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Cracking the code of seasonal seawater
biofouling: enhanced biofouling control
with quorum sensing inhibitor-
functionalized membranes
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Membrane biofouling poses an ongoing challenge in seawater reverse osmosis (SWRO) desalination.
Here we delved into the impact of seasonal variations in microbial communities on membrane
biofouling and innovatively fabricated quorum sensing inhibitors (acylase (AC) andmethyl anthranilate
(MA))-modifiedmembranes to combat it. Results indicated thatProteobacteriadominated in seawater
and membrane biofilm across all seasons, while other phyla varied seasonally. At the class level, the
two leading bacteria on the membrane wereGamma- and Alphaproteobacteria, constituting 14–48%
and 4–27%, respectively. Genera like Arcobacter, Vibrio, and Rhodobacteraceae were identified as
keystone species that exhibited a significant positive correlation with extracellular polymeric
substance (EPS) and biofilm formation, leading to a substantive reduction in membrane flux by 70 to
77%. The introduction of AC and MA inhibitors on the membrane suppressed keystone bacteria
Rhodobacteraceae andArcobacter and affected their metabolism, thereby significantly reducing EPS
by 65–69% and 55–59%, respectively, and alleviating membrane flux decline by 30–32% and
18–22%, respectively, compared to the pristine membrane. These findings shed new light on the
seasonal patterns ofmembranebiofouling andprovide valuable insights into anti-biofouling strategies
based on QS inhibition for collaborative biofilm formation.

As a rich water resource, seawater is considered an excellent alternative to
solve freshwater scarcity. Reverse osmosis (RO) desalination has been
widely applied (around 69% of the installed capacity globally)1,2, resulting in
high-quality desalted water and low operation costs3. Nevertheless, mem-
brane biofouling occurred due to the attachment and proliferation of bac-
teria on the membrane surface, forming a biofilm containing secreted
extracellular polymeric substances (EPS)4. It has been referred to as the
critical weakness of RO membrane technology, causing issues for the
majority (~70%) of the SWRO systems5. Chlorine-based chemicals are
commonly utilized for pretreatment; however, the free chlorines (e.g.,
hypochlorous) can damage the active layer of the RO membrane6. Some
biocides, such as tributyl tetradecyl phosphonium chloride7 and ethyl

lauroyl arginate8, can induce the emergence of resistant bacteria. Moreover,
the dead bacteria serve as source of nutrients for living cells, exacerbating
biofouling. Only less than 0.01% of the surviving bacteria are sufficient to
form another mature biofilm9. An alternative without adverse effects for
controlling biofouling needs yet to be proposed.

Quorum sensing (QS) is a bacterial communication process that
activates the expression of related genes through signaling molecules to
coordinated behaviors suchas bacterial virulence, bioluminescence,motility
and biofilm formation10. The QS inhibitors (QSI) can thus disrupt bacterial
communication pathways and offer advantages of eco-friendliness, high
biofilm inhibitory activities, and low toxicity10, which show a non-
disinfectant biological alternative approach to mitigate membrane
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biofouling. Several studies have employed inhibitors to alleviate membrane
biofouling. Recent endeavors have demonstrated that the biofilm formation
on the membrane surface by P. aeruginosa was reduced through acylase
(AC) and methyl anthranilate (MA) based on the inhibition of Acyl-
homoserine lactones (AHL) and Pseudomonas quinolone signal (PQS)
signaling pathways11,12. The downside of using directly dispersed inhibitors
is the likelihood of losing their inhibition efficiency and the secondary
pollution causedby inhibitors. It has been confirmed that enzymatic activity
was increased by 90% after immobilizing the acylase enzyme onto a
nanofiltration membrane compared to the free enzyme13. Therefore,
membrane modification incorporating QSI is a promising approach to
improve membrane performance.

Thus far, membrane biofouling has received widespread attention in
the membrane treatment process. Numerous laboratory studies have
explored the formation process of biofouling. However, most of these stu-
dies were performed with model bacteria, and due to the diversity of
microorganisms in seawater sources, microbial species rarely exist alone,
which makes it challenging to represent real biofouling in practical appli-
cations. In particular, significant differences in the microbial communities
on the RO membrane biofilm during the winter, summer, and autumn
seasons have been observed14,15. Thus, seasonal variations in the composi-
tion and concentration of EPS secreted by bacteria16,17 may lead to different
fouling behaviors in SWRO. These results show that the effects of microbial
community changes according to seasons are significant to the dynamics of
biofilm formation and membrane fouling control.

Our previous studies have demonstrated that AC and MA alleviated
the membrane flux reduction by reducing the EPS secretion and biofilm
formation in RO and FO filtration process11,12. Besides, the introduction of
MA on the PVDF membrane suppressed the expression of PQS and AHL
synthesis genes in Pseudomonas aeruginosa, and thus mitigated biofilm
formation on the modified membrane9. However, the roles of QSIs in
seawater microbial interspecies communication and community assem-
blages have yet to be experimentally investigated or theoretically addressed.
Therefore, this study investigated the response of seawater microbial
communities and biofilm microbiota to seasonal changes and the roles of
QSIs in regulatingmicrobial communities. The effects ofmicrobial diversity
on membrane biofouling were then evaluated. The main objectives of the
study include: (1) investigating the impact of seasonal changes on bacterial
community succession in the SWRO membrane desalination process; (2)
revealing the correlation between seasonal bacterial community and SWRO
membrane biofouling propensity, and clarifying the key bacterial groups
based on phylogenetic molecular ecological networks (pMENs) and heat-
map factor analysis, and (3) examining the effects of AC- andMA-modified
membranes on seasonal fouling behaviors and their control.

Results and discussion
Characteristics of QSI-modified membranes
Anti-biofouling SWRO membranes were prepared by incorporating inhi-
bitors, i.e., AC and MA, via Schiff base reaction. The physicochemical and
microscopic characterizations verified the successful incorporation of AC
andMA on the membrane (Supplementary Fig. 1). Specifically, the peak at
1710 cm−1 represents the stretching vibration of C =O18 that originates
from the GA load. After loading the inhibitors, however, the stretching
vibration of C =O disappeared, and the peak at 1671 cm−1 ascribed to the
C =N stretching19 has increased on the AC_m and MA_m membranes
(Supplementary Fig. 1a), suggesting a reaction between the aldehyde group
of GA and the end amino groups of AC and MA by Schiff base reaction20.
The N 1s spectra indicate that the peaks at a binding energy of 399.8 and
401.7 eV correspond to the N atoms in amine and amide moieties21,
respectively. The increase in theC-Npeak area is attributed to the formation
of AC and MA layers (Supplementary Table 1).

The pristine membrane exhibited a negative charge at pH = 5.5–10
owing to the carboxylic acid functional group of the polyamide layer22

(Supplementary Fig. 1d). After coating the PDA layer, the surface charge
increased due to the free amine andother nitrogen-containing groups23. The

surface charges of the GA_m, AC_m and MA_m membranes were lower
than that of the PDA_mmembrane because of the conversion of the amino
group to the C=N structure20. The hydrophilicity of the modified mem-
branes was determined by the contact angle. Thewater contact angles of the
pristine membrane, AC_m, and MA_m membranes were 45, 40, and 32,
respectively (Supplementary Fig. 1e). AC_m and MA_m membranes pos-
sessed more hydrophilic properties than the pristine membrane owing to
the introduction of hydrophilic phenolic hydroxyl, amino groups and
pendant-CHO by PDA and GA24,25. The 10-min decline rate of the contact
angle of AC_m and MA_m membranes (decreased 65% to 14 and 76% to
7.5) was more significant than that of the pristine membrane (reduced 50%
to 22), suggesting the better wettability of the AC_m and MA_m mem-
branes. More details for the surface morphology characteristics of QSI-
modified membranes are shown in Supplementary Fig. 1.

Dynamics of SWRO biofouling with seasonal variation
Supplementary Table 2 show physical-chemical and biological fluctuations
for four seasons (i.e., January—winter, May—spring, July—summer, and
October—fall) of natural seawater (NSW) collected from the Bohai Bay
(38.97N, 117.77E; Tianjin, China) during this study period. The con-
ductivity peaked in the winter and was negatively correlated with water
temperature. The total bacterial cells reached a peak in the summer, coin-
ciding with a previous finding26. The pH values of feedwater for all
experiments varied between 7.8 and 8.2, and the dissolved organic carbon
(DOC) level was maintained between 0.66 and 1.43mg L−1.

We conducted dynamic biofouling experiments on SWRO mem-
branes using seawater according to seasons and compared the results with
those of QSI-modified membranes in a crossflow system. The normalized
membrane flux changes, as depicted in Fig. 1a, reveal that the pristine
SWROmembrane experienced themost substantialfluxdecline,with a total
flux decreasing from 70 to 77%. This confirms the severe fouling propensity
by seawater, with the most pronounced water flux decline observed in the
summer (77%).

In contrast, the flux decline of AC_m and MA_m membrane was
alleviated by 30–32% and 18–22%, respectively, suggesting that modifica-
tion with QSI effectively mitigated membrane fouling under dynamic
crossflow filtration conditions, although their extent still depended on
seasons. Furthermore, the AC_m and MA_m membranes maintained
slightly but greater salt rejection rate (98.5%) compared to the pristine
membrane (97.5%), which can be ascribed to the lower flux decline (i.e.,
fouling) of QSI-modified membranes than the pristine RO membrane.

Seasonal variation in EPS composition and biofilm structure
To further characterize the biofouling behaviors of pristine and QSI-
modified membranes, the EPS (i.e., proteins, polysaccharides, and eDNA),
TOC, and biofilm were assessed under different seasonal conditions. The
EPS content on the pristine membrane was found to be higher during the
summer compared to the other three seasons inSWRO.Specifically, theEPS
content values were 104 μg cm−² for WI_control, 110 μg cm−² for
SP_control, 129 μg cm−² for SU_control, and 118 μg cm−² for FA_control
(Fig. 2a). This observation is consistentwith the result of the higher contents
of EPS extracted from themicrobial biofilm in the summer27. Themass ratio
of polysaccharides to proteins is associated with biofilm strength28. The
greater the ratio of polysaccharides to proteins, the higher the level of
attachment within the biofilm. It is essential to highlight that the relative
polysaccharide content in SP_control, SU_control, and FA_control was 44,
42, and 43%, respectively. This was significantly higher than WI_control,
which had a content of 23%. These findings suggest notable distinctions in
biofouling formation during the winter season.

Polysaccharides and proteins are major EPS components, among
which eDNA was also reported as a “glue” contributing to biofilm stability
even at low abundance29. As shown in Fig. 2a, the AC_m and MA_m
membranes significantly decreased the EPS contents by 65–69% and
55–59%, respectively, compared to the control membrane. The contents of
polysaccharides, proteins, and eDNA (Fig. 2b) decreased on the AC_m
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Fig. 2 | Organic biometabolic components and biofilm on the membrane surface
of control (WI_control, SP_control, SU_control, and FA_control), AC_m
(WI_AC_m, SP_AC_m, SU_AC_m, FA_AC_m), and MA_m (WI_MA_m,
SP_MA_m, SU_MA_m, and FA_MA_m). a polysaccharides, proteins, TOC and
b eDNA concentrations. c The total cell fluorescence (live and dead cells), live/total

cell ratio on the fouling layer. d Biofilm thickness was analyzed by confocal laser
scanning microscopy. Asterisks (*) indicate a statistically significant difference
between the control and QSI-modifiedmembranes (*P < 0.05). Error bars represent
one standard deviation of triplicate experiments.

Fig. 1 | Changes in membrane performance during dynamic biofouling. The
changes in a normalized permeate flux and b salt rejection during dynamic bio-
fouling with seasonal variations in the filtration of control (WI_control, SP_control,

SU_control, and FA_control), AC_m (WI_AC_m, SP_AC_m, SU_AC_m,
FA_AC_m), and MA_m (WI_MA_m, SP_MA_m, SU_MA_m, and FA_MA_m)
membranes.
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membrane surface by 42–62%, 72–75%, and 59–65%, respectively, while on
the MA_m membrane, they decreased by 47–49%, 60–66%, and 50–57%,
respectively. The results revealed that QSI-modified membranes reduced
EPS production by marine consortial bacteria, especially protein secretion.
The lower organic biometabolic components on the QSI-modified mem-
branes might be due to the fact that inhibitors can interfere with the release
of EPS (i.e., proteins, polysaccharides, and eDNA). Hence, the fluctuations
inEPS could substantiate thepatternsobserved in thefluxbehavior depicted
in Fig. 1a.

The CLSM analysis revealed the biofilm structure and microbial
activity on the membrane. In the control groups, the biofilm completely
covered the membrane surface, forming a thick and dense structure with a
homogeneous mat (Supplementary Fig. 2). The result is consistent with a
previous report15. In contrast, the biofilm formed on the modified mem-
branes was very thin. As shown in Fig. 2c, d, the AC_m and MA_m
membranes significantly reduced the total cell number by 70–73% and
60–67% while decreasing the average biofilm thickness from 60 to 17.5 μm
and 20 μm, respectively, compared to the pristine membrane. Meanwhile,
theAC_mandMA_mmembranes exhibited a similar ratio of live/total cells
as the pristine membrane. The results indicate that the AC_m and MA_m
membranes delay bacterial growth without bactericidal properties, which
resulted in slower biofilm formation and lesser EPS secretion.

Because the characteristics and content of biofilm/EPS are closely
related to themicrobial community composition30,31, its further analysis was
conducted alongside metabolisms during SWRO.

Alpha and beta diversities
To characterize the microbial communities in SWRO membrane bio-
fouling, we conducted 16S rRNA gene high-throughput sequencing.
Each group demonstrated a high coverage index (>0.998), ensuring
high credibility and accurate representation of the microbial
community30. (Supplementary Table. 3). The Shannon values in sea-
water were in the order of FA (5.470505) > SU (4.668346) > SP
(3.563673) >WI (3.146628) (Fig. 3a), suggesting that the diversity of
microbial communities in seawater is greater during the warm season
compared to colder seasons. A previous study on microbial diversity
changes support the findings of this study16. As shown in Fig. 3b, c, the
richness and diversity of biofilms formed on themembrane significantly
decreased (P < 0.05), indicating that specific microorganisms in sea-
water can cause membrane biofouling. Among them, the microbial
diversity of biofilm formed in winter was the lowest (Fig. 3a). The
differences in the microbial community were also supported by the beta
diversity analysis shown in Supplementary Fig. 3. Additionally, the
AC_m and MA_m membranes reduced the Shannon index compared
to the pristinemembrane (Fig. 3b), indicating a decrease in the diversity
of the biofilm developed on the QSI-modified membrane.

Seasonal dynamics of microbial communities in seawater and
membrane biofilm
The variation of the microbial communities had a tremendous impact on
the membrane biofouling32. We further explored the changes in taxa from
the phylum to the genus level and demonstrated key species for the system
performance. In seawater, taxonomic classification revealed that Proteo-
bacteria predominated in all seawater samples throughout the whole
experiment ranging from 58 to 64%, followed by Bacteroidetes (11 to 32%)
(Fig. 4a), in whichAlphaproteobacteria andGammaproteobacteriawere the
dominant classes ranging from 48 to 59%. Seawater in the summer and fall
seasons contains more Proteobacterial classes (Alpha-, Gamma-, Beta-,
Delta-, and Epsilon-proteobacteria) than in winter and spring. It had been
reported that Cyanobacteria showed significant enrichment under 5 °C
compared to the samples at 15 and 20 °C33. In this study, Cyanobacteria
displayed ahigherprevalence, constituting24%of thepopulationduring the
winter season, whereas they were virtually absent during the spring, sum-
mer, and fall. This observation suggests their enhanced adaptability to cold-
weather environments.

In the membrane biofilm, the dominant phyla were Proteobacteria
(44–59%), followed by Bacteroidetes (21–47%) (Fig. 4a). This is consistent
with previous research on microbial communities in full-scale desalination
plants1,34,35. Nevertheless, the proportions of various Proteobacterial classes
exhibited significant disparities between in seawater and on the membrane
based on the LEfSe analysis (Fig. 5b). Alpha- (4–27%) and Gammaproteo-
bacteria (14–48%) were dominant in the biofilm, while Epsilonproteo-
bacteria had a low abundance (3–8%) and Delta- and Betaproteobacteria
were nearly absent.Alphaproteobacteriawas dominated in the seawater, yet
its relative abundance varied significantly for the different biofilm samples.
It was also observed that the biofilms developed on the SWRO membrane
during four different seasons had different community structures, and the
dominant bacteria variedwith seasons. This is possibly because the seasonal
seawater variations rendered a selective pressure on the bacteria responsible
for membrane biofouling34. Specifically, although Alphaproteobacteria are
the dominant seawater bacteria inwinter and spring, the biofilmmicrobiota
on the membrane shifted to Gammaproteobacteria dominance (Fig. 4a).
This phenomenon is likely because, in winter and spring, the Alphapro-
teobacteria microbiota consisted of the genera Sulfitobacter, Lentibacter,
Loktanella, and Planktomarina, which are not easily enriched on the
membrane, as indicated in Fig. 4c. At the genus level in biofilm microbiota
(Fig. 4c), the Lutibacter, Shewanella, and Vibrio belonging to the Gamma-
proteobacteria, and Flavobacterium belonging to the Bacteroidetes pre-
dominated the biofilm microbiota on the membrane surface in winter.
Compared to winter, Rhodobacteraceae and Erythrobacter belonging to the
Alphaproteobacteria, Acinetobacter belonging to Gammaproteobacteria,
and Tenacibaculum belonging to the Bacteroidetes, have higher abundance
in the membrane biofilm microbiota in spring, summer, and autumn. In

Fig. 3 | Alpha diversity comparisons of microbial communities for seawater
(marine consortia (MC), WI_MC, SP_MC, SU_MC, and FA_MC), control
(WI_control, SP_control, SU_control, and FA_control) and QSI-modified
membranes (WI_AC_m, SP_AC_m, SU_AC_m, FA_AC_m, WI_MA_m,

SP_MA_m, SU_MA_m, and FA_MA_m). Shown are a Shannon estimator; Stu-
dent’s test for b Shannon and c Chao index; Venn diagram of core OTUs,
*P < 0.05; **P < 0.01.
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addition, Arcobacter, which belongs to Epsilonproteobacteria, had a high
abundance on the membrane in all four seasons.

pMENs to identify keystone populations and correlation analysis
Based on operational taxonomic units (OTUs) results at the nor-
malized sequencing depth (Supplementary Fig. 3c), the Venn dia-
gram revealed that 59 OTUs were the dominant bacteria causing
biofouling on the SWRO membrane. At the genus level, Vibrio,
Rhodobacteraceae, Flavobacterium, Shewanella, Lutibacter, Arco-
bacter, Acinetobacter, Tenacibaculum, and Erythrobacter were the
dominant genera in biofilm microbiota on the membrane (Fig. 4c).
As reported previously, certain members of Alphaproteobacteria (e.g.,
Rhodobacteraceae and Erythrobacter) were identified as the primary

colonial strain15,36,37; Vibrio (Gammaproteobacteria) is a well-known
marine bacterium with high potential of biofilm formation38; Arco-
bacter (Epsilonproteobacteria) plays a vital role in the later develop-
ment and maturation of biofilms39. The characteristics of the
microbial community are related to the metabolic secretion of
EPS40,41. The relationships between bacteria and biopolymers would
be a significant indicator for the fouling analysis. However, few
studies focus on the interaction between bacteria and biopolymers. In
our study, a strong taxa-biopolymer relationship was observed in
pMENs, as revealed by the Spearman correlation test (shown in
Supplementary Fig. 4 and Fig. 5a, b). It was found that the keystone
taxa Rhodobacteraceae, Vibrio and Arcobacter had a strong positive
relationship (P ≤ 0.01) with EPS and biofilm contents.

Fig. 4 | Seasonal changes in biofilm microbial communities for seawater and
control membrane.WI, SP, SU, and FA represent winter, spring, summer, and fall,
respectively. a Phyla (which represent >3% of sequences) and the Proteobacterial
class (inset) distributions are presented as the percent of total communities for the

seawater and controlmembrane groups; b Linear discriminant analysis (LDA) effect
size (LEfSe) analysis of microbial abundance with cladogram of microbial com-
munities in comparison of seawater and control membrane; cHeatmap of the genus
level composition of the top 20 species.
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Alphaproteobacteria (Rhodobacteraceae) and Acinetobacter were
positively correlated (P ≤ 0.01) with the polysaccharides (Fig. 5b), and
their abundance on the SP_, SU_ and FA_control membranes was
higher than that on the WI_control membrane (Fig. 4c). Therefore,
the secretion of polysaccharides by these bacteria is likely to account
for the relatively higher concentration of polysaccharides in EPS
detected on the membrane in the spring, summer and fall seasons
compared to winter (Fig. 2a). Not only did the species (Rhodo-
bacteraceae, Vibrio, Acinetobacter, and Cryomorphaceae) enrich on
the SU_control membranes (Fig. 4c), but they also exhibited a
positive relationship with EPS and biofilm content (Fig. 5b). Addi-
tionally, the heatmap analyses for the correlation between the bac-
teria and fouling factors depending on seasons are shown in
Supplementary Fig. 5. In summer, Erythrobacter (Alphaproteo-
bacteria-affiliated bacteria) showed a strongly positively correlation
with the EPS and biofilm contents. These findings may corroborate
the most severe biofouling on the membrane in summer (Fig. 1).
Furthermore, the non-keystone taxa Acinetobacter, Cryomorphaceae,
and NS7_marine-group also had a high positive relationship
(P ≤ 0.05) with polysaccharides. These species may be the potential
contributors to membrane biofouling. Hence, their strong correlation
with fouling factors is compelling evidence supporting their sig-
nificant role in causing membrane fouling.

Biofilm microbiota responding to QS inhibitions
Changes in microbial composition on the QSI-modified membranes
compared to the control membrane could reflect the effect of inhibitors on
biofilm microbiota (Supplementary Fig. 6 and Fig. 6a). To explore the
classified bacterial taxa with significant differences in abundance between
the biofilm microbiota on the AC_m/MA_m membranes and the control,
we performed biomarker analysis using the linear discriminant analysis
(LDA) effect size (LEfSe) method42 (Fig. 6b, d). As shown in the LEfSe bar
chart (Supplementary Fig. 7), 14 and 11 biomarkers with high LDA values
(over 3.5) showed significant differences in the AC_m and MA_m mem-
branes. Specifically, at the phylum level, both AC_m and MA_m sig-
nificantly (P < 0.05) decreased the relative density of Proteobacteria from
51.1 to 21.8% and 29.7% (Fig. 6c, e), respectively compared to the control.

However, bacteria responded differently toAC andMA, andAChas amore
obvious inhibition effect on Proteobacteria, showing that the effects of AC
and MA on some bacteria are different.

The introduction of AC and MA on the SWRO membrane possibly
regulates the EPS-favorablemicroorganisms. The heatmap analysis showed
that Gammaproteobacteria and Epsilonproteobacteria were positively cor-
relatedwithEPSandbiofilm (SupplementaryFig. 4b).Epsilonproteobacteria
has been reported to be a critical bacterium in biofilm formation, andmany
species in this class contain the LuxS/Autoinducer-2 QS system43. The
AC_m significantly (P < 0.05) reduced the relative abundance of Gamma-
proteobacteria by 72%, and the MA_m membrane decreased the relative
abundance of Epsilonproteobacteria by 90%. At the family and genus level,
Rhodobacteraceae and Arcobacter are frequently detected in biofilm, with
the capacity of AHL-producing and EPS-secreting functions39,44,45. In our
study, Rhodobacteraceae, Vibrio, and Arcobacter were perceived as con-
tributors toEPS secretion andbiofilm formation (as discussed in Fig. 5). The
MA_m membrane significantly reduced the relative abundance of Arco-
bacter by more than 90%, and Rhodobacteraceae was nearly absent on the
AC_m membrane (p > 0.05) (Fig. 6c, e). Furthermore, AC_m and MA_m
membranes enhanced the abundance of quorum quenching (QQ)-related
genera in biofilm microbiota (shown in Supplementary Fig. 8), such as
Flavobacterium46, marine bacterium Tenacibaculum47 and Glutamicibacter
(possessing AHL degradation activity)48, which were found to display effi-
cient activities against biofilm formation and were prone to control mem-
brane fouling49. These results indicated that theAC andMA introduction to
the SWRO system would inhibit the proliferation of EPS-related bacteria
and reduce their contribution tomembranebiofouling.Therefore, this study
indicated that investigating Proteobacteria-affiliated bacteria in the context
of membrane biofouling under QS inhibition holds significant promise.

Effects of QSI-modified membranes on metabolisms in biofilm
microbiota
Metabolic analysis was performed to elucidate the role of QS inhibitors on
the metabolic activity of the bacteria on the membrane. The functions of
KEGG were explored to obtain more information on bacterial metabolism.
Amino acids and carbohydratemetabolismcould be involved in the glycine/
serine/threonine and amino/nucleotide sugar metabolism pathways

Fig. 5 | Phylogeneticmolecular ecological networks (pMENs) to identify keystone
populations and correlation analysis. a Z-P plot of OTUs in biofilm microbiomes
based on pMENs and b Heatmap analysis for the correlation between the bacteria
and fouling factors. Note: The X and Y axes are fouling factors and bacteria,

respectively. R is shownwith different colors, and the right side of the legend displays
the color range of different R values. Significance is represented as: (*) for
0.01 < P < 0.05 and (**) for 0.001 < P < 0.01.
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Fig. 6 | Seasonal changes in biofilm microbial communities for QSI-modified
membranes (AC_m and MA_m). WI, SP, SU, and FA represent winter, spring,
summer, and fall, respectively. a Phyla (which represent >3% of sequences) and the
Proteobacterial class (inset) distributions are presented as the percent of total
communities for the seawater and control membrane groups; Linear discriminant
analysis (LDA) effect size (LEfSe) analysis ofmicrobial abundancewith cladogramof

microbial communities in comparison of control and QSI-modified membranes
(b AC_m and d MA_m); Relative abundances of the phyla, classes, genera that
showed significant differences between control and QSI-modified membranes
(c AC_m and e MA_m). A Kruskal‒Wallis method was used to evaluate the sig-
nificance of differences between the indicated groups. *P < 0.05.
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(map00260 and map00520), as well as in the synthesis of extracellular
proteins and polysaccharides50. QS ensures the successful establishment and
survival of biofilm communities by coordinating attachment, matrix pro-
duction, maturation, and resistance mechanisms51. In this study, we found
that the functional abundance of amino acids and carbohydrate metabo-
lism, QS, and biofilm formation was lower in the AC_m and MA_m
membranes group than those in the control (Fig. 7), thus effectively miti-
gating biofouling formation.

Specifically, the relativemetabolites andmetabolismpathwaysbasedon
the bacterial genome are depicted in Fig. 8, and typical genes involved in
carbohydrate/amino acidmetabolisms and their abundance are given in the
Supplementary Table. 4. A group of sugar metabolites, such as glucose,
galactose, andUDP-N-acetylglucosamine,weredetected,whichare involved
in amino/nucleotide sugar metabolism and play a critical role in poly-
saccharide synthesis50. The critical genetic expressions (e.g., glmU and galU/
galF) of glucose and N-acetylglucosamine were significantly reduced in the
AC_m andMA_mmembranes. Glycine, serine, and threonine metabolism
are involved in regulating various pathways of valine, leucine, and isoleucine
biosynthesis. Among them, valine, leucine, and isoleucine are essential
metabolites for synthesizingmany secondarymetabolites52 andparticipating
in protein synthesis. The abundance of genes serB and ilvE that regulate the
generation of serine, valine, leucine, and isoleucine was reduced by 38 and
35% in the AC_mmembrane, and decreased by 36 and 33% in the MA_m
membrane, respectively, when compared with the control. Additionally, the
abundance of genes (hom) encoding for the homoserine was significantly
decreased in the MA_m membrane, and the abundance of encoding genes
(ilvD) responsible for the oxopentanoic acid and 2-oxoisovalerate was sig-
nificantly decreased in the AC_m membrane compared to the control.

The bacterial metabolite content in the biofilm microbiota changed
after AC and MA inhibition. The interference of these biochemical path-
ways (i.e., map00260 and map00520) can inhibit biofilm formation and
metabolite (e.g., EPS) biosynthesis. Therefore, introducing inhibitors AC
and MA to the membrane reduced bacterial metabolism associated with
amino acid and carbohydrate pathways. This resulted indecreased secretion
of metabolic substance, such as proteins and polysaccharides, and reduced
biofilm formation, effectively mitigating membrane biofouling.

The microbial community composition in seawater varied seasonally,
exerting a significant influence on membrane biofouling. This study sys-
tematically investigated SWRO membrane biofouling in response to the
seasonal fluctuation in microbial communities. The anti-biofouling

effectiveness of QSI-functionalized membranes was evaluated along with
microbial community analysis. We thus conclude as follows:

Seawater microbial diversity was significantly associated with season-
ality, showing higher diversity during warmer weather. Proteobacteria,
especially Alpha- and Gammaproteobacteria, dominated the bacterial
composition of the membrane biofilm. Interestingly, class Epsilonproteo-
bacteria, despite its less abundance on the membrane, were identified as
keystone species within the biofilm, suggesting that some low-abundant
bacteria significantly contributed to membrane biofouling.

The relationships between bacteria and biopolymers provided valuable
insights for fouling analysis. The relative abundance of polysaccharides
within the EPS on the pristine membrane in spring, summer, and fall was
higher than that in winter. The higher abundance of EPS-positive-related
bacteria, such as Rhodobacteraceae, Vibrio, Acinetobacter, and Cryomor-
phaceae, emerged as a critical factor contributing to severe membrane
biofouling in summer.

AC_m and MA_m membranes exhibited excellent anti-biofouling
performances against the seasonality of the microbial community. They
mitigated membrane biofouling by suppressing the proliferation of Pro-
teobacteria-affiliated bacteria (e.g., Arcobacter and Rhodobacteraceae),
interfering with glycine/serine/threonine and amino/nucleotide sugar
metabolism pathways (i.e., map00260 and map00520) and restricting bac-
terial secretion of polysaccharides and proteins.

Methods
Material and chemicals
Dopamine hydrochloride (98%, stored at 4 °C), glutaraldehyde (GA, 50%,
storedat 4 °C), andTris-HCl (99%)were obtained fromAladdin andused in
the membrane modification process. The inhibitors acylase from the por-
cine kidney (AC) andmethyl anthranilate (MA, 99%)were purchased from
Sigma Aldrich Inc. and Aladdin Biochemical Technology Co., Ltd.,
respectively.N-acetyl-L-methionine (Tokyo Chemical Industry, Japan) was
prepared by dissolving an appropriate amount of solute in 50mM phos-
phate buffer saline (PBS) solution and stored at 4 °C for further use. In the
biofouling test, Bacto Marine Broth 2216 (BMB) was purchased from
Coolaber Tech Corporation, whereas trace elements solution and vitamin
solution were prepared as shown in Supplementary Table 5. Reagents used
to characterize the biofilm included sodiumhydroxide (NaOH, Sinopharm,
98%), phenol (C6H5OH, Xi-long, 99%), sulfuric acid (H2SO4, Sinopharm,
98%), 96-well plates (Sigma Aldrich), bicinchoninic acid assay kit (BCA

Fig. 7 | Variation in bacteria function profiles.The
abundances of critical functions based on KEGG
classifications.
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Protein Assay Kit, Thermo Scientific, USA), BacTiter-Glo microbial viabi-
lity assay kit (Promega, USA), Quant-iTTM PicoGreen dsDNAReagent and
Kits (Solarbio), SYTO9 and propidium iodide (LIVE/DEAD Baclight
Bacterial Viability Kit, Life Technologies Corporation). Natural seawater
(NSW) was collected from Bohai Bay ((38.97N, 117.77E) Tianjin, China),
and the water sample was immediately prefiltered through a 0.45-μm
microfilter and stored at 4 oC. The commercially available SWRO poly-
amidemembrane, SW30HRLE-8040, was used as the pristinemembrane in
this study.

Preparation of QSI-modified membranes
Anti-biofouling seawater reverse osmosis (SWRO) membranes were pre-
pared by glutaraldehyde (GA) covalent binding on the polydopamine
(PDA)-pretreated SWROmembrane (polyamide membrane)53–55 based on
Schiff base reaction. Dopamine, as a neurotransmitter, can form a stable
polydopamine coating layer via self-polymerization on various solid sur-
faces. As a crosslinking agent, GA was grafted on the PDA-coated mem-
brane by the reaction between aldehyde groups from GA and hydroxy/
amino groups from PDA, which could provide the active site for further

Fig. 8 | Metabolisms in biofilm microbiota.Metabolic pathways enriched for
significantly altered metabolites in the QSI-modified membranes (AC_m and
MA_m) samples compared to the control membrane samples. Significantly down-

regulated metabolites are marked in black. Asterisks (*) indicate a statistically sig-
nificant difference between the control and QSI-modified membranes (*P < 0.05).
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covalently binding inhibitors AC and MA. A schematic diagram of QSI
immobilization is depicted inFig. 9, andAC- andMA-modifiedmembranes
are designated as AC_m and MA_m, respectively. Specifically, The SWRO
membrane was first soaked in 50% ethanol for 2min and then in deionized
water overnight. Subsequently, the membranes were mounted in a custom-
made mold with only the active layer exposed for the reaction. Dopamine
hydrochloride (100mL of 2 g L−1) prepared with Tris-HCl buffer (0.05M,
pH 8.5) was poured into the custom-made mold for 1-h coating. Next,
100mLof6 wt%GApreparedwithphosphatebuffer solution (PBS, 50mM,
pH= 7) was added and grafted for 2 h. After removing the unreacted GA
with PBS, until no residue reagent remained, 100mL of 1mgmL−1 AC
(prepared with PBS, 50mM, pH = 7) and 3mMMA were added for 12-h
QSI immobilization at 4 oC to make AC_m and MA_m membranes,
respectively. The membranes prepared were characterized as described in
Supplementary Method 1.

Biofouling experiments
The microbial consortia were extracted and enriched from real seawater to
evaluate the anti-biofouling performance of the modified membrane56,57.
The enrichment method is described in Supplementary Method 2. For the
dynamic biofouling experiment, the crossflow SWROfiltration unit with an
effective membrane area of 204 cm2 (Supplementary Fig. 9) was washed
several times with deionized water, followed by further disinfection by the
circulation of 0.5% NaClO for 2 h and recirculation of 75% ethanol for
another 1 h. Before the fouling test, the membrane was compacted with
deionized water until a constant permeate flux was obtained. After stabi-
lizing the membrane flux, a 100mL culture of microbial consortia at the
exponential growth phase (optical density = 1) was centrifuged and washed
in triplicatewithphosphate-buffered saline (PBS) solutionand subsequently
added to the 10-L pretreated NSW (prefiltered by ultrafiltration (PVDF
AN50, AMFOR)) before SWRO desalination to achieve the required Silt
Density Index (SDI) value for SWRO feedwater) to simulate the open
systems of natural desalination fouling conditions. Finally, 0.1% Bacto
Marine Broth 2216 (containing 1ml L−1 of trace element solution and
1ml L−1 of vitamin solution) (Supplementary Table 1) was added to
accelerate the biofouling process57. The following conditions were main-
tained during the whole experiments: an applied pressure of 6.0MPa, a
temperature of 25 ± 1 oC (using a high-capacity chiller unit, GXDC-0510,
China), and a tangential velocity of 0.07–0.135m s−1. The membrane flux
and salt rejection were determined through the PC-interfaced data acqui-
sition system in a crossflow filtration cell. In this study, the winter, spring,
summer, and fall seasons are denoted as WI, SP, SU, and FA, respectively.

The biofouling experiment was conducted with the pristine membranes
(WI_control, SP_control, SU_control and FA_control) and QSI-modified
membranes (WI_AC_m, SP_AC_m, SU_AC_m, FA_AC_m,WI_MA_m,
SP_MA_m, SU_MA_m and FA_MA_m) under four different season
conditions.

Foulant/biofilm extraction and analytical methods
Each fouled RO membrane coupon was cut into several 2 cm × 5 cm seg-
ments for foulant extraction. Organic foulants were extracted using NaOH
solution (1M) according to our previous report11. Extraction was done by
physical washing with mild sonication (300W) in 10mL of extraction
solution (contained in 50mL of carbon-free glass tube) for 30min and left
overnight in the refrigerator. Extracted foulant samples were filtered
through a 0.45-μm filters (Millipore) before measurement. The microbial
biomass was collected from the fouled membrane and subsequently frozen
at −80 °C before being delivered to Majorbio Biopharm Technology Co.,
Ltd. (Shanghai, China) for high-throughput sequencing42.

The protein and polysaccharide concentrations were determined
by the Bradford method (BCA Protein Assay Kit, Thermo Scientific,
USA) and phenol-H2SO4 method, respectively. Total organic carbon
(TOC) analysis was performed using a TOC-VCSH analyzer (Shi-
madzu, Boulder, CO, USA). Adenosine triphosphate (ATP) content
measurements were carried out using the BacTiter-Glo microbial via-
bility assay kit (Promega, USA) and a 96-well luminometer (Sigma
Aldrich) at room temperature for 15 min. The biofilms on the fouled
membranes were stained with SYTO9 (ex 480/em 500)/PI (ex 490/em
635) to detect live and dead cell, and were observed using a confocal
laser scanning microscope (CLSM) based on the methods of previous
studies11. The fluorescence intensity of live cells (500 nm emission
(green)) and dead cells (635 nm emission (red)) and biofilm thickness
were evaluated by ImageJ. CLSM images were generated using ZEN
confocal software, ImageJ software was used to calculate live cells, dead
cells, and biofilm thickness total cell fluorescence and was quantified by
acquiring z-stacks at an interval of 0.45 μm. A fixed threshold value and
connected volume filtration were used for all image stacks.

High-throughput sequencing and data analysis
Next-generation sequencing of the 16 S ribosomal RNA gene was per-
formed for the characterization of microbial community composition and
the taxonomic affiliation of the microorganisms extracted from the biofilm
growing on the SWRO membrane samples. The detailed procedures are
described in the Supplementary Method 3.

Fig. 9 | The preparation route of QSI-modified
membranes. QSI-modified seawater reverse osmo-
sis (SWRO) membranes (AC_m and MA_m) were
prepared by glutaraldehyde covalent binding on the
polydopamine-pretreated SWRO membrane
(polyamide membrane) based on Schiff base
reaction.
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Operational taxonomic units (OTUs) with 97% similar cutoff were
identified using the UPARSE version 7.1 function within USEARCH58.
Poor-quality reads and chimeric sequenceswere removed usingUSEARCH
default settings. The taxonomy of each OTU representative sequence was
classified using the ribosomal database project database. Rarified OTU
tables were used to generate alpha and beta diversity metrics59. Bacterial
diversity and linear discriminant analysis effect size were both performed
using the free online platform of the Majorbio Cloud Platform (www.
majorbio.com)60. Bacterial community variation was analyzed with prin-
cipal coordinate analysis (PCoA) in QIIME2 using unweighted UniFrac
distance matrix61 and non-metric multi-dimensional partial least squares
discriminant analysis (PLS-DA) asmeasures of beta diversity. LEfSe analysis
was used to compare the significant differences in the bacterial composition
between different groups42. A Kruskal–Wallis test was performed to cal-
culate the significance P value in the LEfSe analysis, followed by multiple
comparisons adjusted by false discovery rate (fdr). AP value <0.05 indicated
a significant difference.

Kyoto Encyclopedia of Genes and Genomes (KEGG) (v2018.01) and
Evolutionary genealogy of genes: Non-supervised Orthologous Groups
(eggNOG) (v4.5) were used for functional annotation and abundance
analysis of metabolic pathway. The phylogenetic investigation of commu-
nities by reconstruction of unobserved states was used to predict metage-
nomic functional content based on marker gene data and a database of
reference genomes62. Functional genes were selected by searching KOGG to
explore the amino acid and carbohydrate mechanisms63.

Phylogenetic molecular ecological networks (pMENs) analysis
pMEN analysis was employed to recognize the principal species and assess
their crucial roles inside the bacterial community30,64. Specifically, a module
in the Spearman correlation matrices based on the relative abundance of
OTU numbers that are highly connected among themselves in pMEN
analysis, and the default greedy modularity optimization was selected to
separate each network and identify the submodular structure of MENs65.
Corresponding random networks were established based on the
Maslov–Sneppen method and compared with the pMENs to identify the
relative significance of all networks. The statistical analysis of R2 char-
acteristics was applied to describe the networks’ small-world property and
modular structure (i.e., the degree of clustering and shortness of paths
between nodes). Network visualization was obtained by the Gephi 0.9.2
software (WebAtlas, Paris, France).

Statistical analysis
SPSS statistics25 was used to conduct a one-way analysis of variance
(ANOVA) for significance analysis. Asterisks (*) indicate a statistically
significant difference between the control and experiment (*P < 0.05). The
relationships between bacteria and fouling factors on membrane surfaces
were determined using the Spearman correlation heatmap analysis64.

Data availability
Data generated during and/or analyzed during this study are available from
the corresponding author on reasonable request. DNA sequences are
available at the NCBI Sequence Read Archive, accession number:
PRJNA1047337.

Code availability
For access to detailed code implementations, please contact the authors
directly.
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