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Abstract
Emphasis on water reuse in agricultural sector receives a renewed interest to close the loop in circular economy, especially in dry
and water-stressed regions. In this work, wastewater from cooperative smoked sheet rubber factory and the effluent (digestate)
from its treatment system (anaerobic digester) were used as medium to grow purple non-sulfur bacteria (PNSB),
Rhodopseudomonas palustris strain PP803, with wood vinegar supplement at mid-log growth phase to stimulate the release of
5-aminolevulinic acid (ALA), a plant growth promotor. Wastewater-to-digestate ratios (D:W) represented by soluble chemical
oxygen demand (SCOD) were found to influence both the growth of R. palustris and synthesis of ALA. The highest ALA release
of 16.02 ± 0.75 μM and the biomass accumulation of 1302 ± 78 mg/L were obtained from the medium SCOD of 4953 mg/L.
Although retarding biomass accumulation by 28–36%, wood vinegar (WV) addition was proven to improve ALA release by
40%. Result suggested that SCOD of 3438 mg/L (75:25 D:W) contained sufficient carbon source for PNSB growth and was
chosen to subsequently run the photo-bioreactor (PBR) to sustain R. palustris PP803 cells production. In continuous PBR
operation, PNSB proliferation suffered from the low organic concentration in PBR at low organic loading. An organic loading
increase to 1.21 g COD/L day was found to attain highest biomass concentration and longest PNSB dominant period over
microalgea. In this study, a real-time monitoring protocol of PNSB and microalgae was specifically developed based on image
color analysis at acceptable accuracy (R2 = 0.94). In the final assay, verification of the PBR-grown inoculant was conducted and
ALA release efficiency was discussed under various wood vinegar dosages and dosing frequencies. This work has advanced our
understandings closer to practical field application.
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Wastewater reclamation

Introduction

Anaerobic digestion (AD), in which the organic pollutants are
converted to energy in a form of biogas, is commonly used as
a standard treatment process in various agro-industries.
However, anaerobic digester effluent so-called digestate still
contains excessive organic matters. In many cases, it is stored
in open ponds that have limited treatment capability and gen-
erally do not produce the effluent meeting the regulated dis-
charge limit. The conventional aerobic post-treatment poses
substantial expenditure from electricity for intensive aeration.
Hence, there is a need for alternatives to minimize the treat-
ment cost or even upgrade such effluent to enable water reuse.
Water reuse in agricultural sector is in great need due to un-
characteristically long drought and unpredictable climates in
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recent years as a result of global warming (Aguirre-Gutiérrez
et al. 2019).

Converting wastewater to irrigation water will close the
loop for circular economy. Utilization of large volume of
wastewater and treated effluent is most feasible in agriculture
such as direct use as a nutrient source for crops and vegetative
plants (Chaiprapat and Sdoodee 2007) or for hydroponics and
microalgae cultivation (Chaiprapat et al. 2017; Fuldauer et al.
2018). Harvesting and processing low-value microscopic cells
usually incur too high of the costs (Mohd Udaiyappan et al.
2017) making it economically unjustified. Therefore, the use
of wastewaters to cultivate organisms releasing useful active
compounds is deemed a more practical alternative.

Over 200 cooperative smoked sheet rubber factories
(CSRFs), located throughout Thailand particularly in the
southern region, were established by the grassroots conglom-
eration of rubber farmers in local communities. The produc-
tion process of rubber sheets generates wastewater that con-
tains liquid serum from fresh rubber latex after rubber particles
are harvested as well as washing and rinsing waters in the
process. This serum is rich in organics, nutrients, and minerals
(Chaiprapat and Sdoodee 2007). Like in many industries,
CSRFs started to adopt AD for their wastewater treatment as
a way to recover energy for their heating requirement
(Chaiprapat et al. 2015). However, the effluent from their
anaerobic digester still contained organic matters which can
possibly be utilized for bacterial cultivation. Thus, CRSF was
used as a model case for digester effluent enrichment for ag-
ricultural wastewater reuse.

Purple non-sulfur bacteria (PNSB) are versatile organisms
that grow under various environmental conditions: photoau-
totrophic and photoheterotrophic in anaerobic-light or micro
aerobic-light, or chemoheterotrophic in the aerobic-dark con-
ditions. Many researchers reported that PNSB grow well in
certain polluted waters while having a high pollutant removal
efficiency, for example, food industry wastewater, soybean
wastewater, sugar wastewater, and rubber wastewater.
Besides, their ability to produce valuable substances such as
bacteriochlorophyll, carotenoids, 5-aminolevulinic acid
(ALA) and CoQ10 is well recognized (Liu et al. 2016a; Liu
et al. 2016b; Lu et al. 2019b; Zhi et al. 2019). Among these
valuable substances, ALA has received a great consideration
since it has board agricultural applications as non-toxic herbi-
cide, pesticide, abiotic stress tolerance regulator, and growth-
promoting factor (Wu et al. 2019). Nunkaew et al. (2014)
reported that the applications of ALA only 2.11–2.67 μM
(10X diluted Rhodopseudomonas palustris supernatant) could
stimulate the rice seedling growth even under saline stress.
ALAwas intracellularly synthesized via the Shemin pathway,
relating to the two precursors (succinyl-CoA and glycine), by
using aminolevulinic synthase (ALAS). Subsequently, en-
zyme aminolevulinic dehydratase (ALAD) combines 2 mole-
cules of ALA to form porphobilinogen and further converts it

to tetrapyrrole compounds such as vitamin B12 and bacterio-
chlorophyll. Levulinic acid (LA), whose structure is an ana-
logue of ALA, plays an important role in suppressing ALAD
activity (Nandi and Shemin 1968), resulting in an enhanced
ALA accumulation (Saikeur et al. 2009) and subsequently
secreting the excessive intracellular ALA. Wood vinegar
(WV) found to contain LA around 9.5 mM is a much cheaper
substance derived from a condensate liquid of biomass pyrol-
ysis (by-product of charcoal production) and was proven in
our previous work to enhance extracellular ALA production
by 3.7–4.2-folds in batch PNSB cultivation, then only using
CSRFwastewater as a medium (Nunkaew et al. 2018). In fact,
the wastewater would enter anaerobic digestion to recover
biogas first and only the digester effluent should be used for
PNSB cultivation. Furthermore, PNSB could provide a certain
degree of treatment (Lu et al. 2019a) for the digester effluent
prior to use for irrigation. Therefore, employing PNSB to up-
grade industrial digester effluent is viewed a feasible option to
enhance and add value to water reuse.

To sustain the operation of ALA synthesis unit from in-
dustrial effluent, stock culture of the selected strain of micro-
organism must be maintained and transferred to the light-
exposed pond for subsequent cultures. No previous work
had yet to address this stock culture replenishment issue
which will be a key to full-scale field application. The
amount of substrate fed to the photo-bioreactors (PBRs)
can be regulated by hydraulic retention time (HRT) and or-
ganic loading rate (OLR) which in turn control the pollutant
removal rate and the biomass accumulation. Liu et al.
(2016b) showed that PBRs fed with soybean wastewater
had the highest biomass production and PNSB to total bac-
teria ratio at HRT 60 h, while a shortened HRTwould lower
PNSB to total bacteria fraction. In fact, competition and
growth of microalgae, a photosynthetic organism that uses
the visible light spectrum as an energy source and produces
oxygen as a product, are inevitable and more of a concern in
PBR operations. The open pond with natural light may be
operated to sustain the growth of PNSB by a simple control
strategy of organic loading and hydraulic retention time,
which is to be proven in this work.

Thus, the objective of this study is to investigate the extra-
cellular ALA production efficiency using various mixing ra-
tios of digester effluent and raw wastewater from our model
industry, CRSF, as growth medium. This research consisted of
three main parts, firstly the batch culture assays for investigat-
ing PNSB growth and ALA release using combination of
digester effluent (digestate) and CSRF raw wastewater, sec-
ondly the continuous operation of photo-bioreactor that mim-
icked the Rhodopseudomonas palustris stock culture pond in
the field, and lastly the verification of the produced inoculant
effectiveness under various WV dosing schemes. During the
second experiment, a technique to simplify on-field quick ap-
proximation of PNSB dominance in photo-bioreactor was
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developed. Results from all three parts can be used as a guide-
line for ALA irrigation water production for field application.

Materials and methods

Wastewater collection and medium preparation

Wastewater and digestate from Ban Kao Rang CSRF located
in Songkhla Province, Thailand, were used as cultivating me-
dia in this study. The anaerobic digester was operated under
stable condition when its effluent was collected for use during
the experiment. The samples were prepared by passing
through a thin sheet fabric cloth with pore size approximately
0.3 mm to remove large particles before being analyzed for
their characteristics according to the Standard Methods for
Examination of Water and Wastewater (APHA et al. 2012).
The prepared wastewaters were kept at 4 °C until use.

Starter culture preparation

The selected Rhodopseudomonas palustris strain PP803 from
a previous study (Nunkaew et al. 2015) was designated as
starter culture in this study according to the ability to grow
and release ALA in rubber wastewater. It was cultivated in
120-mL serum bottles containing 90 mL glutamate-acetate
(GA) broth medium, which composed of (g/L) sodium-L-
glutamate 3.8, CH3COONa 5.44, yeast extract 2, KH2PO4

0.5, K2HPO4 0.5, (NH4)2HPO4 0.8, MgSO4•7H2O 0.2,
CaCO2•2H2O 0.053, nicotinic acid 0.001, biotin 0.00001,
MnSO4•5H2O 0.0012, ferr ic c i t ra te 0.0025, and
CaCl2•6H2O 0.0012, and pH adjusted to 6.8 ± 0.02. The cul-
ture was incubated under incandescent lamps at intensity
3500 lx in a controlled temperature of 30 ± 2 °C for 48 h.
The light intensity was measured using a lux meter model
Digicon LX-55. After 48 h, 10 mL of culture broth was trans-
ferred to serum bottles containing 90 mL of the sterilized
CSRF wastewater, then incubated under the same condition.
PNSB growth was measured based on turbidity using a spec-
trophotometer at wavelength 660 nm, from which the starter
mediumwas prepared by diluting it to an optical density of 0.5
to obtain a cell density approximately 108 cells/mL (Nunkaew
et al. 2018).

Experiment part I: batch culture of R. palustris PP803
under various digestate-to-wastewater ratios for ALA
release, soluble chemical oxygen demand (SCOD)
removal, and biomass growth

The prepared digestate was mixed with raw CSRF wastewater
at vol/vol ratios of 4:1, 3:1, 2:1, and 1:1 (designated as D:W
for digestate-to-wastewater ratio) which acquired SCOD of
2482, 3438, 4953, and 7220 mg/L, respectively. The prepared

mixtures were used as PNSB cult ivat ion media.
Characteristics of each mixture are shown in Table 1. Thirty
milliliters of the prepared starter culture was introduced into
270 mL of the non-sterilized medium and transferred to a
400-mL clear glass flat-side reactor. The initial pH was adjust-
ed to 6.8 ± 0.1 with 1 N HCl or 1 N NaOH and loosely sealed
with cotton.

The reactors were then placed inside a controlled tempera-
ture chamber at 30 ± 2 °C under light intensity 5000 lx at 12-h
photoperiod provided by incandescent lamps. After 3 days of
cultivation, all treatments were filled withWV 1.25% v/v, and
the dose of WV was selected according to Nunkaew et al.
(2018). The WV used in this study composed (mM) of meth-
anol 478.6, acetic acid 611.0, propionic acid 30.4, butyric acid
12.4, valeric acid 0.6, LA 9.5, and phenol 15.9 (Nunkaew
et al. 2018). The culture lasted for 168 h (7 days) as each
reactor was carefully mixed twice a day. Mixing twice a day
would mimic the limited mixing in digestate storage pond in a
typical industrial setting, which in laboratory setting prevented
biofilm development on sidewall in the culture reactors.
Homogeneous sample of 10 mL was drawn daily from each
reactor at the end of the light period to measure SCOD, pH,
biomass concentration, and extracellular ALA concentration.

The results from the experiment were used to determine the
effects of initial SCOD of the wastewater medium (SCODi)
and time of cultivation (TC) on extracellular ALA production,
SCOD removal, and biomass production. The most suitable
mixing ratio that gave the optimal biomass production was
selected and used in the continuous operation of PBR in the
next experiment.

Experiment part II: continuous cultivation
of R. palustris PP803 for culture maintenance

The continuous operation of PBRs to cultivate and maintain
the PNSB culture was carried out using the mixing ratio de-
termined from experiment part I. The PBRs were made of
clear glass of a dimension (W × L ×H) 15 cm × 21.7 cm ×
17.1 cm. They were operated at an effective volume of 3 L.
The PBRs were illuminated from only the topside by two 100-
W incandescent lamps for consecutive 12-h light/12-h dark
cycles. All side-walls were covered with two layers of black
plastic sheet to prevent any light interference. Light intensity
at the water surface was adjusted to 5000 lx (294.1 W/m2) by
adjusting the distance from the lamps. Homogeneous mixing
was performed only in light period by a magnetic stirrer. The
PBRs were placed in the controlled temperature chamber at
30 ± 2 °C.

The prepared starter culture of 300 mL was transferred to
each PBR and pre-incubated for 2 days with the non-sterilized
mixed medium made up of digestate and CSRF wastewater at
the D:W determined in experiment part I. Initial pH was ad-
justed to 6.8 ± 0.1 with 1 N HCl or 1 N NaOH. Three PBRs
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were operated at different OLR, regulated by HRTat 5, 4, and
3 days, respectively. PBRs were fed with the mixed wastewa-
ter at the beginning of light period and withdrawn at the end of
dark period by a peristaltic pump (Masterflex Easy-load mod-
el 751860, USA). During the operation, effluent from each
PBR was collected and analyzed for SCOD, suspended solids
(SS), and pH every 2 days. Microbial populations in PBR
operated at 3-day HRT were monitored every 6 days by the
most probable number (MPN) technique, which is a method to
evaluate the number of viable cells of a target microbe in
sample by means of replicate liquid broth in tenfold dilutions
(Blodgett 2010). The populations in the other two PBRs were
mathematically determined according to the protocol devel-
oped using image color pigment analysis, outlined in the
“Image color analysis for microbial populations monitoring”
section.

Experiment part III: verification of the PBR-derived
PNSB and impacts of WV dosing schedule

PBR effluent from the most suitable OLR based on
R. palustris PP803 cell concentration was used as an inoculant
for yet another set of verification batch assays. This was done
to imitate a successive batch operation of an open storage
pond which would receive digester effluent and a portion of
the untreated CSRFwastewater as substrate at the ratio used in
the “Experiment part I: batch culture of R. palustris PP803
under various digestate-to-wastewater ratios for ALA release,
soluble chemical oxygen demand (SCOD) removal, and bio-
mass growth” section. Furthermore, three different WVaddi-
tion patterns were tested composing of (1) one-time addition
of 1.25% v/v at mid-log growth phase (day 3), (2) two-time
additions of 0.625% v/v (half quantity of previous condition)
at mid-log growth phase (day 3) and midway to the end point
(day 5), and (3) two-time additions of 1.25% v/v at day 3 and
day 5. The setup of this assay was identical to that in the
“Experiment part I: batch culture of R. palustris PP803 under
various digestate-to-wastewater ratios for ALA release,

soluble chemical oxygen demand (SCOD) removal, and bio-
mass growth” section.

Analytical methods and statistical analysis

For biomass concentration measurement, the samples collect-
ed from reactors were centrifuged at 4000 revolutions per
minute (rpm) for 15 min to collect cell mass pellet at the
bottom of the centrifuge tube. It was washed twice with dis-
tilled water. Washed cell mass was dried at 103 °C until con-
stant weight and left to cool in a desiccator before weight
measurement. Biomass growth was calculated from the cell
concentration at time t subtracted by the initial cell concentra-
tion. The supernatant of each sample was taken from a centri-
fuge tube for SCOD analysis according to the Standard
Methods (APHA et al. 2012). The concentration of extracel-
lular ALAwas measured according to a previously described
method in Nunkaew et al. (2015).

PNSB and microalgae (MICA) populations were deter-
mined with the MPN technique by adapting the method de-
scribed by Harada et al. (2001) with GA and BG-11 medium,
respectively. Both mediums are usually used for PNSB and
MICA culture. Compositions of GA medium are shown in
starter culture preparation part (“Starter culture preparation”
section). BG-11 was composed (g/L) of NaNO3 1.5, K2HPO4

0.04, MgSO4•7H2O 0.075, CaCl2•2H2O 0.036, citric acid
0.006, ferric ammonium citrate 0.006, EDTA 0.001,
Na2CO3 0.02, and 1 mL of trace metal mix, which contained
(g/L) H3BO3 2.868, MnCl2•4H2O 1.81, ZnSO4•7H2O 0.222,
Na2MoO4 •2H2O 0.39 , CuSO4 •5H2O 0.079, and
Co(NO3)2•6H2O 0.0494. The PBR effluent was taken for a
serial dilution in sterile normal saline solution. Two milliliters
of appropriate dilution was transferred to 20-mL screw cap
tube which contained 18 mL of GA or BG-11 medium. Both
cultures were incubated under room temperature (30 °C) with
continuous illumination using different light sources accord-
ing to the spectra absorption of pigment in each microorgan-
ism. The GA culture (PNSB) was incubated under 3500 lx
from incandescent lamps while the BG-11 culture (MICA)

Table 1 Characteristics of wastewater and digester effluent used in this study (n ≥ 4)

Parameter Unit Digester effluent CSRF wastewater Mixed wastewater (D:W)

4:1 3:1 2:1 1:1

TCOD mg/L 631 ± 32 14,984 ± 201 2927 ± 67 3873 ± 79 5313 ± 93 7577 ± 123

SCOD mg/L 167 ± 41 14,893 ± 199 2482 ± 107 3438 ± 73 4953 ± 88 7220 ± 60

Total nitrogen (TN) mg/L 221 ± 9 34 ± 2 181 ± 2 166 ± 9 145 ± 9 123 ± 15

Total solids (TS) mg/L 1170 ± 8 7981 ± 54 – – – –

Suspended solids (SS) mg/L 587 ± 55 373 ± 75 374 ± 45 400 ± 29 366 ± 38 407 ± 9.59

pH 7.12 ± 0.2 4.60 ± 0.6 6.97 ± 0.2 6.73 ± 0.3 6.57 ± 0.4 5.84 ± 0.4

TCOD/TN 2.9 440.7 16.2 23.5 36.6 61.6
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was incubated under 3500 lx from fluorescent lamps. After
2 weeks of incubation, the tubes that had changed to red color
(cultured GA tubes) and green color (cultured BG-11 tubes)
indicated as positive by which population numbers of PNSB
and MICAwere calculated.

In order to determine the effects of independent variables,
means and standard deviations were compared using SPSS
software version 23.0.0.0 with the one-way analysis of vari-
ance (ANOVA) and Scheffe’s multiple range test at α = 0.05.

Image color analysis for microbial populations
monitoring

In this work, a quick estimation technique of relative MICA
and PNSB populations by image pigment colors was devel-
oped. Image colors were used to quantify the tone of green and
red of the culturing reactor because the PP803 strain possesses
red pigment and MICA contains green chlorophyll pigment.
Effluent from each PBR was transferred to 120-mL clear se-
rum bottle before photographed with a digital camera in the
light-controlled booth. In every photo session of the samples,
the camera and light settings were identically arranged in a
black box. The images were digitally evaluated for R (red) and
G (green) values from random 10 locations by using color
sampler tool in Adobe Photoshop CC2017. A correlation be-
tween PNSB and MICA populations from MPN were then
determined by regressing the populations logarithmic ratio to
pigment ratio. Details of the analysis will be explained in the
“Development of image color pigment quantification tech-
nique for detection of PNSB and MICA populations in
PBRs” section.

Results and discussion

Effects of digestate-to-wastewater ratio
and cultivation time

A preliminary trial of R. palustris PP803 cultivation in digest-
er effluent (digestate) and wastewater from Ban Kao Rang
CSRF was performed to observe the characteristics of cell
growth and determine the proper range of dilutions. When
only digestate was used, it was found that the culture could
produce minimal cell growth due to the low SCOD (carbon
source) at only 167 mg/L (Table 1). The phenomenon was
similarly found in the study of Meng et al. (2018) that photo-
synthetic bacteria treatment with initial chemical oxygen de-
mand (COD) 100 and 300 mg/L showed virtually no change
in biomass concentration at the endpoint, and suggested min-
imum COD for PNSB proliferation of around 500 mg/L.
Therefore, the raw CSRF wastewater (non-treated) was
brought to mix with digestate to stimulate strain PP803
growth. This mixing was intended to make use of the minimal

portion of raw CSRF wastewater as it should go to AD for
biogas production first. However, such strategy may not be
necessary for industries with high remaining COD in digestate
which depends largely on the COD of their raw wastewater
and the efficiency of the digester. The effect of initial SCOD
(SCODi) on ALA release, SCOD removal, and biomass accu-
mulation from non-sterilized mixed wastewater of R. palustris
PP803 culture were then investigated.

ALA production

It must be noted that concentration of WV application at
1.25% v/v was selected based on our previous study
(Nunkaew et al. 2018) and WV was introduced to the culture
at the mid-log growth phase (day 3). Results show that SCODi

and WV dosing to the PNSB culture had a positive effect on
ALA release (Fig. 1). The highest ALA concentration of
16.02 ± 0.75 μM was obtained at SCODi of 4953 mg/L
(D:W 2:1) and TC at 4 days, which is 40% greater than its
control set (without WV dosing). It was noticeable that ALA
production at D:W 3:1 (SCODi 3438 mg/L), although posed
slightly lower concentration, was not statistically different
when compared across the means of all treatments (Fig. 1).
The greater ALA release in theWVapplication sets confirmed
the effectiveness of LA contained inWV to inhibit ALAD and
enhance ALAS activity (Sasaki et al. 1987) and use ofWVis a
good low-cost scheme for ALA production. Based on the
Shemin pathway that PNSB use for ALA synthesis, glycine
and succinyl-CoA as precursors are converted to ALA by
ALAS, and further converted to porphobilinogen by ALAD.
To increase intracellular ALA concentration, ALAD must be
inhibited. LA which is an ALA analogue when present in
suitable amount will disrupt ALAD activity, hence, elevating
the ALA synthesis.

However, WV dosing to the lowest SCODi of 2483 mg/L
culture as well as the highest SCODi of 7220 mg/L culture did

Fig. 1 Effect of initial SCOD of the digestate-wastewater media andWV
addition on ALA release in 7-day cultivation time. Data plotted are at day
4 where ALA was highest in all treatments. Error bar represents the
standard deviation of the mean (n = 3). Different letters indicate signifi-
cant differences among treatments at α = 0.05
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not promote ALA release, and even caused slight decrease
compared with the control. The weakening in ALA release
at low of SCODi was due to the insufficient organic carbon
source to support PNSB growth while also being competed by
mixotrophic microalgae, capable of using both organic carbon
and carbon dioxide for cell synthesis. In contrast, a decline in
ALA release occurred at high SCOD medium was a result of
the competition with heterotrophic fermentative bacteria re-
siding in AD effluent. These organisms are reportedly having
higher growth rate than the photoheterotrophic PNSB (Liu
et al. 2016a). Hydrolytic or fermenting bacteria could be
found to as high as 40% of the population in photo-
bioreactor cultured using high-concentration digester effluent
as substrate (Garcia et al. 2017). This competition was sup-
ported by the lowering pH to 5.44–6.51 which is known as a
result of the accumulation of organic acids and dissolved car-
bon dioxide from the metabolism of the fermentative organ-
isms at high organic loading in anaerobic digestion pathway
(Palamae et al. 2018).

Based on Fig. 1, the sufficient amount of carbon source
(SCOD) is a prerequisite to firstly stimulate PNSB growth
while the appropriate amount of WV application will trigger
an effective excretion of ALA to the medium. This release
mechanism was carried out to keep ALA level in PNSB cells
in balance for normal cell activity. In addition, daily measure-
ment of ALA revealed that there was a slight degradation of
ALA in the medium after it reached the maximum (around
day 4) caused by cell re-uptake and conversion to tetrapyrrole
compound, a precursor of bacteriochlorophyll (Sasaki et al.
1991). Thus, timing ofWVapplication and lead time for max-
imal ALA release are critical to the optimal operation of this
system. Nevertheless, environmental condition such as light
intensity, temperature, and rain water dilution can also play a
significant role in cell growth and metabolism in field appli-
cation. Since the lead time after WVaddition to maximal ALA
release can be estimated, a simple measurement of PNSB
growth can help determine an appropriate WV application
timing.

Organic removal

High SCOD removal from the medium reduces organic load
to soil when it is land applied because only nutrients and
active biocompounds are needed for agricultural irrigation.
The higher SCODi in the medium caused a slight decrease
in SCOD removal but still reaching 93% efficiency at day 7
without WV addition (control set). TC positively affects
SCOD removal as the longer TC provides time for degrada-
tion. After 5 days of cultivation, SCOD removal had subsided
(Fig. 2a), exhibiting slower reaction kinetics in the lowering
reactant concentration. It was noticed that the application of
WV (on day 3) caused immediate suppression of heterotro-
phic SCOD degradation (no SCOD removal on day 4). The

overall 7-day SCOD removal declined slightly as shown in
Fig. 2b. This microbial retardation was primarily caused by a
mild toxin from methanol which is the major composition
found in WV (Nunkaew et al. 2018). This methanol was co-
generated with WV in the pyrolysis of biomass from the
methoxyl groups of uronic acid and the breakdown of methyl
esters and/or ethers from decomposition of pectiln-like mate-
rials (Güllü and Demirbaş 2001). At low dosage, this inhibi-
tory side effect could be corrected and outweighs the benefit
from the ALA release. This LA when introduced suppressed
ALAD activity to process ALA to tetrapyrroles and bacterio-
chlorophyll, thus disrupting light energy harvesting. This sit-
uation resulted in lower ATP molecules produced and less
active cell metabolism.

Biomass accumulation

Figure 3 demonstrates that the biomass accumulation was in-
fluenced by SCODi. The highest biomass accumulation was
1302 mg/L at SCODi 4953 mg/L (D:W 2:1). The treatments
with high wastewater mix (SCODi 4953 and 7220 mg/L)
showed longer lag phase in early stage (Fig. 3c, d) due to
the more complex molecules such as protein and carbohydrate
in the CSRF wastewater compared with much simpler mole-
cules in digestate. Similar to SCOD removal, the application
of WV caused immediate pause to biomass production on day
4 and repressed the overall (final) biomass accumulation (day
7) by 24.9–36.9% in treatments of SCODi 2482, 4953, and
7220 mg/L (Fig. 3a, c, d). However, PNSB biomass was able
to quickly recover from WV dose in treatment SCODi

3438 mg/L (Fig. 3b) which is consistent with the almost un-
affected SCOD removal profile (Fig. 2b). This SCOD concen-
tration appeared to be an optimum for PNSB metabolic activ-
ity and growth. It was also observed that almost no SCOD in
the medium was removed after day 5 (Fig. 2) but biomass
growth still continued toward the final TC of 7 days (Fig. 3).
That the cells utilized the stored carbon and nutrients earlier
assimilated from the medium for growth (Chaiprapat et al.
2003) implies that the addition of WV can be done in a wider
time window, i.e., days 3–4–5, as the majority of cells were
still actively reproducing.

Selection of digestate-to-wastewater ratio

Performances of R. palustris PP803 in ALA release, SCOD
removal, and biomass accumulation were considered in a se-
lection of an appropriate D:W as feed to PBR for continuous
culture. The medium with SCODi 2483 mg/L contained in-
sufficient carbon source to support PNSB biomass growth
while the mediumwith SCODi 7220mg/L suffered from com-
petition with fermentative bacteria and lower light penetration.
Although the control set of medium SCODi 4953 mg/L (D:W
2:1) gave highest biomass accumulation, the performance in
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ALA release and SCOD removal were equivalent to medium
SCODi 3438 mg/L (D:W 3:1 or using only 25% of wastewa-
ter) which used less wastewater in the mixture. By the primary
aim to preserve raw CSRF wastewater for biogas production
in AD treatment system, the higher D:W of 3:1 (SCODi

3438 mg/L) was chosen to run the PBRs. It should be noted
that the digestate in other industries may be of higher SCOD
and probably does not need tomix with the raw wastewater. In
the present study, it is demonstrated that raw wastewater can
be diverted to mix with digestate to satisfy the carbon require-
ment for PNSB growth.

Operation of continuous PBRs for maintaining
R. palustris PP803 starter culture

Effects of OLR on SCOD removal, biomass production,
and PNSB dominance

In order to make use of R. palustris PP803, its stock culture
supply must be sustained on site in PBRs. Three PBRs (PBR-
5d, PBR-4d, and PBR-3d) were fed with non-sterile medium

prepared by mixing digestate and CSRF wastewater at ratio 3
to 1 containing SCOD around 3438 mg/L (Table 1). It was
chosen instead of the best condition for biomass production
(1302 mg/L) at SCODi 4953 mg/L to avoid the undesired loss
of SCOD to produce biogas in AD while still achieving high
cell production (Fig. 3). Results show that PBR-5d and PBR-
4d operated at OLR 0.71 and 0.94 g/L day, respectively, were
able to remove over 85% of SCOD producing an effluent of
SCOD 434–494 mg/L consistently. The high rate of SCOD
removal from both PBRs was comparable with that of Liu
et al. (2016b) which obtained 86.8% COD removal from acid-
ic wastewater at HRT 96 h and OLR 0.84 g/L day; hence,
confirming that HRT 4–5 days was sufficient for pollutant
degradation by PNSB. At OLR 1.21 g/L day, PBR-3d
achieved only 75.3% removal with effluent SCOD
936.0 mg/L (Table 2) but yielded highest biomass concentra-
tion at 884 mg/L, equivalent to biomass yield of 321 mg-

biomass/g SCODremoved. PNSB themselves can grow well in a
wide range of COD in the medium ranging from 500 to
40,000mg/L (Meng et al. 2018), provided that there is enough
light. As the COD concentration exposed to cells in a

Fig. 3 Biomass accumulation at
different initial SCOD
concentrations with and without
WVaddition. Error bar represents
the standard deviation of themean
(n = 3)

Fig. 2 SCOD removal efficiency
at different initial SCOD
concentrations with WVaddition
(a) and without WVaddition (b).
Error bar represents the standard
deviation of the mean (n = 3)
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continuous reactor is represented by the concentration of ef-
fluent, it appeared that PBR-5d and PBR-4d could not sustain
sufficient COD for the PNSB cells while PBR-3d, with its less
COD removal efficiency, left enough COD for their growth.
No effect from pH on PNSB growth was observed since all
three PBRs were able to sustain pH of 7.62–7.69 that are
within an optimal pH of 7–8 for COD removal and biomass
production for PNSB (Liu et al. 2015). There was no issue of
competition with fermentative bacteria here. All performance
data in Table 2 are the average values from the last 5 points at
each stable reactor operation.

Populations of PNSB and MICAwere measured by MPN
method for PBR-3d operation. In the first day, the ratio of
PNSB cells to the total (PNSB+MICA) cells in the effluent
based on MPN/L (designated as RMPN) was 0.5 and increased
to 0.99 only 18 days into the operation, at which point PNSB
population reached 6.38 log MPN/L while MICA still had
4.37 log MPN/L. Growth of MICA started to be noticeable
on day 24, causing a decrease of RMPN. However, PNSB
populations were still larger than 4 log MPN/L throughout
the operation period (Fig. 4). PNSB could maintain high ac-
tivity in PBR-3d for 30 days. Once the MICA started to grow,
it would take only a few days to take over the culture. Honda
et al. (2006) reported an 18-day period from start to total
domination of MICA in PNSB culture. It was observed that
the dynamics between PNSB and MICA populations
corresponded to color of the liquid in PBR. The PBR effluent
initially had a light brown color. It took 2 days to observe
some pale pink color and gradually changed to red during
days 12–24 because of the increasing PNSB photopigment
content. The color then slowly turned to pale green at day
30 (Fig. 5a). In comparison, PBR-3d exhibited the ability to
maintain PNSB dominance for as long as 30 days. The
R. palustris PP803 culture, therefore, needs to be renewed
approximately every 30 days to sustain the substantial PNSB
stock in the inoculant PBR. Although growth of MICA
seemed inevitable in extended open tank operation, the use

of the infrared transmitting filter installation (Chitapornpan
et al. 2012) in combination with the organic loading control
as deployed in this study should greatly prolong the PNSB
dominance period, which is under our future research plan.

Development of image color pigment quantification
technique for detection of PNSB and MICA populations
in PBRs

From the observation of changes in color of the culture in the
reactor, which corresponded to the shift in populations of
PNSB and MICA, numerical method to determine their rela-
tive population was sought. Figure 5 a shows the color of the
culture (homogenous effluent from PBR-3d) throughout the
operation period. The intensity of red color gradually in-
creased and highest at day 18, which was in good agreement
with the PNSB population trend. Meanwhile, the appearance
of pale green color toward day 30 coincided with the bloom-
ing of the MICA (Fig.4). Due to the reddish color of PNSB
and greenish color of MICA, R (red pigment) and G (green
pigment) in the photograph of homogeneous culture sample
were used as their respective representation. A relationship
between R to G ratio (R:G) was trialed with their population
numbers in various forms. It was found that the pigment colors

Table 2 Performance at stable condition of PBR operated at different HRTs

Parameter and performances OLR (g SCOD/L day)

0.71 0.94 1.21

HRT (day) 5 4 3

Influent SCOD (mg/L) 3337 ± 64 3256 ± 97 3788 ± 78

Effluent SCOD (mg/L) 434 ± 31a 494 ± 78a 936 ± 26b

SCOD removal efficiency (%) 87 ± 1b 85 ± 2b 75 ± 1a

Biomass concentration (mg/L) 724 ± 38a 716 ± 38a 884 ± 63b

Biomass yield (mg/g SCOD removed) 251 ± 12a 259 ± 16a 321 ± 22b

pH 7.62 ± 0.05a 7.69 ± 0.02a 7.65 ± 0.05a

Each value represents as mean value ± standard deviation (last 5 points at each stable condition)

Different letters in each row indicate significant differences (p < 0.05)

Fig. 4 Population ratio (RMPN) between PNSB and total population of
PNSB + MICA in PBR operated at OLR 1.21 g/L day and HRT 3 days.
Error bar represents the standard deviation of the mean (n = 3)
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are correlated well with log ratio ofMPNPNSB:MPNMICA (Fig.
5b). Thus, photographic color analysis protocol was devel-
oped based on a linear empirical model. Data from reactor
PBR-3d were linearly regressed according to Eq. 1, which
gave an R2 of 0.94.

R
G

¼ 0:3817� log
MPNPNSB

MPNMICA

� �� �
þ 1:3835 ð1Þ

where MPNPNSB is most probable number of PNSB in sample
(MPN/L), MPNMICA is most probable number of MICA in
sample (MPN/L), R is the intensity of red pigment in the
liquid sample image, and G is the intensity of green pigment
in the liquid sample image. When log (MPNPNSB/MPNMICA)
is greater than 0, population of PNSB is higher than MICA.

Population dynamics between PNSB and MICA in PBR

By using the measured R:G from the images of homogeneous
samples taken directly from each PBR, log MPNPNSB/
MPNMICA (designated as log PNSB/MICA) of PBR could be
derived. Thus, the instantaneous relative population of PNSB to

MICA of PBRs operated at all 3 organic loadings was derived
and plotted over the operation time course as shown in Fig. 6.
Log P/M started to increase from the beginning until reaching
maximum of 0.81 at day 10 in PBR-5d, 1.26 at day 10 in PBR-
4d, and 2.12 at day 18 in PBR-3d. It is noted that log P/M= 0,
an equal amount of PNSB and MICA, could be used as a
termination point of the PNSB cultivation. PBR-3d was able
to maintain the longest PNSB dominant period for 30 days,
followed by PBR-4d (20 days) and PBR-5d (16 days), in order.
The dominant period of PNSB in PBR operated at HRT-4d and
5d were reportedly shorter than 30 days based on Honda et al.
(2006); thus, HRT is not a determinant parameter for PNSB
growth but rather it is dependent on exposing concentration to
cells which is more related to the organic loading to a continu-
ous system. PNSB cell synthesis was suppressed in aerobic
condition (Qin et al. 2017) as the hem reporter plastids exhibited
low expression that lowered the bacteriochlorophyll level
(Smart et al. 2004). That the PBRs in this study mimicked
natural condition of an open pond with direct exposure to air
at the liquid surface could have made the PNSB biomass less
productive. This is particularly true at low medium concentra-
tion since oxygen in the air, which is not consumed in aerobic
oxidation reactions at the upper liquid layers, can penetrate
deeper into the liquid medium.

The increase of OLR not only lengthened PNSB dominant
period but also stimulated PNSB population growth as dem-
onstrated in Table 2. The shortened HRTwas proven to benefit
PNSB over other bacteria under light condition, but too short
HRT (i.e., < 36 h) would then favor the heterotrophs (Liu et al.
2016b). It was the effluent SCOD, that both organisms ex-
posed to, played an important role in controlling the PNSB
growth and MICA population. SCOD from PBR-3d was con-
sistently at a level above 900 mg/L compared with the other
two reactors at only 400–500 mg/L. COD below 500 mg/L
was deemed insufficient for PNSB growth as MICA became
more competitive than PNSB. In addition, dissolve oxygen
produced from MICA inhibited bacteriochlorophyll synthesis
of most photosynthetic bacteria, as many hem genes which
correlated to ALA and bacteriochlorophyll production are re-
pressed under aerobic condition (Smart et al. 2004). This pres-
ent work shows that MICA growth in PBRs was retarded by

Changes in color of the culture medium over time (a) and the regression
model describing the correlation between the relative populations of
PNSB and MICA and the color pigment green and red from medium
photographs (b). Error bar represents the standard deviation of the mean
(n = 10)
Fig. 5

Fig. 6 Variation of PNSB to MICA population ratios in PBR under
different OLRs predicted by color pigment analysis
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increasing OLR or decreasing HRT, although it cannot
completely be suppressed. To raise OLR, increasing feed con-
centration may be a more desirable method to avoid the pos-
sible biomass washout if larger flow would be introduced to
regulate HRT (OLR =CODinfluent/HRT).

With the use of the specifically developed calibration curve
for estimating relative microbial cells (PNSB and MICA)
based on MPN technique and the image color analysis, it
was proven an adequate real-time technique for monitoring
this population dominance. The technique was highly eco-
nomical and able to effectively trace the stability of PNSB in
the continuous culturing; hence, any undesirable changes that
might occur will be resolved in time, in which a real-time
PCR, requiring highly skilled personnel and very expensive
equipment, is normally used (Liu et al. 2016a). For other ap-
plications, this technique is suitable for use in culture with
color pigment producing microbes where quick approxima-
tion would suffice to serve the purpose for filed application. It
should be noted that the characteristics of wastewater used to
run photo-bioreactor may affect the calibration curve or re-
gression model (Fig. 5b). Thus, the regression model should
be developed for each case prior to use with the protocol
outlined in this work.

Verification of PBR inoculant effectiveness
and impacts of WV addition frequency on ALA release

PBR-3d was selected from the previous experiment (“Effects of
OLR on SCOD removal, biomass production, and PNSB dom-
inance” section) as a representative inoculant culture for PNSB
cultivation in succeeding batch reactors. This experiment was
designed to test the effectiveness of the inoculant produced by
PBR-3d for extracellular ALA production. Mixed liquor from
PBR-3d operated at day 18 was taken to seed the cultivation
flasks. Table 3 shows the release of maximal extracellular ALA
by the PBR-grown inoculant with different WV application
frequency and dosage. Note that the values reported in
Table 3 were already deducted by the blank set (without

PNSB inoculant). Results show that PBR-3d effluent could be
sufficiently used as an inoculant even though there was a lower
ALA by 30.9% (Run-II vs. Run-V) at a single WV dose of
1.250%. This was mainly caused by the existence of MICA
in the culture as previously described. ALA release was, how-
ever, improving when WV addition was applied in different
patterns, as clearly shown by ANOVA in Table 3. By doubling
WV dosing (Run-III), extracellular ALA concentration in-
creased to 12.61 ± 1.14 μM, which statistically was indifferent
to the pure culture inoculant (Run-V). Repeated addition of
WV induced ALA release and there was, interestingly, no ob-
servable MICA growth in all cultivation flasks during the cul-
tivation (7 days). Results from Run-IV show that by splitting
the dose of WV in half and creating an injection interval, the
culture was more stimulated, and release ALA at 7.1% higher
(p < 0.05) than the one-time application. Dosage and frequency
of WVapplication clearly influenced ALA excretion. Although
inhibition of WV to MICA growth is likely, it was not system-
atically proven in this work.

It is highly beneficial when the CSRF can maintain PNSB
culture and implement the ALA synthesis unit (batch) to pro-
duce every 5–6 days the ALA-laden irrigating water, in addi-
tion to the plant nutrients it already contained. The liquid rich
in ALA could be used to irrigate rubber plantation, rice field,
or other plantation which are typically surrounding the CSRF.
Many vegetative plants have chlorophyll content increased
when treated with a trace of ALA (Al-Qurashi and Awad
2011) which enhanced photosynthesis rate. Irrigating water
containing ALA around 0.2 μM was reportedly effective in
enhancing rice growth (Nunkaew et al. 2014), panicle weight,
number of grain per panicle, and grain yield (Kantachote et al.
2016). In addition, increase in root dry weight and shoot dry
weight of germinated rice seed was attained under normal
condition as well as arsenic stress condition (Nookongbut
et al. 2018). ALA application on Hevea brasiliensis (rubber
tree) could lead to increased chlorophyll and photosynthesis
rate which is related to plant growth and latex production (Rao
et al. 1998).

Table 3 Maximal synthesis of extracellular 5-aminolevulinic acid (ALA) by PBR-derived inoculant under different application frequency and dose of
wood vinegar

Experiment Inoculant source Wood vinegar application ALA (μM) Day at max. ALA

Frequency (times/batch) Dose/time (% v/v)

Run-I (control) PBR-3 0 – 5.23 ± 1.39 a 4

Run-II PBR-3 1 1.250 9.58 ± 0.33 b 4

Run-III PBR-3 2 1.250 12.61 ± 1.14 cd 6

Run-IV PBR-3 2 0.625 10.26 ± 0.50 bc 6

Run-V Pure culture (R. palustris PP803) 1 1.250 13.86 ± 0.23 d 4

Different letters in each row indicate significant differences (p < 0.05)

Addition of WV was carried out at day 3 (single addition) and days 3 and 5 (double additions)
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Conclusion

This work showed the utilization of anaerobic digester efflu-
ent using CSRF as a model industry for extracellular ALA
synthesis. Due to the dilute effluent steam, CSRF wastewater
was added at digestate-to-wastewater ratio 1:3 (SCOD
3438 mg/L) to reach most suitable PNSB’s carbon require-
ment, growth, and ALA production in batch culture system.
In continuous PBR operation, adequate OLR of at least 1.21 g/
L day was found essential for effective PNSB culture mainte-
nance in relation to microalgae growth. The rapid assessment
protocol was developed in this work using image color anal-
ysis that allowed a simple on-field microbial dominance mon-
itoring in PBR. The PNSB harvested from the PBR effluent
was later proved effective inoculant in subsequent culturing.
Lastly, the half-dose with split injections of WV to the PNSB
culture could significantly enhance ALA release. These find-
ings can lead to the possible production scheme of ALA con-
taining irrigation water from industrial digester effluent.
Further works should be expanded to reuse digester effluent
from different industries while response of economic crops to
ALA containing effluent is worth exploring.
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