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Abstract

Aerobic granular sludge reactors are often limited in their ability to treat high-salinity
wastewaters. In this study, the performance of an aerobic granular sludge reactor inoculated
with an enriched halophilic culture was compared to one seeded with activated sludge at salt
concentrations ranging from < 1 g NaCl L to 85 g NaCl L. While the activated sludge inoculated
reactor initially formed larger granules, the halophile inoculated reactor better retained granule
structure at hypersaline conditions (> 40 g NaCl L'?), with average granule diameters between 0.8
and 1 mm, approximately double the size of those in the activated sludge reactor. The halophilic
reactor also produced significantly higher amounts of both total extracellular polymeric
substances and alginate-like exopolysaccharides (ALE) under hypersaline conditions. The
halophilic inoculum also retained lower concentrations of intracellular Na* (100 mg/g MLVSS
versus 125 mg/g MLVSS in the activated sludge reactor) at 85 g L'* NaCl. In contrast, both cultures
exhibited the same behavior with respect to Na* substitution for divalent cations in extracted
extracellular polymeric substances. Illumina 16S targeted gene sequencing data analysis showed
that the population of both reactors converged towards halophile-dominated systems, primarily
by bacteria belonging to the phyla Proteobacteria and Bacteroidetes, at hypersaline conditions.
This represented a substantial decrease in diversity for the activated sludge reactor compared to
the initial inoculum, but a slight increase for the halophile inoculated reactor. Despite the
similarity in community structure, the differences in granule formation and stability indicate that
adding halophilic organisms in the initial inoculum produces better granules under hypersaline

conditions.
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Introduction

High salinity wastewaters from industries (tanning, food processing, oil and gas
production) and coastal communities present special challenges for biological treatment, as
conventional activated sludge processes have limited ability to perform in these harsh
environments (Corsino et al. 2018; Lefebvre and Moletta 2006; Salminikhas et al. 2016).
Aerobic granular sludge (AGS) is a biofilm technology that has seen rapid growth for municipal
and industrial wastewater treatment within the last decade (Ahmadun et al. 2009; Pronk et al.
2014). The formation of granules improves the settleability of the microbial biomass, while also
improving its ability to withstand shocks due to fluctuations in wastewater composition and
protecting slower-growing microorganisms from high pollutant concentrations (Gao et al. 2011;
Taheri et al. 2012). These properties make AGS a promising technology for treating industrial
wastewaters. However, maintaining the structure of aerobic sludge granules becomes more
difficult as the salinity increases. Multiple studies using bacteria derived from domestic
wastewater treatment and related sources have noted severe degradation in granule structure
and activity as salt concentrations reach 20 to 50 g L™ (Corsino et al. 2017; Pronk et al. 2014;
Ramos et al. 2015; Taheri et al. 2012; Wang et al. 2017a). Some success has been reported
using individual salt-tolerant microorganisms to treat high-salinity wastewaters (Abou-Elela et
al. 2010; Castillo-Carvajal et al. 2014), but these systems are often sensitive to disruptions
resulting from changes in wastewater composition (Cui et al. 2016). More recently, Huang et al.
(2019) successfully used a mixture of salt-tolerant and halophilic species obtained from
estuarine sediments to develop halophilic granules to remove ammonia and chemical oxygen

demand (COD) from wastewater at 30 g L salinity.



A key component to granular stability is the production of extracellular polymeric
substances (EPS), which bind organisms together and help protect cells from environmental
conditions (Capodici et al. 2015; Deng et al. 2016). Salt stress can result in changes in the
guantity and quality of EPS production in AGS systems (Corsino et al. 2017; Taheri et al. 2012;
Wang et al. 2017a). For example, Corsino et al. (2017) observed increases in the fraction of
‘not-bound’ EPS and a reduction in EPS protein content above 50 g L'* NaCl. Alginate-like
exopolysaccharides (ALE) are predominantly comprised both of mannuronic and guluronic acids
(Li et al. 2017) and are classified as one of the most abundant exopolysaccharides in AGS (Lin et
al. 2013). It has been reported that the presence of ALE can increase AGS stability because it
has strong mechanical properties and a high affinity for some divalent cations, such as Ca?* and
Mg?*. In addition, ALE has the ability to embed some components, such as proteins and lipids,
which enhance AGS aggregation (Li et al. 2017; Lin et al. 2010).

High concentrations of aqueous sodium, which occur in most high-salinity wastewaters,
can impact both individual organism viability and AGS stability. It has been suggested that
divalent cations, primarily Ca?* and Mg?*, play an important role in bioflocculation by bridging
negatively charged sites on cell surfaces and by binding biopolymers to each other (Kara et al.
2008). Substitution of monovalent Na* and K* for divalent cations in the EPS matrix has been
shown to negatively impact granule formation and activated sludge settleability (Fang et al.
2018; Higgins and Novak 1997; Ismail et al. 2010; Li and Yang 2007).

More recently, investigators have developed AGS systems with some tolerance for high
salinity wastewaters (Bassin et al. 2011; Pronk et al. 2014; Taheri et al. 2012). Ou et al. (2018)

investigated the effect of 0 to 9% w/v NaCl on AGS formation and the bacterial community in



lab-scale reactors. As the salt content increased to 9%, halophilic bacteria became abundant in
the reactors. However, removal efficiency (as chemical oxygen demand) declined to 50% at 9%
salt content. In addition, Wang et al. (2017b) studied adaption strategies to reduce the effect of
salinity on AGS formation and nutrient removal, with higher levels of dissolved oxygen
improving AGS formation as the NaCl content increased to 15 g L. Li et al. (2017) studied AGS
granulation in mixtures of saline synthetic sewage with seawater, and observed stronger
granular structure, with more ALE production, as the salinity increased due to higher seawater
content. This result was attributed to the difference between real seawater and synthetic salt
solutions, particularly the presence of a wider range of metal cations. While studies of AGS
systems using halophilic bacteria are rare, Huang et al. (2019) used selective settling pressure to
form aerobic halophilic granules in a sequencing batch reactor (SBR) at a salt concentration of
30 g L'L. EPS production was observed to increase with higher organic loading rates. The protein
content of EPS was correlated with increasing granule size, while ALE was found only in mature
granules.

Based on these results, the use of AGS for remediation of high-salinity wastewaters may
be improved using halophilic organisms that are adapted to function in these environments.
This study investigates the effectiveness of bioaugmentation with a halophilic bacteria culture
on the development of stable aerobic granules under hypersaline conditions. Two sequencing
batch reactors (SBRs) were operated — one with activated sludge and one with an enriched
halophilic community as the inoculum. Granule size, integrity and composition (including EPS
and ALE production and divalent cation content) were examined in both systems as salt

concentrations gradually increased from < 1 to 85 g L'* to provide insight on adaptations that



improve granule stability under high salinity conditions. Insight on reactor community changes
were provided through 16S targeted gene sequencing of the samples obtained during

hypersaline operation.

Materials and Methods
Experimental setup and operation conditions

Two identical 3.0 L bench-scale SBRs were operated with an internal diameter of 6.5 cm
and an effective height of 88.5 cm; the volumetric exchange ratio was 50%. The superficial
upflow air velocity was maintained at 1.1 cm s™. Initially, reactors were operated with a 6 hour
cycle comprised of four phases: 30 minutes anaerobic feeding through the settled sludge bed,
315 minutes aeration, 10 minutes settling, and 5 minutes decanting. Fine bioflocs started to
appear in both reactors after 14 days of operation, with stable granules (diameter > 0.2 mm)
appearing after 37 days of operation. At this point, settling time was gradually reduced to 3
minutes and the aeration time increased to 322 minutes over a 20-day period. These time
parameters were then used throughout the experiment. Once mature granules appeared (after
37 days of operation), the sodium chloride content was increased stepwise over time from <1
to 85 g NaCl L. After each increase in influent salt concentration, the reactors were maintained
at that new concentration until the MLVSS concentration and COD removal stabilized, a process
that typically took 7 to 10 days (Figure 1). Once the reactor reached stable operation, the salt
concentration was increased again. Throughout the experiment, sludge retention time (SRT) in

both reactors was maintained at approximately 28-30 days, depending on the mass of sludge



withdrawn for measurements. The temperature was maintained at 21+1 °C, while the pH of the
influent wastewater was adjusted to 7.2 + 0.1 by addition of 1 M HCl or 1 M NaOH.

A hypersaline feed solution (Table 1) was modified from previously published recipes for
high-salinity oil and gas synthetic wastewater, or produced water (Pendashteh et al. 2012;
Sharghi et al. 2014). The C/N/P ratio was adjusted to approximately 100/10/1 by adding NH4Cl
and KH2PQa, and a trace element solution was added at 0.2 ml per liter of final solution (Li et al.
2017) . The NaCl content was increased stepwise over time from <1 to 85 g L™ using a
commercially available salt compound which our analysis confirmed to be 95-98% pure NaCl.
Acetate was used as the sole carbon source with an organic load of 1350 mg COD L. For the
first reactor, a halophilic biomass culture obtained from a previous experiment was grown in
marine salts medium (ATCC medium no. 1487) for 15 days to select for halophilic organisms. 50
mL of this material was then used to inoculate the reactor. The second reactor was inoculated
with activated sludge collected from the aeration tank of a municipal wastewater treatment
plant in Lawrence, KS, USA.

Analytical procedures

Mixed liquor suspended solids (MLSS), volatile suspended solids (MLVSS), and sludge
volume index at 5 minutes (SVIs), were quantified based on Standard Methods (APHA 2005). A
stereomicroscope (Fisher Scientific) was used to capture granule images twice a week during
the experiment. The average granule diameter and aspect ratio, defined here as the ratio of
longitudinal to latitudinal diameter of the granular sludge particle, were analyzed using Fiji

image software (https://imagej.net/Fiji). Since the chloride content was elevated in these



samples, COD was determined according to the method proposed by Vyrides and Stuckey
(2009), which accounts for chloride interference.

Extraction of loosely- and tightly-bound EPS (LB- EPS and TB- EPS) was carried out using
the heat method described by Li and Yang (2007), and quantified as COD. During the extraction
process, samples were centrifuged twice, with the supernatant discarded each time and the
biomass pellet re-suspended into 30 mL of phosphate buffered saline (PBS) solution pre-heated
at 60 °C. After a third centrifugation step, the biomass pellet remaining in the centrifuge tube
after the TB- EPS extraction was stored and was later digested to determine intracellular cation
concentrations. The alginate-like exopolysaccharide (ALE) fraction of the EPS was isolated
according to the method proposed by Felz et al. (2016) as the sodium form of ALE, then
quantified by a phenol-sulfuric acid assay using sodium alginate as a standard (Dubois et al.
1956). ALE extraction began only once both reactors had reached 40 g L'* NaCl, and was carried
out throughout the hypersaline range.

A temperature-controlled microwave assisted digestion procedure based on Ozsoy (2006)
was used to extract cations (Ca?*, Mg?*, Na*, K*) from EPS and biomass samples. Diluted
samples of extracted EPS were mixed with 2 ml of nitric acid and 0.5 ml of hydrochloric acid to
make a final volume of 22.5 mL. The solution was heated to 170 °C over 10 minutes, and then
held at that temperature for an additional 10 minutes, followed by 17 minutes heating at 70 °C.
For intracellular cation analysis, about 0.35 + 0.1 g of biomass left after TB-EPS extraction was
mixed with 6 ml of nitric acid and 2 ml of hydrochloric acid, and then the same microwave-
assisted digestion procedure was applied. Digested samples were diluted to 100 mL with

deionized water and filtered through a 0.45 um filter, then analyzed by inductively coupled



plasma — optical emission spectrometry (ICP-OES, PerkinElmer, Optima 2000 DV) to determine
Ca%*, Mg?*, K*and Na* concentrations.
Microbial community analysis
DNA was extracted from duplicate mixed liquor samples collected at inoculation and at

every stepwise increase in NaCl concentration from 40 g L' on in both reactors. The extracted
DNA was used to generate amplicons with primers targeting the V4 hypervariable region of the
16S rRNA gene (Caporaso et al. 2011). lllumina NGS libraries were prepared from the amplicons
and finally sequenced on an Illumina MiSeq sequencer at the Integrated Genomic Facility at
Kansas State University, Manhattan, KS. A detailed description of the DNA extraction, amplicon
generation, and lllumina library preparation is available in the supplemental information.
Sequence data analysis

Illumina sequence data was analysed by the Center for Microbial Metagenomic Community
Analysis at the University of Kansas, Lawrence, KS. The raw reads were filtered for quality and
sorted into operational taxonomic units (OTUs) using the Quantitative Insights into Microbial
Ecology2 software suite (QIIME2 v2017.12) (Caporaso et al. 2010).
Statistical analysis

Duplicate samples were taken for all measurements. All plots of reactor data show mean
values for the relevant data, with error bars representing two standard deviations from this
mean. Differences in mean values between reactors or between different operating conditions
were analyzed for statistical significance using a two-sample student’s t-test at 95% confidence

(p value < 0.05). T-test and Pearson’s correlation analysis were performed using Minitab 17
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(Minitab 17 Statistical Software, 2010). R version 3.4 (R Core Team, http://www.r-project.org/)

was employed to run statistical analysis related to microbiome community data.
Results

MLVSS concentrations in the halophilic reactor were initially lower than in the activated
sludge reactor, but reached comparable levels at 20 g L'* NaCl (Figure 1). Above 40 g L'}, the
halophilic reactor MLVSS continued to increase, and was consistently between 10,000 and
13,000 mg L by the end of the study, with MLVSS/MLSS ratios around 0.78. By contrast, the
biomass content in the activated sludge reactor dropped to below 4,000 mg L'! when the salt
concentration was increased to 40 g L' NaCl. Under hypersaline conditions, activated sludge
reactor biomass was always lower than that in the enriched halophile reactor, although
concentrations did begin to increase again after 165 days (70 g L™ NaCl). MLVSS/MLSS ratios
were similar in both reactors, at 0.76-0.78. COD removal was initially lower in the enriched
halophile reactor, possibly due to the low-salinity environment, but increased as NaCl was
added, and remained above 90% under hypersaline conditions (Table S1). COD removal in the
activated-sludge reactor varied between 80 and 90% throughout the experiment. Although the
reactors had different solid contents, statistical analysis showed no significant differences (p >
0.05) in SVIs between reactors.
Aerobic granular sludge formation

Granule sizes in both reactors were very similar during the startup period (Figure 2). The
average granule diameter in the activated sludge reactor was higher during the lower salinity
stage (10 to 40 g L'!). This better granulation corresponded with a dark yellow appearance and

a solid, smooth surface (Figure 3). By contrast, the halophile-inoculated granules had a light-
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yellow appearance and a rougher granule surface. Under hypersaline conditions (40 to 85 g L}),
average granule size in the activated sludge reactor declined from 1.25 0.2 mm to 0.4 £ 0.1
mm as salinity increased, and the aspect ratio decreased to 0.52 (Figure 2). By contrast, the
granule size in the halophilic reactor decreased only slightly (from 1.05 + 0.2 mm to 0.95 + 0.4
mm) and maintained an aspect ratio of 0.60. Statistical analysis showed that there was a
significant difference (p < 0.05) between granule sizes in the two reactors during hypersaline
operation (> 40 g L), but not during operation at lower salinity. At higher salinity levels, the
external shape of the halophile-inoculated granules also appeared more solid (Figure 3).
EPS production and composition

EPS extracted at the end of the aeration cycle (measured as mg of COD) was normalized
to MLVSS concentration (Figure 4a). EPS production was relatively stable in the halophile-
inoculated reactor, with a small decrease in production relative to total biomass at 80 to 85 g L-
!, In the activated sludge reactor, EPS production increased through the low salinity range, but
decreased rapidly between 35 and 45 g L'* NaCl. It then remained relatively consistent at
approximately 400 mg g'* MLVSS throughout the hypersaline range. Tightly bound EPS
accounted for approximately two thirds of the total EPS, on average, in both reactors (Figures
S1 and S2). No consistent impact of salinity on the relative amounts of tightly and loosely bound
EPS was observed.

ALE concentrations under hypersaline conditions (40- 85 g L™ NaCl) ranged from 81-161
mg gt MLVSS and 116-171 mg g'! MLVSS in the activated sludge and halophilic reactor,
respectively. These concentrations are in the upper range of reported ALE concentrations for

aerobic granular reactors under saline conditions (Huang et al. 2019; Li et al. 2017; Meng et al.
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2019; Wang et al. 2017b). ALE production in the activated sludge reactor was lower than in the
halophilic reactor, except at the highest salinity, and showed greater fluctuations as salinity
increased (Figure 4b). The difference in mean ALE concentration across the hypersaline range
(40 — 80 g NaCl L) between the two reactors was statistically significant at 95% confidence,
which mirrors the trends in total EPS (Figure 4a) over the same range. However, the difference
in ALE production was non-significant once the salinity increased to 85 g L. Higher
concentrations of EPS and ALE corresponded to the larger, and more consistent, granule sizes
observed in the halophilic reactor under hypersaline conditions. Pearson’s correlation analysis
also showed that SVIs values were positively correlated with ALE production in both cultures (r=
0.91, p=0.001 for the enriched halophilic culture and r=0.71, p= 0.033 for the activated sludge
culture), further emphasizing the link between ALE production and granule structure.

The EPS cation content was dominated by Na* in both systems throughout the
experiment, but there were notable differences in divalent cation concentrations based on both
inoculant and total salinity (Figure 5). Below 40 g L'™* NaCl, both Ca?* and Mg?* were present at
higher concentrations in EPS from the halophile-inoculated reactor, while the Na*
concentration was 25 to 30% lower. Above 40 g L}, divalent cation concentrations in EPS
decreased to below 2 mg gt MLVSS in both reactors. While both reactors saw an increase in the
sodium content of EPS under these same conditions, Na* continued to be present at higher
concentrations in the activated-sludge reactor EPS, with a maximum concentration of 130 mg
Na* g* MLVSS, compared to 100 mg Na* gt MLVSS in the halophile-inoculated EPS. The
differences in cation concentrations between the halophilic and activated-sludge reactors were

compared using a two-sample t-test, which showed significant differences at 95% confidence
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for Ca?* and Na* (p values of 0.035 and 0.00, respectively), while Mg?* was just above the
threshold for significance at 95% confidence (p = 0.057). K* followed a similar trend to the
divalent cations in the enriched halophilic reactor, decreasing in the EPS as the bulk sodium
concentration increased from 10 to 40 g L™* NaCl (Figure S6). In the activated sludge reactor,
EPS-associated K* was initially present at lower concentrations, but rose slightly as the bulk Na*
concentration increased.
Intracellular cations
Intracellular calcium concentrations in the activated sludge reactor decreased with

increasing addition of NaCl to the reactor, while intracellular Na* declined with increasing
salinity from 45 to 60 g L', and then recovered, reaching approximately the same
concentration at 85 g L'! NaCl as at 45 g L'* (Figure 6). Intracellular calcium concentrations in the
halophilic reactor were generally below 10 mg g* MLVSS at hypersaline conditions. Sodium
concentrations were higher, averaging 46.8 + 3.7 mg g’* MLVSS, but both Ca?* and Na* were
unaffected by changes in salinity. At all salinities, intracellular Ca?* and Na* concentrations in
the halophilic reactor were substantially lower than corresponding values in the activated
sludge reactor, pointing to a consistently different response to high external salt levels between
the two microbial communities. Intracellular potassium concentrations were 35-40 mg g !
MLVSS in both reactors and showed no consistent trend with increasing salinity. (Figure S3)
Microbial community structure

At inoculation, the enriched halophilic culture was comprised of 9 phyla across all samples; 7
of these phyla contained relative abundances greater than 0.1% although two phyla,

Proteobacteria and Firmicutes, were much more prevalent than the others (Figure 7). The 5
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most abundant genera in the enriched halophilic inoculum were Halomonas with a relative
abundance of 59.2 + 9.2%, followed by Staphylococcus (39.5 + 11.3%), Planktosalinus (0.5
0.1%), Corynebacterium (0.4 + 0.1%), and Marinobacter (0.1 + 0.05%), all of which are known to
contain halophilic organisms (Figure S3). The activated sludge inoculum was much more
diverse, being comprised of 37 phyla; 19 with relative abundances greater than 0.1%.
Proteobacteria, however, was the most abundant phylum in this inoculum as well. The five
most abundant genera classified in the activated sludge culture were Thiothrix (with a relative
abundance of 2.9 £ 0.3%), followed by Bdellovibrio (2.7 + 0.1%), Planctomyces (1.9 £ 0.1%),
Uncultured Xanthomonadaceae Family (1.7 £ 0.1%), and Hyphomicrobium (1.6 £ 0.1%)) (Figure
S4). The halophilic genera Halomonas (0.22 + 0.02), Haloferula (0.003 + 0.001), and
Planktosalinus (0.04 + 0.01) were also detected in in the activated sludge inoculum, albeit at
very low abundance levels.

The increase in salinity from 0 — 40 L1 in the activated sludge inoculated reactor resulted in a
microbial community shift favoring halophilic organisms. The resulting community structure of
both reactors was relatively consistent across the hypersaline range of 40 to 85 g L%. At the
phylum level, both reactors were dominated by Proteobacteria, followed by Bacteroidetes and
then Actinobacteria (Figure 7). At the genus level (Figure S3), Halomonas had a mean relative
abundance of 23.2 + 2.1% across all tested salinities in the halophile-inoculated reactor.
Halomonas was also selected as the most common genus in the activated sludge-inoculated
reactor, with a final mean relative abundance of 25.2 + 6.1%. Core microbiome analysis, which
identifies the organisms that are present in at least 90% of the samples, showed that 14 taxa

were responsible for 75% of the relative abundance in both systems between 40 g L't NaCland

15



85 g L't NaCl (Figure S5). Identifiable core genera in both reactors included Aequorivita,
Azoarcus, Corynebacterium, Marinicella, Marinobacter, Nitratireductor, Pelagibacterium,
Planktosalinus, Stappia, and Wenzhouxiangella, which are all known halophilic genera.

The convergence of bacterial communities between the two reactors represented a
substantial decrease in the diversity from the activated sludge inoculum, but an increase in
diversity for the halophile-inoculated system. Faith’s phylogenetic diversity analysis (Figure S6)
revealed that the activated sludge inoculum diversity, at 76.4 + 4.8, was significantly higher
than the enriched halophilic culture inoculum value of 2.6 + 1.7 (p < 0.05). At 40 g L'}, the
activated sludge reactor was significantly less diverse with a Faith’s diversity index of 17.9 £ 5.7,
while the diversity index in the halophile-inoculated reactor increased to 7.8 + 0.2. By 45 g L'},
the activated sludge reactor had a diversity index of 8.3 £ 1.0, and the halophile-inoculated
reactor had a diversity index of 10.3 + 0.5. No significant change in richness was observed in
either reactor as salinity increased beyond this point.

Discussion

Despite the observed similarity in community structure, only the halophile-inoculated
reactor was able to retain larger granules at hypersaline conditions (> 40 g NaCl L?). Several
previous studies have shown that AGS formation using organisms from domestic wastewater
decreases as the salinity increases above 15-30 g NaCl L™ (Corsino et al. 2017; Pronk et al. 2014;
Wang et al. 2017a), which is consistent with results reported here for the activated sludge
reactor from 40 to 70 g L'* NaCl . The maintenance of stable granules in the halophile-amended
reactor at up to 85 g L™ NaCl, by contrast, represents a higher level of salinity tolerance than

was observed in most previous studies. (Ou et al. (2018) were also able to maintain stable
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granules up to 9% salinity, and noted that their system was also dominated by moderate
halophiles.) Overall, there was a strong correlation between EPS and granule size in both
reactors (p < 0.05). This finding is in agreement with previous studies (Corsino et al. 2017;
McSwain et al. 2005; Ramos et al. 2015; Wang et al. 2017a; Wang et al. 2017b) that emphasize
the role of EPS in AGS formation. Secretion of EPS protects embedded microorganisms from
external shocks (Xu et al. 2020). Halophilic organisms may be more capable of maintaining EPS
production even in the face of increased bulk salinity, thus producing the more stable granules
observed in the halophile-amended reactor at hypersaline conditions.

ALE can also play a crucial role in maintaining AGS structure due to the presence of a
polysaccharide network that maintain AGS elasticity and high affinity to cations, which
strengthen the AGS structure (Li et al. 2017; Lin et al. 2010; Pishgar et al. 2020). ALE production
in the enriched halophilic culture was consistently higher over the salinity range of 40-80 g
NaCl L L. Statistical analysis showed that this difference was statistically significant at 95%
confidence. Other studies have reported that increased ALE production with high salinity may
help cope with high osmotic pressure and sodium toxicity (Meng et al. 2019; Wan et al. 2014).
The higher concentrations of ALE present in the halophilic reactor may therefore be another
sign that these organisms are better able to adapt to salt stress in ways that maintain granule
integrity. It is interesting to note that, at 85 g L™* NaCl, where MLVSS concentrations increase
significantly in the activated sludge reactor, ALE production in the two reactors was not
statistically different.

The three dominant phyla present in both reactors at hypersaline conditions

(Proteobacteria, Bacteroidetes and Actinobacteria) are identical to those reported by Huang et
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al. (2019) for an SBR operated at 30 g L'! NaCl, although the current study also has Firmicutes
present (at lower abundance) in both reactors. This finding is also in agreement with previous
studies that reported Proteobacteria as one of the bacterial lineages in a marine biocommunity
(Ou et al. 2018; Zhang et al. 2016) In addition, ALE production was correlated with
Proteobacteria in both reactors. These results strongly suggest that microbes in the phylum
Proteobacteria are an important component to halophilic granule formation, possibly as a
major contributor to ALE production. However, the current study also found a negative
correlation between Proteobacteria and total EPS production in both reactors.

Pearson’s correlation analysis further showed that there was a negative correlation
between ALE and phylum Bacteroidetes in both reactors. Thomas et al. (2011) observed that
organisms in the phylum Bacteroidetes were the main contributor to polysaccharides and
protein degradation while Zhang et al. (2016) reported that this phylum played a main role in
the biodegradation of organic matter. There was also a negative correlation between salt
content above 60 g L'! NaCl and Bacteroidetes. This finding indicates that granule structure
could benefit at higher salinities from Bacteroidetes inhibition resulting in higher ALE content.
However, Bacteroidetes had a positive correlation with total EPS production. As with the similar
(but opposite) correlations between Proteobacteria, ALE and EPS, these results suggest a
complicated relationship between the microbial community composition and granule stability.
Statistical analysis of community results at the genus level did not produce any significant
correlations to EPS or ALE production in either reactor. While it is possible that granule integrity
may be linked to the presence of individual halophilic species, rather than the presence of

halophiles more generally, such an analysis is beyond the scope of this work.
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Relatively few previous studies have reported Na* concentrations in the EPS matrix
under high salinity conditions. Both Kara et al. (2008) and Fang et al. (2018) reported that
sodium concentrations in the sludge matrix increased with increasing concentration in the
wastewater. Kara et al. ( 2008) measured Na* concentrations of 23-115 mg g! sludge as the
bulk NaCl content increased from 10 to 460 mg L™*.Despite the higher bulk salt concentrations,
the current values for the activated sludge reactor are similar (13-130 mg g sludge), but higher
in the halophilic reactor (19-425 mg g* sludge), particularly under hypersaline conditions. Fang
et al. (2018) reported accumulation of 100 mg Na* g* EPS at bulk NaCl concentrations of 30 g L°
1. Normalizing the Na* concentrations reported in Figure 5 to EPS production by dividing by
total EPS concentration (Figure 4a) shows that Na* accumulation in the EPS was higher in both
reactors in the current study, with 322 and 440 mg Na* g EPS in the activated sludge and
halophilic reactors, respectively, at 85 g L™* NaCl. As the solution NaCl concentration increased
from 10 to 85 g L' in the current study, Na* concentrations in the EPS approximately doubled
in both reactors (Figure 5), which suggests there may be a maximum capacity of the EPS for
cation accumulation. However, this experiment did not observe a correlation between sodium
substitution for divalent cations in the EPS and granule integrity. The decrease in Ca**and Mg?*
EPS concentrations in the activated sludge reactor began well before the salinity (40 g L)
where granule size began to decay. Additionally, the halophilic reactor showed the same
trends with respect to divalent cation concentration, but without the decrease in granule size.
Thus, there is no indication that divalent cation replacement by Na* necessarily leads to AGS

fragmentation.
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The halophilic reactor did accumulate less intracellular Na* and Ca?* under hypersaline
conditions. Individual organisms within the granule structure may address increased osmotic
pressure caused by high salinity through selective accumulation of intracellular cations (Ca®*,
Mg?*, Na* and K*) (Hanelt and Miiller 2013; Wan et al. 2014). Wang et al. (2017a) also observed
an increase in K* concentration in granules, and corresponding decrease in Na*, that was
attributed to the actions of K*/Na* and Na*/H* pumps. In the current study, however, no
increase was observed in intracellular K* with higher salinity. Wan et al. (2014) reported that
intracellular Ca?* can be regulated by Na*/ Ca?* membrane exchange. However, the current
study did not address whether better exclusion of sodium from the cells is due to an active
response to the high salinity conditions, or a function of existing differences in microbial
populations between the two reactors. Either way, this result provides an avenue for further
exploration in assessing how granule structures adapt to high salinity wastewater

environments.

Summary

Community analysis showed that the population of both reactors converged towards a
halophile-dominated system, but the differences in granule size and integrity indicate a positive
effect of inoculating with halophilic organisms. Most notably, bioaugmentation with halophilic
organisms resulted in much less sensitivity of EPS and ALE production to salinity, particularly at
hypersaline conditions. Additionally, intracellular cation concentrations were much lower in the

halophile-amended system throughout the hypersaline range. Sodium substitution for divalent
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cations in the EPS, by contrast, occurred to a similar extent in both reactors and did not

correspond to changes in granule integrity.
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Table 1. Composition of reactor feed solution, including trace elements.

Compound Concentration (m) Compound Concentration (nLM)
NaCl 0-1283 FeCls.6H,0 11.1
CaCl,.2H,0 0.41 H3BOs 4.85
KCl 26.8 CuS04.5H,0 0.24
MgCl,.6H,0 0.25 Kl 0.36
NaHCOs3 9.52 MnCl,.4H,0 1.21
NH4Cl 16.1 Na;Mo04.2H,0 0.50
KH2PO4 0.73 ZnS04.7H20 0.83
Mg SO4 4.15 CoCl,.6H,0 1.26

NaCHsCOO 39.0
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FIG. 3. Enriched halophilic AGS at (A) 40 g L't NaCl and (B) 85 g L' NaCl; Activated sludge AGS at
(C) 40 g L'* NaCl and (D) 85 g L™ NaCl.
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