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Abstract 27 

Quorum sensing (QS) has been extensively studied in pure stains of microorganisms, 28 

but the ecological roles of QS in multi-species microbial aggregates are poorly 29 

understood due to the aggregates’ heterogeneity and complexity, in particular the 30 

phosphorus (P) entrapment, a key aspect of element cycling.  Using periphytic biofilm 31 

as a microbial-aggregate model, we addressed how QS signaling via N-acyl-32 

homoserine-lactones (AHLs) regulated P entrapment.  The most-abundant AHLs 33 

detected were C8-HSL, 3OC8-HSL, and C12-HSL, are the primary regulator of P 34 

entrapment in the periphytic biofilm.  QS signaling-AHL is a beneficial molecule for 35 

bacterial growth in periphytic biofilm and the addition of these three AHLs optimized 36 

polyphosphate accumulating organisms (PAOs) community.  Growth promotion was 37 

accompanied by up-regulation of pyrimidine, purine and energy metabolism.  Both 38 

intra- and extra-cellular P entrapment were enhanced in the addition of AHLs.  AHLs 39 

increased extracellular polymeric substances (EPS) production to drive extracellular P 40 

entrapment, via up-regulating amino acids biosynthesis and amino sugar/nucleotide 41 

sugar metabolism.  Also, AHLs improved intracellular P entrapment potential by 42 

regulating genes involved in inorganic-P accumulation (ppk, ppx) and P uptake and 43 

transport (pit, pstSCAB).  This proof-of-concept evidence about how QS signaling 44 

regulates P entrapment by microbial aggregates paves the way for managing QS to 45 

enhance P removal by microbial aggregates in aquatic environments. 46 
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1. Introduction  53 

Phosphorus (P) entrapment and recovery by microbial communities is a promising 54 

“green” approach to enhancing P sustainability (Fernando et al. 2019, Conley et al. 55 

2009).  Cell-to-cell communication in microbial aggregates can affect P entrapment 56 

(Xu et al. 2020), since a communication network allows a bacterial population to 57 

accomplish functions not feasible for an individual bacterium (Scott et al. 2017).  A 58 

prime type of cell-to-cell communication is quorum sensing (QS), which occurs when 59 

chemical signaling molecules, such as acyl-homoserine lactones (AHLs), are involved 60 

in chemical communications between microorganisms (Do et al. 2019).  AHLs are 61 

excreted by gram-negative bacteria (e.g., Vibrio fischeri and Pseudomonas aeruginosa) 62 

as signaling molecules (Schaefer et al. 1996, Cárcamo-Oyarce et al. 2015).  QS can 63 

control access to phosphate in dissolved-organic phosphorus in Trichodesmium 64 

consortia by regulating the activity of alkaline phosphatase (APase) (Van Mooy et al. 65 

2012), but little is known about how QS affects the quantity of P available or the rate 66 

of P entrapment. 67 

Compared with single-species cultures, bacteria in nature exist as multi-species 68 

communities within microbial aggregates encased in a polymeric matrix (Wu 2016).  69 

On the one hand, the relatively high bacterial density of aggregates provides optimal 70 

conditions for QS (Miano et al. 2020).  On the other hand, QS in microbial aggregates 71 

is more complicated because individual organisms are affected by other community 72 

members, including the amount and types of QS molecules excreted (Galloway et al. 73 

2011).  QS communication among bacteria of different species, genera, or even 74 

domains is a possibility (Hosni et al. 2011).  For example, Burkholderia cepacia could 75 

recognize AHLs released by Pseudomonas aeruginosa in aggregates (Riedel et al. 76 

2001).  In any case, the diversity of species in microbial aggregate leads to 77 



 

complicated mechanisms that are regulated by QS. 78 

Microbial aggregates also include non-active components, such as extracellular 79 

polymeric substances (EPS), minerals solids [e.g., Fe2O3 and CaCO3], and adsorbed 80 

nutrients [N and P]) (Wu 2016).  Such heterogeneity makes it difficult to distinguish 81 

and study specific QS processes.  For example, the EPS production increased in the 82 

presence of QS (Tang et al. 2018), but it is was unclear how QS promoted EPS 83 

production and P entrapment (Zhou et al. 2017a).  84 

Periphytic biofilms are common microbial aggregates in waters and are capable of 85 

entrapping P (Wu 2016, Lu et al. 2016).  Thus, we selected periphytic biofilm as a 86 

model of microbial aggregates to disentangle (1) the relationship between AHLs-based 87 

QS and P entrapment by periphytic biofilm, (2) which AHL molecules play a role in P 88 

entrapment, (3) which compartment of a biofilm contributes most to P entrapment, and 89 

(4) how the biofilm’s other compartments affect P entrapment.  The results provide 90 

proof-of-concept evidence that P entrapment by microbial aggregates is regulated by 91 

QS signaling.  They also provide insight into the processes and mechanisms regulated 92 

by QS signaling in multi-species communities. 93 

 94 

 95 

 96 

 97 

 98 



 

2. Materials and methods 99 

2.1. Preparation of AHLs and periphytic biofilm 100 

Synthetic AHLs (>97%) were purchased from Sigma-Aldrich (Singapore):  N-101 

butyryl-DL-homoserine lactone (C4-HSL), N-hexanoyl-DL-homoserine lactone (C6-102 

HSL), N-(3-oxohexanoyl)-DL-homoserine lactone (3OC6-HSL), N-octanoyl-DL-103 

homoserine lactone (C8-HSL), N-(3-oxooctanoyl)-L-homoserine lactone (3OC8-HSL), 104 

N-decanoyl-DL-homoserine lactone (C10-HSL), N-(3-oxodecanoyl)-L-homoserine 105 

lactone (3OC10-HSL), N-dodecanoyl-DL-homoserine lactone (C12-HSL), N-(3-106 

oxododecanoyl)-L-homoserine lactone (3OC12-HSL), N-tetradecanoyl-DL-107 

homoserine lactone (C14-HSL), and N-(3-oxotetradecanoyl)-L-homoserine lactone 108 

(3OC14-HSL).  109 

Periphytic biofilm, originated from Xuanwu Lake, Nanjing, China, was collected and 110 

cultured in an incubator with light (power: 240 W) following a light/dark regime of 12 111 

h/12 h and air temperature of 25 ± 1°C.  Woods-Hole culture (WC) medium (details 112 

in Supplementary Information) was used for culturing the periphytic biofilm.  When 113 

the periphytic biofilm had matured, as indicated by a deep green color, periphytic 114 

biofilms were collected for experiments.  115 

2.2. Detecting AHLs during P-entrapment experiments 116 

AHL concentrations were analyzed in periphytic biofilms cultured at different P 117 

concentration (i.e., 0, 0.3, 1.5 and 5 mg P - PO4
3-/L WC medium).  All periphytic 118 

biofilms were washed three times using sterilized 0.9% NaCl solution and centrifuged 119 

before each experiment.  1 g (wet weight) of fresh periphytic biofilm was added to a 120 



 

conical flask containing 100-mL solutions of 5 mg P-PO4
3-/L.  The flask was then 121 

sealed with gas-permeable parafilm.  The entrapment tests were statically incubated 122 

at 25°C in an incubation room with a standard light−dark cycle of 12 h/12 h (xenon 123 

lamp, 150 W) and were sampled at time intervals over 7 d for P-PO4
3- analysis.  124 

Medium samples were collected at the end of the experiment to determine the AHLs 125 

concentrations.  Each treatment had three biological replicates. 126 

2.3. Effect of AHL addition on P entrapment  127 

A series of controlled experiments involved one gram (wet weight) of fresh periphytic 128 

biofilm suspended in 100 mL of 5 mg P-PO4
3-/L solution (pH = 7.89) and fortified with 129 

2 μM exogenous AHLs:  C4-HSL, C6-HSL, 3OC6-HSL, C8-HSL, 3OC8-HSL, C10-130 

HSL, 3OC10-HSL, C12-HSL, 3OC12-HSL, C14-HSL, or 3OC14-HSL, plus a blank 131 

control.  Due to their short half-lives (Shen et al. 2016), AHLs were daily replenished 132 

to ~2 μM.  The blank control group was replenished with 0.01% methanol.  Each 133 

treatment had five biological replicates.  All flasks were sealed with sterile parafilm 134 

to allow for gas exchange and placed in an incubation room with a standard light−dark 135 

cycle of 12 h/12 h (xenon lamp, 150 W) at 25 ± 1℃ for 7 d.  The dissolved oxygen 136 

concentration decreased at the beginning of the experiment, and finally stabilized at 5-137 

10mg/L.  Medium samples were collected every day using sterile syringes to 138 

determine the concentrations of P-PO4
3- for computing P entrapment.  139 

2.4. Exploring the mechanisms regulated by AHL addition 140 

To explore the regulation mechanisms of AHLs on P entrapment, we selected the three 141 

AHLs that gave the greatest P entrapment:  C8-HSL, 3OC8-HSL, and C12-HSL.  At 142 



 

the end of their P-entrapment tests, we collected periphytic biofilm, as well as from a 143 

control.  The biofilm samples were snap-frozen with liquid nitrogen and stored at 144 

−80°C for subsequent analyses of the distribution of extracellular and intracellular P, 145 

EPS, total biomass as growth, chlorophyll, and alkaline phosphatase (APase); 146 

Measurements of biomass, total chlorophyll content, and APase are described in detail 147 

in the Supporting Information.  The physical structure of the biofilm was characterized 148 

by a scanning electron microscope (SEM; SU-8020; Hitachi, Japan).  Each treatment 149 

had five biological replicates. 150 

2.5. Analytical methods 151 

2.5.1. Detection of AHLs 152 

Extraction of AHLs from treated periphytic biofilm system (bulk liquid/ supernatants) 153 

were conducted as described by Shaw et al (Shaw et al. 1997).  100 mL of supernatant 154 

was extracted twice with equal volumes (100 mL) of ethyl acetate.  The ethyl acetate 155 

extracts were concentrated to 5 mL using a rotary evaporator (RV 10 contrl FLEX auto, 156 

IKA, Germany) in a water bath at 40℃ and then purified with hydrophilic-lipophilic-157 

balanced (HLB) columns (Waters, America) (Wang et al. 2017).  Briefly, 3 mL methyl 158 

alcohol and 3 mL ultrapure water were added to column; then, a 5 mL sample was 159 

added to column.  After the wash step, the column was eluted with 5 mL of methanol.  160 

After the nitrogen-blow step, the sample was concentrated to less than 1 mL and then 161 

diluted to 1 mL with methanol.  Finally, the extracts were analyzed by high 162 

performance liquid chromatography/tandem mass spectrometry (HPLC-MS/MS) 163 



 

(Shimadzu, Singapore); detailed information is shown in Supporting Information and 164 

Table S1. 165 

2.5.2. EPS and P distribution analysis 166 

Extraction of EPS from the periphytic biofilm followed a sonication-cation exchange 167 

resin method (Comte et al. 2006).  The polysaccharide (PS) component of EPS was 168 

determined using the phenol-sulfuric acid assay with glucose as the standard (Dubois 169 

et al. 1956), whereas the protein (PN) component was quantified by the Coomassie 170 

brilliant blue staining method with bovine serum albumin as the standard (Fr/olund et 171 

al. 1995).  Previous study has found that the EPS of periphytic biofilm is mainly 172 

composed of PS and PN, accounting for about 80% of the total EPS content (Sun et al. 173 

2018), so the total EPS content in this study was determined based on the sum of PS 174 

and PN. 175 

Inorganic P (IP) of EPS was determined using the ascorbic acid-molybdenum blue 176 

method (APHA 1998).  Briefly, an acidified solution of ammonium molybdate reacts 177 

rapidly with phosphate ion yielding a blue-purple compound, which is measured with 178 

a UV-Vis Spectrophotometer (WFZ UV-2000; Unico, China).  Total P (TP) of EPS 179 

was determined by inductively coupled plasma atomic emission spectrometry (Agilent 180 

Technologies, Santa Clara, CA) (Yang et al. 2002).  Organic P (OP) was equal to the 181 

TP minus IP.  Periphytic biofilm after EPS extraction are used to determine 182 

intracellular TP, IP, and OP using the acid oxidation method of wet digestion with 183 

H2SO4 and HClO4 (Wu et al. 2016). 184 

2.5.3. LC-MS-based metabolomic profiling and quantitation 185 



 

Samples for metabolomic studies were collected at the end of the P-entrapment tests for 186 

the cultures containing C8-HSL, 3OC8-HSL, C12-HSL, and no exogenous AHLs 187 

(Control).  Extracted metabolic products were from the whole consortia, including the 188 

intracellular and extracellular.  20 mg of periphytic biofilm sample was weighted to 189 

an Eppendorf tube after freeze-drying, and 1 mL extract solution 190 

(acetonitrile:methanol:water = 2:2:1, with isotopically labelled internal standard 191 

mixture) was added.  After 30 s of vortexing, the samples were homogenized 192 

(Grinding mill; JXFSTPRP-24; Jingxin, China) at 35 Hz for 4 min and sonicated 193 

(Ultrasonic cell disruptor; PS-60AL; Ldbsonic, China) at 160 W for 5 min on ice.  The 194 

homogenization and sonication cycle were repeated 3 times.  Then, the samples were 195 

incubated for 1 h at -40℃ and centrifuged at 12000 rpm for 15 min at 4℃.  The 196 

resulting supernatant was transferred to a fresh glass vial for analysis.  All tests were 197 

conducted in triplicate. 198 

Untargeted metabolomic analysis was performed using a 1290 Infinity series UHPLC 199 

System (Agilent Technologies) and Q Exactive orbitrap (Thermo, CA).  First, we 200 

loaded 3 μL supernatant on a UPLC BEH Amide column (2.1 × 100 mm, 1.7 μm, 201 

Waters) and gradient eluted the sample with acetonitrile as the eluent.  We used a QE 202 

mass spectrometer to acquire MS/MS spectra on information-dependent acquisition 203 

(IDA) mode in the control of the acquisition software (Xcalibur 4.0.27, Thermo).  The 204 

source parameters were:  sheath gas flow rate of 45 Arb, auxiliary gas flow rate of 15 205 

Arb, capillary temperature 400℃, full MS resolution of 70000, MS/MS resolution of 206 

17500, spray Voltage of 4.0 kV (positive) or -3.6 kV (negative). Metabolite 207 



 

identification was based on an in-house MS2 database (BiotreeDB).  Metabolic 208 

pathway analysis was performed with the MetaboAnalystR package in R (Chong and 209 

Xia 2018).  The metabolites were then filtered to identify significantly different 210 

metabolites using ANOVA with a Dunnett’s multiple-comparison test between the 211 

AHLs treatment group and the control group. 212 

2.5.4. RNA extraction and RNA sequencing 213 

Samples for meta-transcriptomic sequencing were collected at end of the P-entrapment 214 

tests from the cultures containing C8-HSL, 3OC8-HSL, C12-HSL, and no exogenous 215 

AHLs (control).  Total RNA was extracted using RNA Purification Kit (Thermo 216 

Fisher Scientific, MA, USA) according to the manufacturer’s instructions.  RNA 217 

degradation and contamination were monitored on 1% agarose gels.  RNA quantity 218 

was measured using Qubit 2.0 (Thermo Fisher Scientific, MA, USA) and Nanodrop 219 

One (Thermo Fisher Scientific, MA, USA) together.  RNA integrity was accurately 220 

detected using the Agilent 2100 system (Agilent Technologies, Waldbron, Germany). 221 

12 samples of total RNA (corresponding to three replicate slurries × 4 treatment) were 222 

subjected to cDNA synthesis using the NEBNext® Ultra™ Directional RNA Library 223 

Prep Kit for Illumina® (New England Biolabs, USA) according to the manufacturer’s 224 

instructions.  The 12 cDNA libraries were sequenced on an Illumina Hiseq Xten 225 

platform, which generated 150 bp paired-end reads. 226 

2.5.5. Meta-transcriptomic analysis 227 



 

The 12 samples analyzed by meta-transcriptomics.  After quality-control analysis, the 228 

sequences were aligned against contigs or predicted ORFs for differential expression 229 

analysis of gene using Bowtie2 (Langmead and Salzberg 2012).  The Unigenes were 230 

BLASTx against KEGG, the eggnog, and NCBI-nr databases with an e value of 10−5 231 

for functional annotation. Gene expression levels were represented by RPKM (reads 232 

per kilobase per million mapped reads) value as described previously (Mortazavi et al. 233 

2008).  The sum of the RPKM of all genes belonging to a species was taken as the 234 

abundance of the species.  At each taxonomic level, the abundance of species in each 235 

sample was counted to construct an expression-abundance profile at the corresponding 236 

taxonomic level.  Differentially expressed genes (DEGs) between AHLs and controls 237 

were identified using the Limma package in R (FDR≤0.05 and |log2(fold change)|≥1) 238 

(Ritchie et al. 2015).  Meta-transcriptome data has been deposited in the National 239 

Center for Biotechnology Information (NCBI) database under the accession numbers 240 

PRJNA735054.   241 

2.5.6. Partial Least Squares Path Modeling analysis 242 

Partial Least Squares Path Modeling (PLS-PM) was employed to discriminate the 243 

effects of biomass, polyphosphate accumulating organisms (PAOs), EPS, and P-244 

entrapment genes on P entrapment capacity of periphytic biofilms with AHLs addition 245 

(Lohmöller 2013). The effects are quantified as the direction and strength of the linear 246 

relationships between variables, which are represented by the path coefficients. The 247 

PLS-PM was conducted using the package ‘plspm’ in R (Team 2013). 248 

 249 



 

3. Results and Discussion 250 

3.1. The role of AHLs-based QS in P entrapment by periphytic biofilm  251 

Periphytic biofilm incubated with different P concentrations, a strong positive 252 

correlation between P-entrapment and concentration of total AHLs secreted by 253 

periphytic biofilms (Fig. 1a, Pearson’s correlation r = 0.92, p < 0.001).  We therefore 254 

reasoned that AHLs-based QS played an active role in P entrapment by the periphytic 255 

biofilms.  To confirm this hypothesis, we added 11 AHLs individually to the 256 

periphytic biofilm system.  Figure 1b shows that additions of AHLs enhanced P 257 

entrapment by 38-156%.  Thus, AHLs-based QS regulated community behaviors 258 

associated with P entrapment.   259 

Addition of C8-HSL, 3OC8-HSL, and C12-HSL increased P entrapment the most (Fig. 260 

1b), which is consistent with the fact that these AHLs were the most abundant AHLs in 261 

the periphytic biofilm (Supplementary Fig. S1).  We selected these three AHLs to 262 

investigate the P distribution over the intra- and extra-cellular compartments in 263 

periphytic biofilm; both compartments included inorganic- and organic-P.  In the P-264 

entrapment process in these experiments, we provided only inorganic-P.  Extracellular 265 

inorganic-P increased throughout the experiment, while intracellular inorganic-P first 266 

increased and then decreased; the decline in intracellular inorganic-P correlated to an 267 

increase of intracellular organic-P.  On day 7, compared with the control, the addition 268 

of AHLs did not change the proportional P distribution over the intra- and extra-cellular 269 

compartments, but significantly increased the extra- and intra-cellular P contents (p < 270 



 

0.05).  Therefore, extra- and intra-cellular P entrapment were evaluated in the 271 

subsequent experiments. 272 

 273 

[Figure 1 inserted here] 274 

 275 

 276 

3.2. Growth, composition optimization, and metabolism of the periphytic biofilm  277 

The differences in P entrapment among periphytic biofilms with different AHLs were 278 

partly due to differences in the biomass of the periphytic biofilm.  As shown in Fig. 279 

2a, biofilm was significantly stimulated by AHL addition, with biomass increasing by 280 

16.2% for C8-HSL, 15.8% for 3OC8-HSL, and 20.2% for C12-HSL relative to the 281 

control. Biofilm biomass was positively correlated with P-entrapment (Pearson’s 282 

correlation r = 0.88, p < 0.001; Fig. S2).  The increase in biomass simultaneously 283 

reflects the growth of microbial cells and the production of EPS in the periphytic 284 

biofilm.  For microbial cell growth, genes for transcription, replication, cell division, 285 

nucleotide, and lipid metabolism evidenced a global up-regulation of genes associated 286 

with growth (Fig. S3).  A complementary metabolomic analysis showed that pathways 287 

for pyrimidine (Pyr) and purine (Pur) metabolisms were specifically up-regulated after 288 

AHL addition; Pyr and Pur participate in RNA and DNA synthesis (Garavito et al. 2015).  289 

Decreased AMP and ADP levels (Fig 2b), coupled with increased ATP levels, indicate 290 

that the biofilm was in an energy-replete state, which may have increased P-entrapment 291 

sites in the biofilms (Sosa 2018).   292 



 

Chlorophyll content, reflecting the growth of the phototrophs (mainly comprised of 293 

microalgae), was not elevated upon AHL stimulation compared with controls (Fig. 2a).  294 

Further assessing relative taxonomic distributions within the whole community, 295 

bacteria dominated the periphytic biofilm, and bacterial abundance increased by 1.2-296 

5.5% upon AHL stimulation (Fig. S4a) (Hibbing et al. 2010).  This indicates that AHL 297 

is a beneficial molecule for bacterial growth.  With the addition of different AHLs, 298 

this AHL-linked advantage resulted in shifts in biofilm community composition. 299 

PAOs are bacteria that entrap and store large quantities of phosphate as polyphosphate 300 

(Kodera et al. 2013).  AHL additions resulted in a big increase in the abundance of 301 

PAOs in biofilms, by 1.5- to 2.7-fold relative to non-supplemented controls (Fig. S5), 302 

and also altered the composition of the PAO community (Fig. 2c).  Among the top-10 303 

most-abundant PAOs in periphytic biofilm, Acinetobacter (Pearson’s correlation 304 

r = 0.79, p < 0.01) (Deinema et al. 1980), Pseudomonas (r = 0.73, p < 0.01) (Tobin 305 

Karen et al. 2007), and Aeromonas (Lotter and Murphy 1985) (r = 0.65, p < 0.05) were 306 

strongly positively correlated with P entrapment (Table S2).  Thus, in the community, 307 

Acinetobacter, Pseudomonas and Aeromonas can act as the main AHL responders to 308 

promote P entrapment. 309 

 310 

[Figure 2 inserted here] 311 

 312 

3.3. AHLs control extracellular P entrapment by regulating EPS metabolism 313 

In periphytic biofilm, EPS, an important component related to biomass, is known to be 314 

the primary location for extracellular P entrapment (Li et al. 2015).  Analysis of the P 315 



 

pools in biofilms grown with AHLs addition versus those in the control indicates that 316 

AHLs especially promoted extracellular P entrapment (Fig. 1c).  Scanning electron 317 

microscopy (Fig. S4b) showed an increase in EPS-like substances on the surfaces of 318 

the periphytic biofilm upon AHL addition (Zhang et al. 2014).  We analyzed the total 319 

EPS (Fig. S6), as well as the proteins (PNs) and the polysaccharides (PSs) of EPS, and 320 

found that AHL addition led to parallel increases in both components:  protein (2.0- to 321 

2.1-fold) and polysaccharide (1.8- to 2.0-fold) (Fig. 3a).  The contents of PN and PS 322 

were positively correlated with the P entrapment of the EPS and the periphytic biofilm 323 

(Fig. 3a).  Common functional groups in EPS, especially the quaternary amines (NH4
+) 324 

and tertiary amines (NH3
+) in PNs and the hydroxyl group in PSs, complex with 325 

phosphate (Zhou et al. 2017b).  These results indicate that AHLs-based QS plays an 326 

important role in entrapping P via regulating EPS content and composition.   327 

Biosynthesis of amino acids and metabolism of amino sugars/nucleotide sugars were 328 

investigated as it be related to EPS production.  Amino acids are basic components of 329 

PNs. Nearly all AHLs upregulated the levels of amino acids - alanine, valine, leucine 330 

and arginine.  Certain metabolites involved in amino acids biosynthesis (pyruvate, 331 

oxaloacetate, 2-oxoglutarate) also increased relative to the control in response to AHLs 332 

addition (Fig. 3b).  333 

Up-regulated were some amino sugars/nucleotide sugars that are precursors of PSs.  334 

For example, glucose-1-phosphate (Glc-1P; a central metabolite in sugar nucleotide 335 

formation) was significantly up-regulated with AHLs addition relative to that in the 336 

control (Fig. 3b) (Boels et al. 2001). Central metabolites in PS polymerization: uridine 337 



 

5′-diphosphoglucose (UDP-Glc) and uridine 5′-diphosphogalactose (UDP-Gal) were 338 

significantly increased (Fig. 3b) (Kilstrup et al. 2005).  Moreover, we also detected 339 

increased UDP-GlcNAc (a transcriptional regulator in the PS synthesis) (Chavez-Dozal 340 

et al. 2015) and fructose-6-phosphate (Fru-6p; an important precursor for PS synthesis).   341 

The up-regulation results support that amino-acids biosynthesis and amino 342 

sugar/nucleotide sugar metabolism were activated by addition of AHLs.  AHLs 343 

stimulated EPS production and facilitated extracellular P entrapment, which enables P 344 

within EPS to be stored rapidly and effectively in relatively high quantities (Fig. 1c), 345 

while supplying P to microbial cells. 346 

 347 

[Figure 3 inserted here] 348 

 349 

 350 

3.4. AHLs control intracellular P entrapment potential 351 

Under the AHLs stimulation, the advantage of extracellular entrapment via EPS vs. 352 

intracellular entrapment is likely beneficial in ephemeral P supply.  But if it is based 353 

on long-term P entrapment, the intracellular P entrapment potential of microbial cells 354 

will determine the P entrapment capacity of the entire community.  To explore the 355 

changes in intracellular P entrapment potential upon AHL addition, meta-transcriptomic 356 

analyses were focused exclusively on genes encoding proteins that are involved in the 357 

intracellular P entrapment (Table S3).  The 44 genes involved in intracellular-P 358 

entrapment (Fig. 4) can be divided into four subgroups:  inorganic-P accumulation, 359 

organic-P mineralization, P uptake and transport, and P regulation.  About 43% of 360 



 

these 44 genes (including ppk, pit, and phoX) were differentially up-regulated upon 361 

AHLs addition (p < 0.05, Fig. 4). 362 

The capacity of microbial P accumulation is controlled by genes for polyphosphate 363 

kinase (ppk and ppk1) and exopolyphosphatase (ppx).  ppk and ppk1 are responsible 364 

for the synthesis of polyphosphate, and ppx is responsible for its degradation (He et al. 365 

2007, Martín et al. 2006).  Our results show that ppk and ppk1 were up-regulated, 366 

while ppx was down-regulated upon AHL addition.  This indicates that in the AHLs 367 

addition group, more P is stored in the form of polyphosphate, and the intracellular P 368 

content is in a state of surplus. 369 

In intracellular P entrapment, microbial cells transport phosphate from the external 370 

environment to the inside of the cell by P transporters in the cell membrane (Rico-371 

Jiménez et al. 2016). Expression of genes for uptake and transport were stimulated by 372 

AHLs:  pit, pstS, pstC, pstA and pstB) were significantly up-regulated with AHLs 373 

addition (Fig. 5a) (Vuppada et al. 2018).  These observations match the increased 374 

intracellular-P contents with AHLs addition (Fig. 1).   375 

P transporters encompass low-affinity inorganic-phosphate transporters and high-376 

affinity phosphate-specific transporters (Kamennaya et al. 2020).  Due to the different 377 

regulation of the two types of transporters, the expression of high-affinity transporters 378 

occurs during P limitation.  Our results show that P regulation genes (phoB, phoR and 379 

phoU) that mediates the P-limited stress response were up-regulated in periphytic 380 

biofilm with AHLs addition (Martiny et al. 2006).  This indicates that AHLs addition 381 

triggered a P-limitation response.  However, in the present study, the cells appeared 382 



 

not to be P-limited, since the medium still contained soluble P at the time that the 383 

cultures were harvested.  This supports that the cellular responses were regulated by 384 

the AHL-based QS system, not just by the physical presence or absence of P.  The two 385 

P uptake strategies might be triggered simultaneously by AHLs addition: the periphytic 386 

biofilm uses both low-affinity transporters and high-affinity transporters to entrap more 387 

P.  388 

With individual genes coding for organic P-entrapment, AHLs addition not affected the 389 

expression of some genes coding for C-P lyase subunit, phosphotriesterase and phytase, 390 

but differentially regulated the genes coding for APase (phoA, phoX, and phoD) 391 

(Browning et al. 2017).  This is consistent with the higher APase activity observed in 392 

the periphytic biofilm with AHLs addition, relative to the control, indicating that the 393 

AHLs optimized its organic P entrapment strategy (Luo et al. 2009), and the 3OC8-394 

HSL group triggered the highest APase activity (Fig. S7).  Interestingly, the phoX 395 

gene was up-regulated by three AHLs, while phoD and phoA genes were up-regulated 396 

only by 3OC8-HSL.  Previous molecular surveys found that phoX is more prevalent 397 

in bacteria (Sebastian and Ammerman 2009).  This indicates that compared with other 398 

AHLs, 3OC8-HSL can act on bacteria with phoA or phoD genes to improve its organic 399 

P entrapment potential.  400 

 401 

[Figure 4 inserted here] 402 

 403 

3.5. Contribution of extra- and intra-cellular influential factors to P entrapment by 404 

periphytic biofilm 405 



 

Figure 5 summarizes the results of PLS-PM.   Increase in biomass (path coefficient = 406 

0.67), EPS production (path coefficient = 0.31), and PAO abundance (path coefficient 407 

= 0.28) were correlated to AHL addition and increased P entrapment by periphytic 408 

biofilm.  The increase in expression of genes involved in inorganic-P accumulation 409 

(path coefficient = 0.15) and P uptake and transport (path coefficient = 0.13) also had 410 

positive correlations with the P entrapment.  411 

Conversely, P entrapment was negatively correlated with genes involved in organic-P 412 

mineralization (path coefficient = -0.34), and genes involved in P regulation had no 413 

effects. One explanation is that, as the periphytic biofilm was in a phosphate-sufficient 414 

condition, these genes had little effect on P entrapment even though AHLs up-regulated 415 

the expression of genes that respond to phosphate limitation.  However, AHLs 416 

increased the functional potential of cells in response to phosphate limitation, which 417 

means that AHLs addition could promote P entrapment by periphytic biofilms under 418 

phosphate limitation.  This warrants further investigation. 419 

 420 

[Figure 5 inserted here] 421 

 422 

A conceptual model of the regulatory networks for QS signaling on P entrapment by 423 

periphytic biofilm is presented in Fig. 6.  Addition of three AHLs stimulated the 424 

growth and metabolism of biofilms and provided a growth advantage for PAOs.  425 

AHLs addition enhanced production of EPS via up-regulation of amino-acid 426 

biosynthesis and amino sugar/nucleotide sugar metabolism, which boosted extracellular 427 

P entrapment.  Also, AHLs up-regulated polyphosphate kinase (ppk, ppx) and 428 



 

phosphate transporter gene (pit, pstS, pstC, pstA, pstB) to facilitate intracellular P 429 

entrapment.  QS signaling is a critical control point that could be adjusted to promote 430 

P entrapment for maximum P recovery across a broad range of locations and 431 

environmental contexts. 432 

 433 

[Figure 6 inserted here] 434 

 435 

4. Conclusions 436 

In this study, the observation that a strong positive correlation between the P entrapment 437 

and the AHLs level of periphytic biofilms incubated with different P concentrations.  438 

Consistently, the P entrapment ability of periphytic biofilm improved significantly after 439 

AHLs addition.  AHLs-based QS proved to play positive regulatory roles in P 440 

entrapment by the periphytic biofilms.  C8-HSL, 3OC8-HSL and C12-HSL are the 441 

primary AHL regulator of P entrapment.  AHLs stimulated the growth and metabolism 442 

of biofilms and provided a growth advantage for PAOs.  AHLs increased EPS 443 

production to drive extracellular P entrapment, via up-regulating amino acids 444 

biosynthesis and amino sugar/nucleotide sugar metabolism.  Transcriptomic results 445 

demonstrated that the enhance of intracellular P entrapment potential by AHLs-based 446 

QS relies on the transcription of polyphosphate kinase and phosphate transporter gene.  447 

This work provides new insights into the regulatory role of AHL-based QS in the P 448 

entrapment by microbial aggregates, and a novel approach for developing more 449 

effective P recovery technology. 450 

 451 
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Figure captions 616 

 617 

Fig. 1.  The role of AHLs-based QS in P entrapment by periphytic biofilm.  (a) 618 

Relationship between the P-entrapment capacity of periphytic biofilm (PB) and the 619 

AHLs level in the PB system.  (b) P entrapment by PB with addition of 11 AHLs and 620 

a control with no exogenous AHLs.  Symbols represent means, and error bars 621 

represent the standard deviation of three replicates.  Orange symbols indicate the three 622 

AHLs that had the larger effect and are used in follow up studies:  C8-HSL, 3OC8-623 

HSL, or C12-HSL.  (c) Distribution of P in periphytic biofilm after addition of C8-624 

HSL, 3OC8-HSL, or C12-HSL, along with a control, at the noted incubation times.  625 

Nomenclature:  Extra-IP, extracellular inorganic-P; Extra-OP, extracellular organic-P; 626 

Intra-IP, intracellular inorganic-P; and Intra-OP, intracellular organic-P. 627 

 628 

Fig. 2.  Growth, composition optimization, and metabolisms of biofilm.  (a) Effects 629 

of AHLs on biomass and chlorophyll contents of periphytic biofilm.  (b) Metabolomic 630 

fold changes for samples with AHLs addition are compared with control samples 631 

displayed for genes in energy-, purine-, and pyrimidine-metabolism pathways.  Bars 632 

represent log2-fold-change values. Left to right, they represent different AHLs addition 633 

groups (C8-HSL, 3OC8-HSL, and C12-HSL, respectively).  Orange, yellow and gray 634 

indicates high significant changes (p < 0.01 **), significant changes (p < 0.05 *) and 635 

no changes (p > 0.05), respectively.  (c) Top-10 polyphosphate accumulating 636 

organisms (PAOs) abundance in periphytic biofilm upon AHL addition relative to no 637 

AHL addition.  The circular symbols beside the genus names show the Pearson 638 

correlation of each PAO with P entrapment capacity of the periphytic biofilm, and were 639 

colored by Pearson’s r. 640 

 641 

Fig. 3.  Extracellular P entrapment regulated by AHLs.  (a) The distribution of 642 

protein (PN) and polysaccharide (PS) of extracellular polymeric substance (EPS) with 643 

three AHLs addition and controls were shown in the boxplots.  The scatterplot for the 644 

Pearson correlations of PN and PS with phosphorus (P) entrapment capacity of EPS 645 



 

(pink dots and trend line) and periphytic biofilm (blue dots and trend lines). PB: 646 

periphytic biofilm.  ** represented the high significant changes (p < 0.01) between the 647 

three AHLs addition and control.  (b) Metabolomic fold change for AHLs addition 648 

samples compared with control samples displayed for biosynthesis of amino acids and 649 

amino sugar & nucleotide sugar metabolism pathways.  Bars represent log2 fold-650 

change values, from left to right represent different AHLs addition groups (C8-HSL, 651 

3OC8-HSL and C12-HSL, respectively).  Orange, yellow and gray indicates high 652 

significant changes (p < 0.01 **), significant changes (p < 0.05 *) and no changes (p > 653 

0.05), respectively. 654 

 655 

Fig. 4.  Intracellular P entrapment regulated by AHLs.  The effects of the three AHLs 656 

addition on the expressions of genes responsible for intracellular P entrapment potential 657 

of periphytic biofilm. Group 1, Genes coding for inorganic-P accumulation; Group 2, 658 

Genes coding for organic-P mineralization; Group 3, Genes coding for P uptake and 659 

transport; Group 4, Genes coding for P regulation. Genes PhnF-P coding for the C-P 660 

lyase subunit in phosphonate metabolism was calculated as the average expressions of 661 

gene phnF, phnG, phnH, phnI, phnJ, phnK, phnL, phnM, phnN, phnO and phnP.  662 

Orange, yellow and gray indicates high significant changes (p < 0.01 **), significant 663 

changes (p < 0.05 *) and no changes (p > 0.05), respectively. From up to down 664 

represent samples under different AHLs addition (C8-HSL, 3OC8-HSL and C12-HSL, 665 

respectively). 666 

 667 

Fig. 5. Partial Least Squares Path Modeling (PLS-PM) illustrating how the AHLs 668 

addition influenced the P entrapment.  The red lines indicate positive effects, while the 669 

blue lines indicate negative effects. The width of the line indicates the strength of the 670 

direct effect. Adjacent values near the arrows indicate path coefficients. 671 

 672 

Fig. 6.  Conceptual model of the promotion of AHL based QS on P entrapment of 673 

periphytic biofilm.  The network of cellular pathways, genes and metabolites in 674 

periphytic biofilm with AHLs addition is derived from biochemical, metabolomics and 675 

meta-transcriptomics analyses. Lines in red and gray indicate up-regulation and down-676 



 

regulation, respectively. 677 
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addition influenced the P entrapment.  The red lines indicate positive effects, while the 736 

blue lines indicate negative effects. The width of the line indicates the strength of the 737 

direct effect. Adjacent values near the arrows indicate path coefficients. 738 
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 742 

 743 

Fig. 6.  Conceptual model of the promotion of AHL based QS on P entrapment of 744 

periphytic biofilm.  The network of cellular pathways, genes and metabolites in 745 

periphytic biofilm with AHLs addition is derived from biochemical, metabolomics and 746 

meta-transcriptomics analyses. Lines in red and gray indicate up-regulation and down-747 

regulation, respectively. 748 

 749 
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