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1  | INTRODUC TION

There have been significant changes in the global animal feed price 
which will impact the price of animal agriculture (Einstein‐Curtis, 
2018; Thornton, 2010). The feed cost accounts for 60%–70% of 
total livestock production costs, and there is an increasing reliance 
on soybean meal and fish meal for protein supply in feeds (Khatoon 
et al., 2016). To date, the rising costs of protein feed ingredients 
have largely been experienced by livestock, poultry, and aquaculture 

producers, often with significant financial loss (Bandara, 2018; Batal, 
2009; Manceron, Ben‐Ari, & Dumas, 2014; Singh, Paul, & Giri, 2018; 
Tona, 2018). However, higher costs of production have to be re‐
flected in higher prices for meat and eggs. Consequently, the issues 
of alternative protein feed sources have generated as public concern.

Single cell protein (SCP) is one of the materials for appropri‐
ate protein source and feed formulation because it can be used 
as protein supplement to replace the costly protein materials and 
massive quantities of SCP can be produced in a short time (Chee, 
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Abstract
To reduce the cost of protein feedstock for animal feed, the use of single cell pro‐
tein (SCP) produced from waste of animal agriculture is an interesting choice. This 
study reveals that chicken manure was the best substrate for SCP production by 
submerged fermentation using photosynthetic bacteria compared to swine, cow, 
and buffalo manure. Regression analysis showed that the productions were found 
to be significantly influenced by chicken manure content, inoculum size, and cultiva‐
tion time. Response surface methodology based on central composite design gener‐
ated	the	optimal	condition	(15%	chicken	manure,	30%	inoculum	size	and	cultivation	
time for 14 days) at which biomass, protein, and carotenoid productions were in‐
creased by 92.3%, 21.6%, and 18.2%, respectively. The percentage of error between 
the predicted and actual values for biomass, protein, and carotenoid productions 
were	1.56%,	2.64%,	 and	2.09%,	 respectively,	which	 indicates	 the	precision	of	 the	
model. To verify the quality of SCP, the bacterium was cultured in a photobioreactor 
to investigate amino acid composition, protein, and nucleic acid contents. The SCP 
yielded 62.7% protein with essential amino acids including lysine, methionine, threo‐
nine, phenylalanine, leucine, isoleucine, valine, histidine, and low nucleic acid content 
of	4.52%.	This	study	suggests	an	alternative	SCP	production	for	animal	feed	as	well	
as the strategy for animal waste management.
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Lakshmanan,	Jeepery,	Hairudin,	&	Sudesh,	2019;	Ritala,	Hakkinen,	
Toivari,	&	Wiebe,	2017).	 It	 is	considered	as	a	promising	product	to	
solve the problem of the high price of protein feed (Golaghaiee, 
Ardestani, & Ghorbani, 2017; Reihani & Khosravi‐Darani, 2018). 
Alloul et al. (2018) have reported that SCP can be produced on in‐
dustrial wastewater to produce the protein feed and simultaneously 
treat wastewater in environmental management. Currently, there 
is an increasing demand for carotenoids for poultry, farmed fish, 
and crustaceans. Since these animals cannot produce carotenoids 
by their own, the inclusion of carotenoids in their diets is needed. 
Carotenoids enhance immune system and scavenge harmful reac‐
tive oxygen species, resulting in utilizing them as feed supplement 
(Anbazahan et al., 2014). The color of egg yolks, fish meat, and 
shrimp meat depend on carotenoid combinations in the diets (Das 
& Biswas, 2016; Garcia‐Chavarría & Lara‐Flores, 2013; Nimalaratne, 
Wu,	&	 Schieber,	 2013).	 Natural	 carotenoids	 supplementing	 in	 the	
diet help animal producers to attain the color that are preferred by 
their customers.

Photosynthetic bacteria are the known microorganisms utilized 
as SCP for decades. They provide high amount of protein content 
with all essential amino acids, carotenoids, vitamins, and other 
high‐value	products	 (Wang	et	 al.,	 2017,	2016).	Rhodopseudomonas 
faecalis PA2 has been reported as the potential photosynthetic 
bacterium utilized as SCP. The dried biomass of this bacterium 
contained not only large amount of protein content but also carot‐
enoids, lipid, and polyunsaturated fatty acids including omega‐3 and 
omega‐6 fatty acids (Patthawaro, Lomthaisong, & Saejung, 2019; 
Saejung	&	Ampornpat,	 2019;	 Saejung	&	Apaiwong,	2015;	 Saejung	
& Puensungnern, 2018; Saejung & Thammaratana, 2016). Previous 
study has reported that this bacterium can be utilized as diet in the 
freshwater fairy shrimp Streptocephalus sirindhornae. Not only did it 
enhance survival rate and growth performance of the fairy shrimp 
but it also reduced ammonia, nitrite, and nitrate concentrations of 
the water compared to those fed with the alga Chlorella vulgaris and 
the yeast Saccharomyces cerevisiae (Saejung, Chaiyarat, & Sa‐no‐
amuang, 2018). These findings suggest that this strain is a good can‐
didate as SCP for animal feed.

Animal wastes predominantly include manure from cow, buffalo, 
swine, and poultry. There could be a serious disposal problem about 
animal manure because they have the potential to contaminate both 
surface	and	groundwater	(Borowski	et	al.,	2017;	Lin	et	al.,	2017;	Wu	
et al., 2017). Therefore, manure management is the important issue 
for environmental policies in order to minimize the waste and to re‐
duce pollution. Recently, the bioconversion of wastes to produce 
SCP has gained particular interest as an alternative protein feed due 
to inexpensive cost. Animal manure is considered as the potential 
sources of recyclable N, P, K, micronutrients, and organic matter 
(Gaind, 2014). However, few research of SCP produced from animal 
manure has been done in the literatures (Garcia et al., 2019; Vrati, 
1984). Most studies have focused on the production of SCP from 
poultry manure by using yeast such as Candida sp., Saccharomyces 
sp., and Rhodotorula	sp.	(El‐Deek	et	al.,	2009;	Jalasutram,	Kataram,	
Gandu, & Anupoju, 2013). Hence, the objectives of the present 

study were to produce SCP by the photosynthetic bacterium R. 
faecalis PA2. The cow manure, buffalo manure, swine manure, and 
chicken manure were used as sole substrates to produce biomass, 
protein, and carotenoid productions. The response surface method‐
ology (RSM) based on a central composite design (CCD) was used 
to determine the optimal culture condition (animal manure content, 
inoculum size, and cultivation time). Amino acid composition, protein 
content, and nucleic acid content of SCP produced from animal ma‐
nure were also investigated.

2  | MATERIAL S AND METHODS

2.1 | Microorganism and culture condition

Carotenoid‐producing photosynthetic bacterium R. faecalis PA2 
was used. This bacterium was cultivated in glutamate–malate (GM) 
medium pH 6.8. The temperature was controlled at 30 ± 2°C using 
a Lauda Alpha A immersion thermostat (LAUDA‐Brinkmann, LP.). 
Incubation was carried out under anaerobic/phototrophic condition 
at	light	intensity	of	4,000	lux	for	72	hr	(Saejung	&	Apaiwong,	2015).

2.2 | Preparation of animal manure media

Swine manure, chicken manure, cow manure, and buffalo ma‐
nure were collected from agricultural farms located in Faculty of 
Agriculture, Khon Kaen University, Khon Kaen, Thailand. After 
drying and crushing, 10% (w/v) of each animal manure was mixed 
with	reverse	osmosis	 (RO)	water	and	incubated	at	45°C	for	7	days	
to dissolve the organic compounds and minerals in the manure. The 
manure suspension was centrifuged at 7,168 g 4°C for 20 min to 
separate the sediment. The pH was adjusted to 6.8, and steriliza‐
tion was carried out at 121°C for 20 min. Swine manure medium, 
chicken manure medium, cow manure medium, and buffalo manure 
medium were used as sole substrates without additional nutrients in 
the experiment.

2.3 | Optimization of animal manure media for 
biomass, protein, and carotenoid productions

The	experiments	were	carried	out	 in	a	250‐mL	glass	bottles	 filled	
completely with animal manure media and 20% inoculum (initial 
biomass concentration of 0.21 g dry biomass/L). Nitrogen gas was 
flushed into the bottles to remove oxygen. The cultures were incu‐
bated for 10 days under light intensity at 4,000 lux. Temperature 
was controlled at 30 ± 2°C by using immersion thermostat. Biomass 
production, protein production, carotenoid production, ammonia 
concentration, and pH were analyzed at intervals of 48 hr. The ex‐
periments were done in triplicate.

2.4 | Analytical methods

Biomass concentration was determined by stoichiometry calcu‐
lation (Rumana, 2013), and the relationship between the optical 
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density (OD) and biomass is presented in Equation 1. Carotenoids 
were extracted according to Hirayama (1968). Briefly, the cell pel‐
lets were separated from culture broth by centrifuging at 4,032 
g	 4°C	 for	 20	 min	 (Himac	 CR20B2;	 Hitachi,	 Tokyo,	 Japan)	 and	

washed twice with 0.9% saline solution. Carotenoid extraction 
was performed by using methanol–acetone (2:3 v/v) solvent. The 
extraction process was repeated until the colorless residues were 
obtained. To analyze total protein content, protein extraction was 

F I G U R E  1   Biomass productions (a), protein productions (b), carotenoid productions (c), pH profiles (d) and ammonia concentrations (d) of 
Rhodopseudomonas faecalis PA2 grown in animal manure media
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carried	 out	 as	 described	 by	 Sheng,	 Yu,	 and	 Yu	 (2005).	 The	 pro‐
tein content was measured by spectrophotometric protein assay 
(Warburg	 &	 Christian,	 1941).	 Ammonia	 concentration	 was	 con‐
ducted	by	centrifuging	50	ml	of	culture	broth	at	4,032	g 4°C for 
15	min.	The	cell	pellets	were	discarded.	The	1	ml	of	K‐Na	tartrate	
was added into the supernatant followed by the addition of 2 ml 
Nessler	reagent.	The	absorbance	was	read	at	425	nm	(Golterman,	
1991).	 The	 pH	was	 measured	 by	 pH	meter	 (PCTestr	 35,	 Eutech	
Instruments Pte Ltd).

where y represents the OD value at 660 nm and x represents the bio‐
mass concentration (g/L).

2.5 | Optimization of culture condition for 
biomass, protein, and carotenoid productions by 
conventional approach

To study the optimal culture condition, the suitable animal ma‐
nure medium mentioned in previous section was chosen as the 
basal medium. The parameters including animal manure content, 
inoculum size, and cultivation time were optimized by one‐vari‐
able‐at‐a‐time (OVAT). The animal manure content was between 
10% and 60% (w/v). The effect of inoculum concentration was 
evaluated by adjusting inoculum size ranging from 10% to 30% 
with	an	 interval	of	5%.	Inoculum	preparation	was	done	by	culti‐
vating the bacterium to reach the OD660	at	0.5,	initial	biomass	of	
0.21 g dry cell/L. The cultivation time was 22 days. The cultures 
were incubated at 30 ± 2°C under light intensity at 4,000 lux. 
Biomass production, protein production, and carotenoid produc‐
tion were analyzed at intervals of 48 hr. The experiments were 
done in triplicate.

2.6 | Optimization of culture condition for 
biomass, protein, and carotenoid productions by 
statistical approach

In this experiment, the optimal ranges for animal manure content, 
inoculum size, and cultivation time were chosen based on the OVAT 
method. To further improve biomass, protein, and carotenoid pro‐
ductions, the RSM based on a CCD was employed to determine the 
optimal condition. Animal manure content (A), inoculum size (B), and 
cultivation time (C) were defined as the independent variables. The 
optimization studies were designed using the statistical Design‐
Expert software version 7.0.0 (Stat‐Ease Inc.). All the variables were 
taken at a central coded value considered as zero. The minimum and 
maximum ranges of each variable and the full experimental plan 
were	evaluated	and	represented	by	+1,	0,	and	−1	for	the	maximum,	
central, and minimum values, respectively. The CCD experimental 
design consisting of 23 factorial points, 6 axial points and 6 replicates 
at the central point, leading to 20 runs were performed. To predict 

the optimal point of the three responses including biomass produc‐
tion (Y1), protein production (Y2), and carotenoid production (Y3), the 
second‐order polynomial equation was selected and expressed as 
Equation 2.

where YN represents the predicted response, b0 is the intercept co‐
efficient, b1, b2, and b3 are the linear coefficients, b4, b5, and b6 are 
the interactive coefficients, and b7, b8, and b9 are the quadratic co‐
efficients. A, B, and C are the independent variables (animal manure 
content, inoculum size, and cultivation time).

To confirm the maximum biomass, protein, and carotenoid pro‐
ductions predicted by the model, the new set of these productions 

(1)y=0.4674x+0.0721

(2)
YN=b0+b1A+b2B+b3C+b4AB+b5AC+b6BC+b7A

2
+b8B

2
+b9C

2

F I G U R E  2   Maximum specific growth rate (a), protein yield 
and carotenoid yield (b), protein productivity and carotenoid 
productivity (c) of Rhodopseudomonas faecalis PA2 grown in animal 
manure media
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were performed. The experiments were carried out in triplicate. The 
significance of the regression coefficient was determined. Statistical 
analysis of the model was performed by the analysis of variance 
(ANOVA). p value, F value, R2, adjusted R2 (adj R2), coefficient of vari‐
ation (C.V.), lack of fit, and adequate precision were also determined. 
The response surface plots and contour plots were drawn to illus‐
trate the interaction of variables and to indicate their optimal levels. 
Moreover, validation of the model was performed and % error was 
calculated according to Equation 3.

2.7 | Batch cultivation in a photobioreactor

The optimal condition (animal manure content, inoculum size, and 
cultivation time) obtained from statistical analysis was used to 
cultivate R. faecalis	PA2	 in	a	5‐L	photobioreactor.	Anaerobic/pho‐
totrophic condition was provided by flushing nitrogen gas into the 
reactor, and light intensity was controlled at 4,000 lux. The cultures 
were	incubated	under	agitation	speed	at	150	rpm.	The	experiment	
was done in triplicate. Kinetic parameters for biomass, protein, 
and carotenoid productions were analyzed at intervals of 48 hr. 
At the end of the cultivation, the cell pellets were separated from 
supernatant	and	dried	at	−80°C	 in	a	 freeze	dryer	 (FreeZone	2.5L;	
LABCONCO).

2.8 | Determination of protein content, amino acid 
composition, and total nucleic acid content in SCP

The freeze‐dried biomass was used to determine the protein content 
by the Kjeldahl method. Amino acid composition was investigated 
by an in‐house method with detection by gas chromatography–mass 
spectrometry	 (GC–MS;	 GC	Model	 6890/MS	Model	 5973;	 Agilent	
Technologies, California, United States; AOAC, 2000). Total nucleic 
acid content was analyzed as previously described by Karklinya, 
Birska, and Limarenko (1989).

3  | RESULTS AND DISCUSSION

3.1 | Optimization of animal manure media

Figure 1a plots the growth of R. faecalis PA2 in the animal manure 
media. Animal manure is rich in carbon and nitrogen sources which 
can be readily assimilated by bacteria for growth and metabolism 
(Gaind, 2014). The logarithmic phase of the strain grown in cow 
manure medium appeared between 2 and 8 days, and then the 
growth was decreased. The growth of this strain grown in buffalo 
manure medium was increased between 2 and 6 days and then 
stabilized. On the other hand, the logarithmic phase of the bac‐
terium grown in chicken and swine manure media appeared after 
6 days of cultivation. At the end of the experiment, the highest 
biomass production was given by this bacterium grown in chicken 
manure medium. Similarly, the highest protein and carotenoid 
productions were observed in R. faecalis PA2 grown in chicken 

(3)%Error=

(

Observed value−Predicted value
)

Predicted value
×100

F I G U R E  3   The conceptual pathway represents protein biosynthesis using ammonia from chicken manure as the nitrogen source and 
stoichiometry of the pathway
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manure medium (Figure 1b,c). The pH changes during bacterial 
growth are shown in Figure 1d. The pH fluctuated during bacte‐
rial growth in the manure media, possibly because the bacterium 
produced various organic acids and other compounds through nu‐
trient assimilation (Ma et al., 2018). The pH was increased with 
a pH between 8.37 and 10.20. The increase is probably due to 
the consumption of volatile fatty acids in the substrate (Alloul, 
Wuyts,	 Lebeer,	 &	Vlaeminck,	 2019)	 and	 the	 presence	 of	 ammo‐
nia in the media. Ammonia is a by‐product of animal waste due 
to the partial conversion of feed nitrogen into animal product 
(Rostami,	Monaco,	Sacco,	Grignani,	&	Dinuccio,	2015).	Ammonia	
actually exerts a toxic and inhibitory effects on microbial growth 
(Rajinikanth, Daniel, & Gursharan, 2013). This study showed that 
R. faecalis PA2 was able to utilize ammonia as a nitrogen source. 
Figure 1e indicates a significant decrease of ammonia concentra‐
tion in the animal manure media, suggesting the uptake efficiency 
of ammonia by this bacterium.

As shown in Figure 2a, the maximum specific growth rate of 
R. faecalis PA2 grown in chicken manure medium was the highest. 
Similar results were also found in the protein yield in term of bio‐
mass (protein production/biomass concentration), protein produc‐
tivity, carotenoid yield, and carotenoid productivity (Figure 2b,c). 
It has been suggested that chicken manure contains high nitrogen 
content	 (Callaghan,	Wase,	 Thayanithy,	 &	 Foster,	 2002)	 and	 the	
concentrations of free ammonia presenting in the medium was up 
to 300 mg/L (Figure 1e). Ammonia is an important nitrogen source 
for amino acid synthesis in bacteria. Other nitrogen sources such 
as nitrate and N2 must be reduced to ammonia before use in pro‐
tein synthesis. Ammonia in the manure is more reduced than other 
forms of inorganic nitrogen that can be incorporated into organic 
material directly for protein synthesis. In the presence of high am‐
monia concentration such as chicken manure, bacteria assimilated 
ammonia	 by	 reductive	 amination	 pathway	 (Willey,	 Sherwood,	&	
Woolverton,	 2013).	 Ammonia	 is	 incorporated	 into	 α‐ketogluta‐
rate to form glutamate, catalyzed by glutamate dehydrogenase. 
Once incorporated, the nitrogen in glutamate can be transferred 
to other carbon skeletons by transaminase enzymes to form other 
amino acids for protein biosynthesis as shown in Figure 3. This 
phenomenon might explain the protein production by R. faecalis 
PA2 grown in chicken manure medium. Previous research has 
shown that chicken manure is rich in various nutrients, including 
ammonia and potassium, and contains amount of trace elements 
such	as	Al,	Ca,	Fe,	Mg,	P,	B,	Mn,	and	Zn	which	are	essential	 for	
microbial growth (Han, Rusconi, Ali, Pagkatipunan, & Chen, 2017). 
According to the productivities, chicken manure medium was cho‐
sen in the subsequent experiments. Although chicken manure can 
be traditionally used as organic fertilizer, its application in agricul‐
ture leads to environmental problems such as eutrophication and 
pollution of surface and ground water, production of pathogens, 
greenhouse gas emission, and odor (Bayrakdar, Molaey, Surmeli, 
Sahinkaya, & Çalli, 2017; Borowski et al., 2017). Therefore, uti‐
lization of chicken manure for SCP production is an interesting 
aspect.

3.2 | Optimization of culture condition by 
conventional approach

3.2.1 | Effect of chicken manure content

The previous experiment showed that chicken manure medium was 
the effective substrate. The content of chicken manure is important; 
thus, it was optimized by OVAT to define the optimal range. In this 
study, the chicken manure contents were evaluated ranging from 
10% to 60%. The biomass, protein, and carotenoid concentrations 
of R. faecalis PA2 grown in chicken manure medium containing dif‐
ferent chicken manure contents were continuously increased, and 
they were maximized on day 10 (Appendix Figure A1). Therefore, 
the biomass, protein, and carotenoid productions on day 10 are 
summarized as illustrated in Figure 4. The biomass, protein, and 
carotenoids showed the highest concentrations at 10% chicken 
manure, followed by 20%. Further increase in chicken manure 
contents decreased biomass, protein, and carotenoid productions. 
This incidence might associate with substrate inhibition occurring 
at high substrate concentration, leading to descending the curves 
as the chicken manure contents increased (Reed, Lieb, & Nijhout, 
2010). The high concentration of ammonia has two detrimental ef‐
fects on microorganisms by inhibiting the enzyme or by diffusing 
into the cells and leading to a proton imbalance (Kayhanian, 1999). 
When	chicken	manure	was	present	in	the	media	higher	than	10%,	
the concentration of free ammonia was higher than 300 mg/L as 
presented in Figure 4, implying that the excessive ammonia caused 
growth inhibition. Previous study has shown that the yeast Candida 
utilis could not grow in the digested and undigested poultry litter 
without pretreatment for SCP production which might be due to 
the presence of complex sugars and proteins. Acid hydrolysis must 
be	 employed	 to	 hydrolyze	 the	 complex	 nutrients	 (Jalasutram	 et	
al., 2013). Therefore, this work revealed that R. faecalis PA2 was 
able to utilize nutrients in the chicken waste without acid hydroly‐
sis which is a cost‐ and time‐effective method for SCP production. 
From the results, chicken manure contents ranging from 10% to 
20% were chosen.

3.2.2 | Effect of inoculum size

Inoculum size is an important factor for SCP production. Recent 
research has reported that the excessive inoculum concentration 
caused decomposition of microbial cell, whereas insufficient inocu‐
lum	size	could	lead	to	a	slow	growth	(Jalasutram	et	al.,	2013).	The	
levels of inoculum were between 10% and 30% (v/v) as described 
by	Azad,	Vikineswary,	Chong,	and	Ramachandran	(2003).	Figure	5	
depicts the effect of inoculum size on biomass, protein, and carot‐
enoid productions. Biomass, protein, and carotenoid productions 
by R. faecalis PA2 were increased with the increase of inoculum 
levels. The optimal inoculum size ranged from 20% to 30%. The 
maximum	 protein	 production	 of	 475.7	 mg/L	 was	 noticed	 at	 30%	
inoculum which could be due to the highest dilution of chicken ma‐
nure medium, leading to the lowest ammonia and nitrogen source. 
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Carotenoid accumulation in photosynthetic microorganisms could 
be triggered at low proportion of nitrogen (Bonnefond et al., 2017; 
Pirastru et al., 2012). The phenomenon in this study is consistent 
with Saejung and Salasook (2018).

3.2.3 | Effect of cultivation time

The effect of cultivation time was observed for 22 days. The profile of 
biomass, protein, and carotenoid productions at different time intervals 

F I G U R E  4   Effect of chicken manure 
contents on biomass, protein, and 
carotenoid productions and initial 
ammonia concentration investigated by 
conventional approach

F I G U R E  5   Effect of inoculum size 
on biomass, protein, and carotenoid 
productions investigated by conventional 
approach
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is presented in Figure 6. Results showed that there was an increase in 
biomass and protein productions up to 10 days of cultivation and there‐
after it decreased. A decline in the growth rate and protein production 
after 10 days could be due to the decrease in nutrient availability in 
the chicken manure medium. The long cultivation time caused deple‐
tion	of	nutrients	(Liu,	Zhang,	Zhang,	Li,	&	Li,	2016).	These	results	were	
consistent with the previous reports investigating microbial growth 
and protein production in poultry manure and poultry litter (El‐Deek 
et	al.,	2009;	Jalasutram	et	al.,	2013).	The	change	in	protein	concentra‐
tions corresponded perfectly to the cell mass because protein is a major 
constituent of bacterial cell and it is positively related to the growth rate 
(Saejung & Salasook, 2018). As shown in Figure 6, carotenoid production 
was increased with the increase of cultivation time with the maximum 
at 14 days after which the concentration of carotenoids stabilized. It can 
be summarized that the high carotenoid production was found during 
stationary phase of growth. This was because carotenoids are second‐
ary metabolites and the phenomenon in this study was consistent with 
Saejung	 and	Apaiwong	 (2015).	 Extended	 period	 of	 incubation	might	
lead to increasing chances of oxidation of the dissolved carotenoids in 
bacterial cells (Chen & Djuric, 2001; Limbo, Torri, & Piergiovanni, 2007). 
Based on the results, extended cultivation time was not suitable for 
practical application and productivity. Therefore, the cultivation time 
ranging from 8 to 14 days was chosen for statistical approach.

3.3 | Optimization of culture condition by 
statistical approach

Central composite design was employed to study the effects of ani‐
mal manure content (A), inoculum size (B), and cultivation time (C) 

on biomass production, protein production, and carotenoid produc‐
tion. From the optimization studies by OVAT, the selected range of 
the independent variables is given in Table 1. The results of CCD 
experimental design are shown in Table 2. The 20 runs were chosen 
to demonstrate the optimal condition of three responses including 
biomass production, protein production, and carotenoid production. 
The maximum response was obtained in run 12 (2.28 g/L biomass, 
487.20	mg/L	protein,	and	595.60	mg/L	carotenoids).	It	is	suggested	
that biomass, protein, and carotenoid productions were increased at 
moderate chicken manure content, high inoculum size, and moder‐
ate	cultivation	time.	Runs	at	the	central	points	(runs	15–20)	showed	
the high biomass, protein, and carotenoid productions compared to 
the other combinations. The lowest biomass, protein, and carotenoid 
productions were observed in run 10 consisting of 23% chicken ma‐
nure	content,	25%	 inoculum	size	and	cultivation	 time	 for	11	days.	
These might cause by the excessive chicken manure content since 
high chicken manure content resulted in high ammonia concentra‐
tion as previously discussed.

The results of ANOVA are shown in Table 3. Results showed 
that the models of biomass, protein, and carotenoid productions 
were the suitable models for the optimization experiment within 
the tested range. The corresponding p value of biomass production, 
protein	 production,	 and	 carotenoid	 production	 was	 2.114E−08,	
1.542E−08,	 and	 1.628E−09,	 respectively,	 indicating	 the	 signifi‐
cance of the model (p	<	0.05).	Moreover,	adequate	precision	of	bio‐
mass, protein, and carotenoid productions was very high, implying 
these models could be used. The models showed that the values of 
lack of fit were not significant which could be used to confirm the 
validity	of	the	models	(Gahruie,	Moosavi,	&	Ziaee,	2015).

F I G U R E  6   Effect of cultivation time 
on biomass, protein, and carotenoid 
productions investigated by conventional 
approach

Variables Symbol Unit

Range and levels

−α −1 0 +1 +α

Animal manure content A % (w/v) 7 10 15 20 23

Inoculum size B % (v/v) 17 20 25 30 33

Cultivation time C Days 6 8 11 14 16

Note: α = 1.682.

TA B L E  1   Experimental range of the 
independent variables
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All the linear, interactive, and quadratic terms of the three 
parameters had the effects (p	 <	 0.05)	 on	 biomass	 production.	
Cultivation time was shown to be the most significant factor with a 
p	value	of	3.432E−10.	The	R2 of biomass production was found to 
be 0.9998, indicating that 99.98% of the variability in the response 
can be explained by the model. The greater the R2 is to 1.0, the 
better precision of the model (Endut et al., 2017). In this study, the 
R2 of biomass production was in reasonable agreement with the 
adj R2	(0.9996).	The	very	low	value	of	C.V.	(0.50)	denotes	that	the	
models are highly reliable. For protein production, all linear terms, 
interactions of AB and BC, and quadratic terms of A2 and C2 of 
the model were significant. The high significance of cultivation 
time	(1.577E−09)	indicates	that	it	was	a	limiting	factor	and	chang‐
ing cultivation time influenced the protein production. According 
to the results, cultivation time was the most significant factor for 
both biomass and protein productions. This was because protein 
is one of the major cellular constituents of bacteria which is pos‐
itively	 related	 to	 biomass	 produced	 (Caufield,	 Abreu,	Wimble,	 &	
Uetz,	 2015).	 The	 linear	 terms,	 the	 interactions	 between	 BC	 and	
the second‐order of A2 and C2 had a considerable effect on carot‐
enoid production. The high significance of chicken manure content 
(1.458E−09)	 on	 second‐order	 model	 suggested	 that	 carotenoid	

production was dependent on the content of substrate. The R2 of 
carotenoid production was 0.9906 which was in agreement with 
the adj R2 (0.9821), indicating that the model was fit. The polyno‐
mial equations derived from regression analysis are presented in 
Equations	4,	5,	and	6.

where Y1, Y2, and Y3 are the biomass production, protein production, 
and carotenoid production, respectively. A, B, and C are the animal ma‐
nure content, inoculum size, and cultivation time, respectively.

(4)

Biomass production: Y1=9.600.26A+0.66B+1.06C

+0.15AB+0.068AC+0.85BC

−1.56A
2
−0.29B

2
−0.76C

2

(5)

Protein production: Y2=452.31−24.14A+20.11B

+42.93C+14.78AB+7.20AC

+29.92BC−78.08A
2
−0.43B

2
−29.72C

2

(6)

Carotenoid production: Y3=537.25−14.87A+35.04B

+49.56C+6.88AB+8.20AC

+41.66BC−74.62A
2
−1.21B

2
−31.56C

2

TA B L E  2   CCD experimental design with three independent variables and the actual and predicted results for biomass, protein, and 
carotenoid productions

Runs A B C

Biomass production (g/L) Protein production (mg/L)
Carotenoid production 
(mg/L)

Actual Predicted Actual Predicted Actual Predicted

1 10 20 8 1.52 1.52 357.45 357.09 411.21 416.86

2 20 20 8 1.28 1.30 280.39 264.85 358.68 356.96

3 10 30 8 1.38 1.37 307.51 307.90 378.56 389.86

4 20 30 8 1.29 1.29 276.75 274.77 357.28 357.48

5 10 20 14 1.59 1.59 375.52 368.69 418.80 416.27

6 20 20 14 1.42 1.43 314.47 305.27 402.80 389.17

7 10 30 14 2.23 2.22 432.47 439.20 556.50 555.89

8 20 30 14 2.20 2.20 443.33 434.88 564.29 556.31

9 7 25 11 1.29 1.30 276.25 272.05 360.53 351.19

10 23 25 11 1.10 1.10 174.19 190.86 288.54 301.17

11 15 17 11 1.78 1.77 402.54 417.28 468.74 474.89

12 15 33 11 2.28 2.29 487.20 484.92 595.60 592.74

13 15 25 6 1.31 1.31 289.91 296.06 374.93 364.63

14 15 25 16 2.14 2.14 434.14 440.45 517.74 531.33

15 15 25 11 2.22 2.22 460.49 452.31 521.29 537.25

16 15 25 11 2.23 2.22 458.57 452.31 543.84 537.25

17 15 25 11 2.22 2.22 428.95 452.31 534.52 537.25

18 15 25 11 2.21 2.22 449.34 452.31 531.84 537.25

19 15 25 11 2.22 2.22 462.39 452.31 547.77 537.25

20 15 25 11 2.23 2.22 456.25 452.31 544.80 537.25

Note: A, chicken manure content (%); B, inoculum size (%); and C, cultivation time (day).
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TA B L E  3   Analysis of variance (ANOVA) for the quadratic model

Source Sum of squares
Degrees of 
freedom Mean squares F value p value

Model (biomass production) 6.890E+01 9 7.655E+00 4.897E+03 2.114E−08

A: chicken manure content 9.346E−01 1 9.3464–01 5.979E+02 8.537E−06

B: inoculum size 5.965E+00 1 5.965E+00 3.816E+03 5.364E−08

C: cultivation time 1.534E+01 1 1.534E+01 9.814E+03 3.432E−10

AB 1.741E−01 1 1.741E−01 1.113E+02 7.584E−07

AC 3.645E−01 1 3.645E−02 2.332E+01 6.929E−06

BC 5.780E+00 1 5.780E+00 3.698E+03 1.754E−09

A2 3.5274+01 1 3.527E+01 2.257E+04 1.674E−09

B2 1.226E+00 1 1.226E+00 7.845E+02 1.275E−08

C2 8.288E+00 1 8.289E+00 5.303E+03 1.863E−09

Residual 1.563E−02 10 1.563E−03   

Lack of fit 1.175E−02 5 2.350E−03 3.025E+00 1.249E−01

Pure error 3.883E−03 5 7.767E−04   

Core total 6.891E+01 19    

C.V.	(%)	=	0.5058;	R2 = 0.9998; adj R2 = 0.9996; adequate precision = 184.26

Model (protein production) 1.441E+05 9 1.602E+04 8.577E+01 1.542E−08

A: chicken manure content 7.957E+03 1 7.957E+04 4.262E+01 2.035E−07

B: inoculum size 5.522E+03 1 5.522E+03 2.957E+01 2.856E−04

C: cultivation time 2.517E+04 1 2.517E+04 1.348E+02 1.577E−09

AB 1.747E+03 1 1.747E+03 9.355E+00 1.207E−02

AC 4.152E+02 1 4.152E+02 2.223E+00 1.668E−01

BC 7.163E+03 1 7.163E+03 3.837E+01 1.023E−04

A2 8.787E+04 1 8.787E+04 4.706E+02 1.338E−08

B2 2.626E+00 1 2.623E+00 1.406E−02 9.090E−01

C2 1.273E+04 1 1.273E+04 6.816E+01 1.005E−08

Residual 1.867E+03 10 1.867E+02   

Lack of fit 1.090E+03 5 2.180E+02 1.403E+00 3.596E−01

Pure error 7.770E+02 5 1.554E+02   

Core total 1.460E+05 19    

C.V. (%) = 3.611; R2 = 0.9872; adj R2	=	0.9757;	adequate	precision	=	30.43

Model (carotenoid production) 1.579E+05 9 1.754E+04 1.166E+02 1.628E−09

A: chicken manure content 3.020E+03 1 3.020E+03 2.007E+01 1.178E−03

B: inoculum size 1.677E+04 1 1.677E+04 1.114E+02 1.253E−05

C: cultivation time 3.354E+04 1 3.354E+04 2.229E+02 1.746E−06

AB 3.787E+02 1 3.787E+02 2.516E+00 1.438E−01

AC 5.379E+02 1 5.379E+02 3.574E+00 8.799E−02

BC 1.388E+04 1 1.388E+04 9.223E+01 1.762E−06

A2 8.025E+04 1 8.025E+04 5.332E+02 1.458E−09

B2 2.123E+01 1 2.123E+01 1.410E−01 7.151E−01

C2 1.436E+04 1 1.436E+04 9.538E+01 1.095E−08

Residual 1.505E+03 10 1.505E+02   

Lack of fit 1.003E+03 5 2.005E+02 1.995E+00 2.333E−01

Pure error 5.025E+02 5 1.005E+02   

Core total 1.594E+05 19    

C.V.	(%)	=	2.645;	R2 = 0.9906; adj R2 = 0.9821; adequate Precision = 33.61

Note: p	<	0.05	indicate	model	terms	are	significant.
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The response surface plots and contour plots were used to il‐
lustrate the effects of the two variables and to indicate their op‐
timal points. Figure 7a represents the interaction between chicken 
manure content and inoculum size on biomass production. Results 
revealed that biomass production was increased when inoculum 

size	was	higher	than	25%	and	chicken	manure	content	ranged	from	
13% to 18%. Similarly, the high biomass production was found when 
chicken manure content was between 13% and 18% and cultivation 
time was increased (Figure 7b). Lower and higher levels of chicken 
manure did not result in higher biomass production. In Figure 7c, the 

F I G U R E  7   Response surface plots and contour plots showing the effects of chicken manure content and inoculum size (a), chicken 
manure content and cultivation time (b), and inoculum size and cultivation time (c) on biomass production
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shape of the curve shows a positive interaction between the two 
variables. Biomass production was found to increase with simulta‐
neous increase in both inoculum size and cultivation time. Therefore, 
these two factors were significant on biomass production. The in‐
crease in inoculum concentration enhanced the viable cells, and 

the increase in cultivation time resulted in biomass accumulation 
(Wardani,	Cahyanto,	Rahayu,	&	Utami,	 2017).	 Similar	 results	were	
found in the protein production. The optimal chicken manure con‐
tent ranged from 13% to 18% for protein production (Figure 8a,b). A 
positive interaction between inoculum size and cultivation time was 

F I G U R E  8   Response surface plots and contour plots showing the effects of chicken manure content and inoculum size (a), chicken 
manure content and cultivation time (b), and inoculum size and cultivation time (c) on protein production
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also observed on protein production. It was significantly enhanced 
with increasing inoculum size and cultivation time (Figure 8c). The re‐
sponse surface plots and contour plots of carotenoid production are 
illustrated on Figure 9. Results showed that inoculum size and culti‐
vation time were the significant factors for carotenoid production.

3.4 | Validation of the model

Based on the overlay plot (Appendix Figure A2), the optimal con‐
dition for biomass, protein, and carotenoid productions were as 
follows:	 15%	 chicken	 manure	 content,	 30%	 inoculum	 size	 and	

F I G U R E  9   Response surface plots and contour plots showing the effects of chicken manure content and inoculum size (a), chicken 
manure content and cultivation time (b), and inoculum size and cultivation time (c) on carotenoid production
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cultivation time for 14 days. To verify the RSM model, the experi‐
mental (actual) results were compared with the predicted results 
and % error was acceptable as shown in Table 4. Results showed 
that the actual values of biomass, protein, and carotenoid pro‐
ductions were in close agreement with the predicted ones. After 
validation test, the biomass, protein, and carotenoid productions 
were	 increased	 by	 25.3%,	 14.5%,	 and	 6.3%,	 respectively,	 com‐
pared to the original condition. Therefore, the optimization using 
RSM based on CCD was the effective method for biomass, protein, 
and carotenoid productions by R. faecalis PA2 grown in chicken 
manure medium.

3.5 | Batch cultivation in a photobioreactor

A photobioreactor provides controlled environments and enables 
high productivity of bacteria for SCP production. The kinetic pa‐
rameters of R. faecalis	PA2	cultivated	in	a	5‐L	photobioreactor	using	
the	condition	obtained	from	RSM	are	presented	in	Table	5.	The	re‐
sults were greatly appreciated, suggesting that the aforementioned 
condition can be further utilized for SCP production. Biomass, pro‐
tein, and carotenoid productions by R. faecalis PA2 cultivated in the 
original	condition,	RSM	condition	in	a	250‐mL	bottle,	and	RSM	mass	
production	in	a	5‐L	photobioreactor	are	presented	in	Figure	10.	The	
biomass, protein, and carotenoid productions in a photobioreactor 
were increased by 92.3%, 21.6%, and 18.2%, respectively, compared 
to the original condition. Moreover, the mass production of this 
strain in a photobioreactor optimized by RSM yielded the highest 
productivity (Figure 10), suggesting that the recommended condi‐
tion had the virtue of being practical.

3.6 | Protein content, amino acid composition, and 
total nucleic acid content in SCP

The aim of this work was to enhance biomass production, protein 
production, and carotenoids in SCP produced by R. faecalis PA2. 
Therefore, amino acid composition and protein content in the dry bio‐
mass are the crucial information. The freeze‐dried biomass cultivated 
in a photobioreactor contained 62.7% protein which was relatively 
high for SCP production by photosynthetic bacteria (Table 6). Single 
cell protein can be used as an ingredient or a substitute for protein‐rich 
foods in animal feeds, and photosynthetic bacteria are considered as 

TA B L E  4   Validation of the model

Chicken manure 
content (%)

Inoculum 
size (%)

Cultivation 
time (day)

Biomass production (g/L) Protein production (mg/L) Carotenoid production (mg/L)

Predicted Actual Error (%) Predicted Actual Error (%) Predicted Actual Error (%)

15 30 14 2.56 2.60 1.56 512.31 525.85 2.64 626.36 639.45 2.09

TA B L E  5   Kinetic parameters of Rhodopseudomonas faecalis PA2 
cultivated in chicken manure medium under the optimal condition 
using	a	5‐L	photobioreactor

Kinetic parameters Value Unit

Specific growth rate 0.25	±	0 /day

Biomass production 4.0 ± 0.29 g/L

Protein production 558.4	±	64.98 mg/L

Carotenoid production 710.9 ± 29.87 mg/L

Biomass productivity 1.2 ± 0.02a g/L day

Protein productivity 39.9 ± 4.64a mg/L day

Carotenoid productivity 50.8	±	2.13a mg/L day

Protein yield 139.6 ± 3.24 mg/g

Carotenoid yield 177.7 ± 1.21 mg/g

*Calculated from 14 days. 

F I G U R E  1 0   Biomass production, protein 
production, and carotenoid production by 
Rhodopseudomonas faecalis PA2 cultivated in the 
original condition (10% chicken manure content, 
20% inoculum size and cultivation time for 10 days), 
RSM	validation	test	(15%	chicken	manure	content,	
30% inoculum size and cultivation time for 14 days 
in	a	250‐ml	bottle),	and	RSM	mass	production	in	a	
5‐L	photobioreactor	(15%	chicken	manure	content,	
30% inoculum size and cultivation time for 14 days)
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Photosynthetic bacteria
Protein con-
tent (%) Substrate Reference

Rhodopseudomonas 
faecalis PA2

62.7 Chicken manure 
medium

Present study

Rhodopseudomonas sp. 
CSK01

60.1 Municipal 
wastewater

Saejung and 
Thammaratana (2016)

Rhodopseudomonas 
palustris P1

64.7 Latex rubber sheet 
wastewater sup‐
plemented with 
fermented pineap‐
ple extract

Kornochalert, 
Kantachote, Chaiprapat, 
and Techkarnjanaruk 
(2014)

Rhodobacter sphaeroides 
SS15

54.0 Basic isolation 
medium

Chumpol, Kantachote, 
Nitoda, and Kanzaki 
(2018)

R. sphaeroides	Z08 52.0 Artificial soybean 
wastewater

He,	Zhang,	and	Lu	(2010)

R. sphaeroides D‐8 58.2 Medium with poul‐
try dung

Paronyan and Gasparyan 
(2009)

Afifella marina	STW181 46.4 Glutamate acetate 
medium

Chumpol et al. (2018)

TA B L E  6   Protein content in SCP 
produced by photosynthetic bacteria 
grown in different substrates

TA B L E  7   Amino acid compositions of Rhodopseudomonas faecalis PA2 grown in chicken manure medium under the optimal condition 
from RSM compared to the reported SCP and quantitative estimates for key limiting essential amino acids in protein‐rich foods and dietary 
amino acid requirement for fish and shrimp species

Amino acid

R. faecalis 
PA2 
(% dry 
weight)

SCP (% dry weight) Protein‐rich foods (% dry matter)
Dietary amino acid requirement of some representative  
aquatic species (% dry diet)

Candida 
utilisa

Saccharomyces 
cerevisiaeb Maize mealc

Soybean 
mealc Fish mealc

Common 
carpd Catlae

Channel 
catfishe

Nile 
tilapiaf

Penaeid 
shrimpg

Black 
tiger 
shrimpf

Lysineh 3.36 1.24 3.04 0.17 2.79 5.05 2.20 2.50 1.5 1.4 1.80 2.1

Threonineh 1.40 0.60 – 0.20 1.68 3.32 1.50 2.0 0.5 1.1 1.81 1.4

Methionineh 0.25 0.44 0.58 0.28 
(Met + Cys)

1.08 
(Met + Cys)

2.31 
(Met + Cys)

0.80 1.40 0.6 0.8 (with 
0.2% 
Cys)

0.66 0.9 (with 
0.4% 
Cys)

Phenylalanineh 1.85 0.98 2.38 0.58 1.83 2.73 1.30 1.50 – – 0.94 –

Leucineh 2.05 1.44 2.89 0.80 3.53 4.62 1.30 1.50 – – 1.71 –

Isoleucineh 1.00 0.81 2.22 0.25 1.61 2.11 0.90 0.90 – – 0.83 –

Valineh 1.16 0.54 5.39 0.30 1.41 3.91 1.40 1.40 – – 1.04 –

Histidineh 1.15 0.19 1.88 0.17 0.98 1.48 0.80 1.00 – – 0.54 –

Arginine 1.30 0.82 0.68 0.30 3.48 3.15 1.60 1.90 1.0 1.2 – 1.9

Alanine 1.44 1.18 1.33 – – – – – – – – –

Glycine 1.42 0.75 0.96 – – – – – – – – –

Proline 1.54 0.74 – – – – – – – – – –

Glutamic acid 2.14 3.20 3.79 – – – – – – – – –

Serine 0.47 0.64 1.12 – – – – – – – – –

Tyrosine 0.87 0.86 5.37 – – – – – – – – –

Aspartic acid 3.54 1.32 5.08 – – – – – – – – –

aData from Rajoka, Kiani, Khan, Awan, and Hashmi (2004); SCP produced from defatted rice polishing. 
bData from Samadi, Mohammadi, and Najafpour (2016); SCP produced from sugarcane bagasse. 
cData fromAzaza et al. (2008). 
dData fromOkino (1980). 
eData fromRavi and Devaraj (1991). 
fData fromNunes, Sa, Browdy, and Vazquez‐Anon (2014). 
gData from Oura (1983). The data presented are the minimum quantity. 
hEssential amino acids. 
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one of the suitable protein sources for aquatic animals (Azaza et al., 
2008; Saejung et al., 2018). Therefore, amino acid composition of R. 
faecalis PA2 cultivated in the optimal condition from RSM was com‐
pared with those of the reported SCP, protein‐rich foods used in aqua‐
culture and dietary amino acid requirements of some fish and shrimp 
species as shown in Table 7. Obviously, SCP obtained in this work can 
be utilized as protein feedstock for aquatic animal diets.

One of the problems of SCP is the high nucleic acid content be‐
cause the breakdown of purine increases uric acid in plasma (Ritala et 
al., 2017). Therefore, SCP with high nucleic acid content intended for 
animal feed is restrained in animals with short life spans (Strong, Xie, & 
Clarke,	2015).	Nasseri,	Rasoul‐Amini,	Morowvat,	and	Ghasemi	(2011)	
have reported that the low nucleic acid content of SCP ranged from 3% 
to 8%. Previous research has also reported that nucleic acid content 
in SCP produced by the photosynthetic bacterium Rhodopseudomonas 
gelatinosus and the yeast Candida tropicalis	CGMCC	2.587,	Dipodascus 
capitatus, and Dipodascus	sp.	ACM	4780	was	5.10%,	5.28%,	4.65%,	and	
6.85%,	respectively	(Brown	et	al.,	1996;	Gao,	Li,	&	Liu,	2012;	Shipman,	
Kao,	&	Fan,	1975).	In	this	study,	nucleic	acid	content	of	SCP	produced	
by R. faecalis	PA2	grown	in	chicken	manure	medium	was	4.52%,	sug‐
gesting the relatively low nucleic acid content. Therefore, the results 
of protein content, amino acid composition, and nucleic acid content 
suggest that R. faecalis PA2 is suitable for the production of high‐qual‐
ity SCP using chicken manure medium as a low‐cost substrate.

4  | CONCLUSIONS

The statistical approach showed significant results for improving 
biomass, protein, and carotenoids in SCP produced from chicken 
manure by using R. faecalis PA2. The high percentage of the en‐
hanced biomass, protein, and carotenoid productions compared to 
the nonoptimized condition as well as the low percentage of error 
of the predicted and the actual values indicates the precision of 
the model. The results also represent the use of animal manure as 
sole substrate for SCP production, thus contributing to the reduc‐
tion in the cost of production medium as well as minimizing the 
pollution and contamination of animal waste in the environment.
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APPENDIX A

F I G U R E  A 1   The change over time in biomass, protein, and 
carotenoid concentrations of Rhodopseudomonas faecalis PA2 
grown in chicken manure medium containing different chicken 
manure contents
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F I G U R E  A 2   The overlay plot 
representing the optimal condition 
for biomass, protein, and carotenoid 
productions by Rhodopseudomonas faecalis 
PA2
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