 structure reveals
diversity of electrostatic surfaces among flaviviruses. Nat Struct Mol Biol
23(5):456–458. https://doi.org/10.1038/nsmb.3213
Stettler K, Beltramello M, Espinosa DA, Graham V, Cassotta A, Bianchi S,
Vanzetta F, Minola A, Jaconi S, Mele F, Foglierini M, Pedotti M, Simonelli L,
Dowall S, Atkinson B, Percivalle E, Simmons CP, Varani L, Blum J, Baldanti F,
Cameroni E, Hewson R, Harris E, Lanzavecchia A, Sallusto F, Corti D (2016)
Specificity, cross-reactivity, and function of antibodies elicited by Zika
virus infection. Science 353(6301):823–826. https://doi.org/10.1126/scien
ce.aaf8505
Structural Genomics C, China Structural Genomics C, Northeast Structural
Genomics C, Graslund S, Nordlund P, Weigelt J, Hallberg BM, Bray J, Gile‑
adi O, Knapp S, Oppermann U, Arrowsmith C, Hui R, Ming J, dhe-Paganon
S, Park HW, Savchenko A, Yee A, Edwards A, Vincentelli R, Cambillau C, Kim
R, Kim SH, Rao Z, Shi Y, Terwilliger TC, Kim CY, Hung LW, Waldo GS, Peleg
Y, Albeck S, Unger T, Dym O, Prilusky J, Sussman JL, Stevens RC, Lesley SA,
Wilson IA, Joachimiak A, Collart F, Dementieva I, Donnelly MI, Eschen‑
feldt WH, Kim Y, Stols L, Wu R, Zhou M, Burley SK, Emtage JS, Sauder JM,
Thompson D, Bain K, Luz J, Gheyi T, Zhang F, Atwell S, Almo SC, Bonanno
JB, Fiser A, Swaminathan S, Studier FW, Chance MR, Sali A, Acton TB, Xiao
R, Zhao L, Ma LC, Hunt JF, Tong L, Cunningham K, Inouye M, Anderson
S, Janjua H, Shastry R, Ho CK, Wang D, Wang H, Jiang M, Montelione GT,

Kanno et al. AMB Expr

(2020) 10:1

Stuart DI, Owens RJ, Daenke S, Schutz A, Heinemann U, Yokoyama S,
Bussow K, Gunsalus KC (2008) Protein production and purification. Nat
Methods 5(2):135–146. https://doi.org/10.1038/nmeth.f.202
Studier FW (2005) Protein production by auto-induction in high density shak‑
ing cultures. Protein Expr Purif 41(1):207–234
Swalley SE, Fulghum JR, Chambers SP (2006) Screening factors effecting
a response in soluble protein expression: formalized approach using
design of experiments. Anal Biochem 351(1):122–127. https://doi.
org/10.1016/j.ab.2005.11.046
Theel ES, Hata DJ (2018) Diagnostic testing for Zika virus: a postoutbreak
update. J Clin Microbiol. https://doi.org/10.1128/jcm.01972-17
Tunac JB (1989) High-aeration capacity shake-flask system. J Ferment Bioeng
68(2):157–159. https://doi.org/10.1016/0922-338x(89)90068-8
Uhoraningoga A, Kinsella GK, Henehan GT, Ryan BJ (2018) The Goldilocks
approach: a review of employing design of experiments in prokary‑
otic recombinant protein production. Bioengineering. https://doi.
org/10.3390/bioengineering5040089
Vallejo LF, Rinas U (2004) Strategies for the recovery of active proteins through
refolding of bacterial inclusion body proteins. Microb Cell Fact 3(1):11.
https://doi.org/10.1186/1475-2859-3-11
Vincentelli R, Cimino A, Geerlof A, Kubo A, Satou Y, Cambillau C (2011) Highthroughput protein expression screening and purification in Escherichia
coli. Methods 55(1):65–72. https://doi.org/10.1016/j.ymeth.2011.08.010
WHO (2016) Zika situation report. PUblisher. http://www.who.int/emergencie
s/zika-virus/situation-report/25-august-2016/en/ Accessed 29 August
2016

Page 13 of 13

Wood WN, Smith KD, Ream JA, Lewis LK (2017) Enhancing yields of low and
single copy number plasmid DNAs from Escherichia coli cells. J Microbiol
Methods 133:46–51. https://doi.org/10.1016/j.mimet.2016.12.016
Xie L, Hall D, Eiteman MA, Altman E (2003) Optimization of recombinant
aminolevulinate synthase production in Escherichia coli using facto‑
rial design. Appl Microbiol Biotechnol 63(3):267–273. https://doi.
org/10.1007/s00253-003-1388-2
Yang Z, Zhang L, Zhang Y, Zhang T, Feng Y, Lu X, Lan W, Wang J, Wu H, Cao C,
Wang X (2011) Highly efficient production of soluble proteins from insol‑
uble inclusion bodies by a two-step-denaturing and refolding method.
PLoS ONE 6(7):e22981. https://doi.org/10.1371/journal.pone.0022981
Zamani M, Berenjian A, Hemmati S, Nezafat N, Ghoshoon MB, Dabbagh F,
Mohkam M, Ghasemi Y (2015) Cloning, expression, and purification of
a synthetic human growth hormone in Escherichia coli using response
surface methodology. Mol Biotechnol 57(3):241–250. https://doi.
org/10.1007/s12033-014-9818-1
Zheng H, Yu Z, Shu W, Fu X, Zhao X, Yang S, Tan M, Xu J, Liu Y, Song H (2019)
Ethanol effects on the overexpression of heterologous catalase in Escherichia coli BL21 (DE3). Appl Microbiol Biotechnol 103(3):1441–1453. https://
doi.org/10.1007/s00253-018-9509-0

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

