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Abstract Riverine environments host diverse
microbial communities, exhibiting distinctive assem-
blies at both microscopic and macroscopic levels.
Despite the complexity of microbial life in rivers, the
underlying factors that shape the community structure
across different compartments remain elusive. Herein,
we characterized microbial community composition
of biofilm and planktonic (water column) compart-
ments in five naturally saline inland streams and a
freshwater stream to examine changes in microbial
communities following salinization via sequencing
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of the microbial 16S rRNA gene. Significant dif-
ferences in specific conductivity, oxidation—reduc-
tion potential, dissolved oxygen, and pH among the
sampled streams were measured, as were significant
differences in the microbial community composi-
tion between the planktonic and biofilm. The bacte-
rial families Bacillaceae, Vicinamibacterceae, and
Micrococcaceae were significantly more abundant in
the biofilm compartment, while Methylophilaceae,
Alcaligenaceae, Spirosomaceae, Burkholderiaceae,
and Comamonadaceae were more abundant in the
planktonic compartment. In addition, salinity (based
on specific conductivity) influenced the microbial
community composition in both compartments, with
higher sensitivity of the planktonic compartment.
Increases in the bacterial families Shewanellaceae,
Marinomonadaceae, and Saccharospirillaceae or 1oss
of Anaeromyxobacteraceae could be indicative of
increased salinity within inland streams. Our results
suggest that monitoring of microbial assemblages of
freshwater ecosystems could be used as early warning
signs of increased salinization levels.

Keywords Biofilm - Planktonic - Microbial
community - Salinization - Freshwater ecosystems
Introduction

Global freshwater resources that provide water for
human and livestock consumption, industry, and
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energy are under growing threat from natural and
anthropogenic salinization (Jackson et al., 2001;
Cafiedo-Argiielles et al., 2013; Sujay et al., 2018).
Salinization has potentially harmful consequences
for ecosystem processes and biological diversity at
the macro- and micro-scale. However, the impacts
of salinization on aquatic ecological systems remain
only partially understood. Typically, salinization
changes the ionic contents and pH of natural fresh-
water systems, and prolonged salinization leads to
drastic changes in the ecology and biodiversity of
impacted habitats (Sujay et al., 2018). Inland aquatic
ecosystems are typically categorized into freshwa-
ter or naturally saline systems (Berdugo et al., 2020;
Shadrin et al., 2023). Most naturally, saline inland
surface ecosystems are lentic systems (lakes, lagoons,
etc.), with lotic systems (streams, rivers, etc.) repre-
senting a small subcategory (Shadrin et al., 2023).

Categorizing inland lotic surface systems based
on salinity (approximated from measured specific
conductivity, uS/cm) into either freshwater or natu-
rally saline ecosystems depends on various factors,
such as geographic location, underlying geology,
mean annual temperature, and precipitation (Cormier
et al., 2013). Generally, surface lotic waters across
the United States are classified into fresh water
(0-1999 pS/cm), slightly saline (2000-5999 uS/cm),
moderately saline (6000-19,999 uS/cm), very saline
(20,000-69,999 uS/cm), and briny (>70,000 uS/
cm), based on specific conductivity (uS/cm at 25 °C)
(Taboga et al., 2018). However, deriving one overall
salinity cut-off for lotic surface systems is challeng-
ing and not without problems (Cormier et al., 2013).
For example, lotic aquatic ecosystems in the eastern
USA tend to have, on average, specific conductivity
values <200 pS/cm; in contrast, aquatic ecosystems
in the Prairie, Great Basin, and Cold Desert regions
in the western USA tend to be higher (>200 uS/cm)
(Griffith and Griffith, 2014). Thus, the cut-off for
what qualifies as a freshwater or saline ecosystem in
the western USA differs from the east.

Naturally saline, inland, surface ecosystems pro-
vide various inherent ecological functions and ser-
vices despite being different from freshwater eco-
systems (Velasco et al., 2006; Paul and Mormile,
2017). These ecosystems are unique in that they
maintain exceedingly high salinity characterized by
various geological (e.g. evaporite rocks) and climac-
tic (e.g. arid-semiarid) conditions (Last and Ginn,
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2005; Millan et al., 2011; Rashed, 2016). One criti-
cal value of naturally saline inland surface aquatic
ecosystems is that they can provide insights into
anticipated changes in freshwater ecosystems follow-
ing salinization. (Herbert et al., 2015; Kefford et al.,
2016; Schuler et al., 2019). Ecosystems such as these
provide a glimpse into the kinds and magnitude of
changes that can occur in a rapidly warming climate,
both in ecosystem functions and microbial diversity,
due to alterations in physicochemical parameters
(Feeley et al., 2017; Berger et al., 2019; Dudgeon,
2019; Flitcroft et al., 2019; Schuler et al., 2019).

There is a considerable body of work detail-
ing the planktonic microbial community composi-
tions from lentic saline aquatic ecosystems, such as
saline lakes (Aanderud et al., 2016; Vavourakis et al.,
2016; Han et al., 2017; Naghoni et al., 2017; Hoff-
man et al., 2018) and coastal wetlands and marshes
(Bowen et al., 2009; Chambers et al., 2016; Li et al.,
2019; Vera-Gargallo et al., 2019). There is also
increasing evidence of distinct compartment-specific
microbial communities in non-saline lentic aquatic
systems (Eckert et al., 2020; Lambie and Hunter,
2021). These systems are naturally lentic, character-
ized by some internal stratification, leading to differ-
ent microbial communities at various depths (Salcher
et al., 2011). In contrast, there are far fewer studies of
microbial community compositions from lotic saline
ecosystems (e.g. streams and rivers) (Lu et al., 2015;
Castelan-Sanchez et al., 2019). How well this com-
partmentalization effect applies to saline lotic sys-
tems, such as streams and rivers, remains to be fully
understood, although there are data showing differ-
ences in compartments within freshwater lotic sys-
tems (Zeglin, 2015; Hotaling et al., 2019; Engloner
et al., 2023). However, few comparative studies have
investigated bacterial community structuring within
compartments in lotic freshwater and naturally saline
inland aquatic systems. This has potential biodiver-
sity ramifications for freshwater ecosystems facing
salinization. Studies like this might also be crucial in
detecting and possibly activating mitigation strategies
against salinization.

In this study, we sought to characterize in situ
microbial communities across the planktonic and
biofilm compartments of freshwater and naturally
saline inland aquatic ecosystems to get insights into
(1) what the microbial community compositions are
within the planktonic and biofilm compartments, (2)
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what microbial taxa might be indicative of these sys-
tems undergoing salinization, and (3) where within
the compartments of a lotic freshwater system this
change might be most notable. To do so, we assessed
differences in microbial assemblages between sys-
tems that vary naturally in salinity using 16S rRNA
amplicon sequencing. These ecosystems are natural
experimental gradients (high-salinity, medium-salin-
ity, low-salinity, and freshwater systems) to investi-
gate environmental microbial community composi-
tion changes. Overall, we anticipated comparatively
higher microbial diversity in the freshwater system
because of the constraint on microbial biodiversity
that salinity (and the adaptations therein) imposes
(Wang et al., 2012; Tang et al., 2021). We also antici-
pated significant differences in microbial community
composition in biofilm and planktonic compartments
in both freshwater and saline systems due to the rela-
tive stability of biofilm microbial communities com-
pared to planktonic microbial communities (Van
Horn, 2011; Portillo et al., 2012; Kamjunke et al.,
2015), and we expected the saline systems to be high-
lighted by the enrichment of different halophilic (salt
tolerant) bacterial taxa.

Materials and methods

Site description, sample collection, and processing,
and DNA extraction

The Powder River Basin is a high-elevation, low-
precipitation, and high-temperature shortgrass prairie
ecosystem in Wyoming, in the Mountain West region
of the USA (Tronstad et al., 2018). The Powder River
Basin is in the north-central and eastern parts of
Wyoming, with Gillette and Sheridan being the major
cities in this basin. It is characterized by Newcastle
sandstone geologic formation, and sodium and chlo-
ride ions are the significant components of the dis-
solved salts fraction of the streams within the basin
(Taboga et al., 2018). We sampled five natural saline
streams in the Powder River Basin. These were Trib-
utary to Murphy Creek (Site 1, S1), Dugout Creek
(Site 2, S2), Cloud Creek (Site 3, S3), Dead Horse
Creek (Site 4, S4), and the South Fork of the Powder
River (Site 5, S5). These saline streams are habitats
for the critically endangered and endemic salt-tol-
erant aquatic beetle species in Wyoming, Hygrotus

diversipes (Tronstad, 2015; Tronstad et al., 2018).
Because of this, we have opted not to include exact
geographic identifiers to preserve the habitats of this
endemic species. We also sampled the Laramie River
(a freshwater stream in the North Platte River Basin)
to compare against the inland saline streams. At two
to four locations within each stream, we measured
dissolved oxygen concentrations (DO, mg/L), specific
conductivity (SPC, uS/cm), pH, and oxidation-reduc-
tion potential (ORP, mV), using a Professional Plus
multi-probe (YSI Inc. Yellow Springs, OH, USA).
We collected three to four replicate water (plank-
tonic) samples from each stream by submerging ster-
ile plastic containers in the middle of the streams to
whatever depth was possible (<30 cm). These sam-
ples were collected to assess the microbial composi-
tion of the planktonic community in the water col-
umn. We also collected three to four replicates of
substrates (various cobbles and gravel) in the middle
and along the banks of each stream at varying depths
depending on stream conditions using gloves. We
transferred substrates into sterile Whirl-Pak bags
(Whirl-Pak. Madison, WI, USA) to assess biofilm
microbial community composition. Water and sub-
strate samples were stored on ice for transport. In the
laboratory, we vacuum-filtered planktonic samples
within 24 h of collection by transferring 500 ml into
sterile filter containers with 0.22-um pore Polyether
sulfone (PES) membrane filters (Corning Inc. New
York, NY, USA). Residue-containing membrane fil-
ters were removed with sterile dissecting forceps and
placed into a sterile 1.5-ml Eppendorf tube (Fisher
Scientific, Pittsburgh, PA, USA). For the biofilm
samples, we added 300-500 ml of nanopure water to
substrate samples in the Whirl-Pak bags, scrubbed
them with sterile brushes for~3 min, and then shook
them on a rotating shaker for approximately 10 min.
We spent approximately the same time brushing and
shaking each bag to standardize the biofilm collec-
tion. The resulting solution was transferred into sterile
filter bottle systems and vacuum filtered like the water
samples. Because the amount of biofilm obtained on
the membrane filters varied following filtration across
streams, we used approximately one quadrant of each
circular membrane filter for DNA extraction for both
water and biofilm samples. Planktonic and biofilm
membrane filters were stored at — 20 °C until DNA
extraction. DNA extraction from water and biofilm
membrane samples was carried out using the Qiagen
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DNeasy PowerWater and DNeasy PowerBiofilm kit,
respectively (Qiagen Inc. Germantown, MD, USA),
according to the manufacturer’s instructions.

Amplicon library preparation, sequencing, and
analyses

DNA extracts from water (planktonic) (n=22) and
biofilm (n=15) samples were used as templates
for amplicon sequencing. Briefly, amplicon librar-
ies of the V4 region of the bacterial 16S rRNA gene
were generated using meta-barcoded modified for-
ward (515f) (Parada et al., 2016) and reverse (806r)
(Apprill et al., 2015) primers (Walters et al., 2016).
We carried out triplicate PCR for all samples using
Phusion polymerase and the Phusion High-Fidelity
PCR Master Mix with HF Buffer, water, and barcoded
primers in a final reaction volume of 20 pl. Reaction
conditions consisted of an initial denaturation for 30 s
at 98 °C, 30 cycles of 10 s at 98 °C (denaturation),
10 s at 65 °C (annealing), and 8 s at 72 °C (exten-
sion), with a final extension phase of 5 min at 72 °C.
Using the manufacturer’s protocol, gel-verified ampli-
fied products were purified using the Axygen Axy-
Prep Mag PCR Clean-up kit (Axygen Biosciences,
Union City, CA, USA). DNA concentrations were
determined using a Qubit 3.0 fluorometer (Invitro-
gen, Carlsbad, CA, USA). We then pooled equimolar
amounts of purified PCR products (12 ng) together.
The final library was then sent for sequencing at the
University of Minnesota Genomics Center (UMGC,
St. Paul. MN, USA) using the Illumina Miseq plat-
form using V2 chemistry (2x 250 PE). Raw sequence
data for all 37 samples are available in the NCBI
Sequence Read Archive under BioProject accession
number PRINA598044.

Primary quality checking (filtering and error
learning and dereplication) of fastq reads was car-
ried out using DADA?2 (Callahan et al., 2016), and
primer sequence removal was carried out using
cutadapt (Martin, 2011). DADA2 was used for sub-
sequent chimera removal (removeChimeraDenovo)
and taxonomy assignments of amplicon sequence
variants (ASV) using the SILVA database (version
Silva_v138) (Quast et al., 2012). We formatted the
final ASV table to include taxonomic information
and exported it to a biom format for downstream
analyses in QIIME (v.1.9) (Caporaso et al., 2010)
and R (R Core Team, 2022). The ASV table was
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filtered to remove ASVs that were unassigned at
the kingdom level, i.e. Bacteria (n=15), ASVs that
were assigned to Eukaryota at the Kingdom level
(n=57), and ASVs unassigned beyond the Bacte-
ria kingdom level (n=380). We combined replicate
biofilm samples collected within the same saline
stream with low reads. The final filtered ASV table
had a total of 348,214 reads with 11,426 ASVs
(0.82% assigned to Archaea and 99.17% assigned
to Bacteria) distributed across 37 samples (mini-
mum # of reads=1037, maximum=18,899, and
mean=9411+5332 [+ Std. deviation]). We rarefied
the ASV table to 1,000 reads per sample before all
diversity analyses. We assessed alpha- (e.g. rich-
ness and evenness) (Simpson, 1949; Shannon C.E,
1957; Chao, 1984) and beta-diversity (Bray—Cur-
tis distance matrix) (Bray and Curtis, 1957) using
the rarefied ASV table to determine within-stream
and between-stream sample diversity using non-
parametric analyses. We used the group signifi-
cance command in QIIME (v.1.9) to examine the
microbial community members (at the family level)
potentially driving differences among samples and
determined differentially abundant AVS across
sample groups (biofilm vs planktonic) and sample
categories (salinity level) using non-parametric
Kruskal-Wallis test and FDR-corrected p-value. For
clarity, groups refer to the planktonic and biofilm
samples from all sampled streams and categories
refer to the collapsing of sampled stream into fresh-
water, low-, medium-, and high-salinity stream clas-
sifications. We then visualized differences among
samples using an NMDS plot.

Statistical analyses

We used the Kruskal-Wallis non-parametric test to
examine differences among non-normally distributed
variables (alpha level of 0.05), followed by a test for
pairwise comparison to see if there were significant
stream effects. All analyses were conducted in JMP
Pro 14 (SAS Inc. Cary. NC, USA). Following analy-
ses of stream variables, the sampled streams were
summarized into low salinity (S5), medium salinity
(S82-S4), high salinity (S1), and freshwater (Laramie
River, site 6) categories based on measured SPC val-
ues (Table 1). Figures were generated using JMP Pro
14 (SAS Inc. Cary. NC, USA).
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Table 1 Summary of measured water quality variables (mean + S.E) from the five sampled saline and freshwater streams

A. Streams SPC (uS/cm) pH DO (mg/L) ORP (mV)
Site 1 26,197.5+352.14(a) 7.77+0.08(c) 8.9+0.47(ab) 78.35+3.54(a)
Site 2 14,138.3 +822.40(b) 8.31+£0.04(b) 9.65+0.95(a) 45.5+1.33(b)
Site 3 8562.5+411.50(c) 8.51+0.09(ab) 7.45+0.15(abc) 22.70+0.95(d)
Site 4 9650+ 12(c) 8.60+0.36(ab) 6.95+0.15(bc) 32.70+0.70(c)
Site 5 4358.0+0.00(d) 8.37+0.00(ab) 6.60+0.00(c) 20.2+0.00(d)
Freshwater (Site 6) 663.0+0.00(e) 8.72+0.00(a) 6.60+0.00(c) 17.1+0.00(d)
P-value P=0.0127 P=0.04 P=0.04 P=0.0127

B. Categories SPC (uS/cm) pH DO (mg/L) ORP (mV)
Freshwater stream 663 +0.00(c) 8.72+0.00(a) 6.6+0.00(b) 17.1+0.00(b)
Low-salinity stream 4358 +0.00(c) 8.37+0.00(a) 6.6+0.00(b) 20.2+0.00(a)
Medium-salinity Streams 11,622+ 1037(b) 8.43 +0.08(a) 7.7+5.13(b) 36.6+3.70(b)
High-salinity stream 26,197 +£352(a) 7.77+0.08(b) 8.9+0.47(a) 78.35+£3.54(b)
P-value P=0.0048 P=0.0162 P=0.05 P=0.0048

Site 1 (Tributary to Murphy), site 2 (Dugout Creek), site 3 (Cloud Creek), site 4 (Dead Horse Creek), site 5 (South Fork), and fresh-
water stream site 6 (Laramie River). Different letters indicate significant differences at P=0.05. ORP oxidation—reduction potential,

SPCspecific conductivity, DO Dissolved Oxygen

Results
Stream physicochemical properties

We detected significant differences in specific con-
ductivity (P=0.01), pH (P=0.04), dissolved oxy-
gen (P=0.04), and oxidation-reduction potential
(P=0.01) among the six sampled streams, with
higher mean values in all the five saline streams
relative to the freshwater stream (Table 1A). The
mean specific conductivity in all five saline streams
was (14,748.9 +8228.5, mean + std) relative to the
freshwater stream (663 +498). Similarly, mean dis-
solved oxygen (7.87+2.40), oxidation-reduction
potential (46.2+23.4), and pH (8.34+0.36) were
significantly higher in all five saline streams relative
to the freshwater stream (Table 1A). Furthermore,
we detected significant differences in specific con-
ductivity (P =0.005), dissolved oxygen (P=0.05),
pH (P=0.02), and oxidation-reduction potential
(P=0.005) among low salinity, medium salin-
ity, high salinity, and freshwater system categories
(Table 1B). The high salinity stream category had
significantly higher mean specific conductivity,
dissolved oxygen, and oxidation-reduction poten-
tial relative to the low- and medium-salinity and

freshwater streams (Table 1B) but had a signifi-
cantly lower pH than the other stream categories.

Microbial diversity and community structure

There was an overall significant difference in micro-
bial diversity between compartments (biofilm and
planktonic) across all sampled streams (n=2 groups;
Simpson’s index, P <0.0001; Shannon diversity,
P=0.0002). Biofilm samples (from both saline
and freshwater streams) were significantly richer in
microbial species relative to associated planktonic
(water) samples (Fig. 1A). Microbial diversity in
sampled streams categories tended to be comparable
across both biofilm and planktonic compartments,
except a lower Shannon diversity for the high-salin-
ity biofilm compartment compared to the low- and
medium-salinity biofilm compartments (Fig. 1B).
Furthermore, there were no significant differences in
microbial alpha-diversity among the four stream cate-
gories (freshwater, low salinity, medium salinity, high
salinity) based on two of the alpha-diversity indices
used (n=4 stream types; Simpson’s index, P=0.12;
Shannon diversity, P=0.10) (Fig. 1B). However,
Simpson’s and Shannon diversity indices were sig-
nificantly different across individual streams and
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Fig. 1 A Differences in microbial species diversity (Simpson’s
index and Shannon diversity) across biofilm (blue) and plank-
tonic (green) stream compartments in all sampled streams. B
Differences in microbial diversity (Simpson’s index and Shan-
non diversity) in biofilm and plankton compartments of the
sampled stream categories (Freshwater, low-, medium-, high-

their compartments (n=12 groups; Simpson’s index,
P=0.002; Shannon diversity, P=0.01) (Fig. 1C).

For beta diversity, first, we examined the
Bray—Curtis distance matrix for both compartments
for variances and uncovered significant differences
among compartments (Betadisper, P<0.001; PER-
MDISP, P <0.001), with higher dispersion in the bio-
film compared to planktonic compartment (Fig. 2A).
Examining the influence of stream variables on
community composition revealed a significant cor-
relation between specific conductivity and NMDS
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axis 3 (Adjusted R?=0.52, P<0.00]), indicating a
significant impact of specific conductivity on micro-
bial community composition. Overall, NMDS axis 1
separated samples according to compartments (PER-
MANOVA test-statistic=18.76, P <0.001) (Fig. 2A),
and NMDS axis 3 further separated samples accord-
ing to specific conductivity. The influence of salin-
ity (specific conductivity) was also confirmed with
a PERMANOVA analysis based on streams catego-
ries (freshwater, low salinity, medium salinity, and
high salinity) (PERMANOVA test-statistic=6.68,
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stream compartments across A all sampled streams and B sam-
pled streams categorized according to measured SPC values.

P<0.001) (Fig. 2B). However, there was no inter-
action between compartment and stream category
(Adonis, R2=0.11, P=0.11), indicating salinity
affected both compartments similarly. Given the
strong effect of compartment on microbial commu-
nity composition, an investigation of the factors driv-
ing microbial community composition within each
compartment was done. Within the biofilm compart-
ment, stream categorization based on specific con-
ductivity (fresh, low, medium, and high salinity) did
not have a significant effect on microbial community
composition (Adonis, R*=0.27, P=0.08) (Fig. 2B).
In contrast, in the planktonic compartment stream cat-
egorization did have a significant effect on microbial
composition (Adonis, R?=0.28, P=0.03) (Fig. 2B),
with the medium-salinity stream differing from the
high-salinity stream samples (P=0.03) and margin-
ally significantly from the low-salinity (P=0.07) and
freshwater stream (P =0.08) samples (Table S2). In
addition, regression analysis between the environ-
mental variable specific conductivity and NMDS axis
3 confirmed the stronger effect of salinity within the
planktonic (R>=0.93, P<0.0001) compared to the
biofilm compartment (R*=0.26, P=0.05).
Differences in bacterial community composition
between the biofilm and planktonic compartments
were underscored by 52 differentially abundant bacte-
rial families (Table S1A). In the biofilm compartment,

Stream Categories
* Freshwater-Biofim
* Freshwater-Planktonic
% Low salinity-Biofilm
1.5 X Low salinity-Planktonic
4 Medium salinity-Biofim
# Medium salinity-Planktonic
@ High salinity-Biofim

(7S @ High salinity-Plankionic
] )
[
b X
s * o?
Z 00 } L ®,
*e *
. ¢
*
1.5
1.5 0.0 1.5
B NMDS1

Different markers indicate different streams (sites) in A and
stream categories in B. Stress for plots A and B is 0.06. Ellip-
ses represent a 95% confidence interval of correctly assigning
samples into groups

Unassigned Bacilli, Vicinamibacteraceae, Unas-
signed Vicinamibacteraceae, WD2101_Soil_group,
Pirellulaceae,  Pseudonocardiaceae,  Nocardioi-
daceae, Halomonadaceae, Micrococcaceae, Chthoni-
obacteraceae, Crocinitomicaceae, Caulobacteraceae,
Blastocatellaceae, Bacillaceae, AKYG1722, Anaero-
lineaceae, Solirubrobacteraceae, Solirubrobacterales
(Family 67—14), and Anaerolineae (Family A4b) were
in higher relative abundance compared to the plank-
tonic compartment (Fig. 3A, Table S1A). In contrast,
Methylophilaceae, Alcaligenaceae, Spirosomaceae,
Burkholderiaceae, Sporichthyaceae, Sphingobac-
teriaceae, Microbacteriaceae, Comamonadaceae,
Crocinitomicaceae, Flavobacteraceae, and Micro-
bacteriaceae were in higher relative abundance in
the planktonic compartment compared to the biofilm
compartment (Fig. 3A, Table S1A).

Most of these same bacterial families also influ-
enced differences in community composition across
stream categories (freshwater, low, medium, high
salinity) in biofilm and planktonic compartments,
with some additional taxa emerging (Fig. 3B,
Table S1B). The families Shewanellaceae, Marino-
monadaceae, and Saccharospirillaceae were indica-
tive of increased salinity with higher relative abun-
dance in the high-salinity biofilm and planktonic
samples, and Halomonadaceae was in higher rela-
tive abundance in medium- and high-salinity biofilm
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Fig. 3 Relative abundance plots of the differentially abundant
bacterial ASVs driving distinct microbial community composi-
tion among A the biofilm and planktonic stream compartments

samples compared to the low-salinity and freshwater
samples (Fig. 3B, Table S1B). In contrast, Anaero-
myxobacteraceae was indicative of low salinity
with higher relative abundance in freshwater biofilm
samples compared to the saline samples (Fig. 3B,
Table S1B). In addition, some families were indica-
tive of low- to medium-salinity levels: Alcaligen-
aceae was present in significantly higher amounts
in the low- and medium-salinity planktonic sam-
ples compared to the other planktonic samples,
and AKYG1722 had higher relative abundance in
low-salinity and medium-salinity biofilm samples
compared to the other biofilm samples (Fig. 3B,
Table S1B).

Discussion

The potential threat of salinization to freshwater eco-
system functions and services is a major global eco-
logical issue; however, the anticipated impacts of
increasing salinization on microbial assemblages in
freshwater ecosystems are varied and unclear. In this
study, we sought to capture potential differences in
microbial assemblages in the biofilm and planktonic
compartments of natural freshwater lotic systems and
saline inland aquatic stream ecosystems to provide
insight into what these changes might be because of
increasing salinization.
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and B sampled streams categorized according to measured spe-
cific conductivity values (51 bacterial families)

The microbial community composition in lotic
saline or freshwater systems can be impacted by the
nutrient status of the system, the presence and type of
organic matter in the system, and available surfaces
for bacterial attachment. This creates spatially differ-
ent regions within streams for microbes to assemble
and colonize (Zeglin, 2015). It is known that specific
bacterial taxa are generally more enriched in biofilm
compartments within freshwater systems than in the
bacterioplankton/water column compartment due to
the relative stability of biofilm microbial communities
compared to planktonic microbial communities (Van
Horn, 2011; Portillo et al., 2012; Kamjunke et al.,
2015; Zeglin, 2015). In this study, we confirmed
that naturally saline inland streams behave similarly
showing differences in planktonic (water) and bio-
film microbial communities of the sampled streams
underscored by differentially abundant bacterial fami-
lies (per aim one of this study). Biofilm samples in
this study were differentially enriched in~20 fami-
lies, with abundant ones in the phyla Actinobacte-
riota (family Micrococcaceae, Solirubrobacteraceae,
Nocardioidaceae), Acidobacteroidota (family Unas-
signed Vicinamibacterales, Vicinamibacteraceae),
Bacteroidetes/Bacteroidota (family, Microscillaceae,
Cryomorphaceae, Unassigned Bacteroidota), and
members of the superphylum PVC (family Chtho-
niobacteraceae, Pirellulaceae, WD2101_soil_group)
(Fig. 3A, Table S1A). These bacterial taxa have been
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previously reported as abundant in biofilm compart-
ments relative to planktonic samples (Bengtsson and
@vreds, 2010; Martiny et al., 2015; Zeglin, 2015;
Hotaling et al., 2019; Ren et al., 2020). In contrast,
the planktonic compartments were enriched in~9
families that included previously reported members
of the Actinobacteria (Microbacteriaceae and Spor-
ichthyaceae), Bacteroidota (Spirosomaceae, Sphingo-
bacteriaceae, Flavobacteriaceae), and Proteobacteria
(Burkholderiaceae, Oxalobacteriaceae, and Rho-
dobacteriaceae) (Portillo et al., 2012; Zeglin, 2015;
Ayayee et al., 2018). The underlying cause for this
distinct clustering of biofilm and planktonic samples
may be attributed to the relative stability and resource
utilization ability of biofilm microbial communities
compared to planktonic microbial communities in
freshwater systems (Van Horn, 2011; Portillo et al.,
2012; Kamjunke et al., 2015). Our data suggest that
this may also be the case in naturally saline inland
aquatic systems based on the higher alpha-diversity
observed in the biofilm compared to the planktonic
compartment, with higher diversity providing greater
resource utilization ability.

We also determined significant differences in
microbial assemblages between the saline and fresh-
water systems sampled, for the planktonic com-
partment (Fig. 2B). Given this study’s large range
of specific conductivity from~9000 to 25,000 uS/
cm in the five sampled inland saline streams rela-
tive to~660 uS/cm in the freshwater stream, effects
on microbial communities were expected. Our study
confirms the well-documented impacts of salinity on
habitat quality and ecology of aquatic life (Kefford
et al., 2016; Sujay et al., 2018; Berger et al., 2019).
Interestingly, although salinity affected the bacterial
community composition, we did not see any effects
of salinity on bacterial alpha-diversity (Fig. 1B). It
is anticipated that following the salinization of fresh-
water ecosystems, bacterial taxa typically associated
with saline ecosystems will become more emergent,
indicative of changed ecosystems, as well as the
constraints imposed on microbial diversity (and the
adaptations therein) because of increasing saliniza-
tion (Wang et al., 2012; Tang et al., 2021). Previously
reported halophilic (salt tolerant) taxa from various
sources, including naturally saline inland streams,
such as unassigned Bacilli, Comamonadaceae, Meth-
vlophilaceae, and Alcaligenaceae (Vavourakis et al.,
2016; Han et al., 2017; Jacob et al., 2017; Naghoni

et al., 2017; Cabello-Yeves and Rodriguez-Valera,
2019; Salcher et al., 2019) were recovered in higher
abundances from both planktonic and biofilm com-
partments of saline streams relative to the freshwa-
ter streams in this study. This result may reflect the
high-salt concentrations in the inland saline streams
sampled in this study and the selection of salt-tolerant
microbial families within them. Other less-known
salt-tolerant bacterial taxa, namely Sporichthyaceae
(Vavourakis et al., 2016; Yilmaz et al., 2016) and
Spirosomaceae (Rojas et al., 2021), were also statisti-
cally more abundant in both biofilm and planktonic
compartments of our saline microbial community
data. Conversely, several taxa previously reported
from freshwater systems, such as Anaeromyxobac-
teraceae and T34 (Newton et al., 2011; Schultz Jr.
et al., 2013; Carney et al., 2015, 2016; Sun et al.,
2017; Tessler et al., 2017; Akins et al., 2018; Ayayee
et al., 2018; Chiang et al., 2018; Hotaling et al., 2019)
were also unearthed in statistically higher abundances
in both biofilm and planktonic compartments of the
freshwater stream in this study. This further high-
lights the selection of non-halophilic bacterial fami-
lies in freshwater systems (per aim two of this study).

Regarding where within a lotic freshwater system
change in microbial community composition follow-
ing salinization might be most notable in a fresh-
water system, our data suggest that the planktonic
compartment might be an appropriate place, since
we observed the strongest effect of salinity on micro-
bial community composition in this compartment.
We observed significant differential abundances of
previously reported salt-tolerant bacterial taxa such
as Micrococcaceae and Sphingobacteriaceae in
the planktonic compartment of sampled freshwater
stream, as well as saline stream planktonic compart-
ments in this study. Interestingly, we also observed a
high abundance of halophilic bacterial taxa, such as
AKYG1722, in the biofilm compartment of the sam-
pled freshwater stream (Table S1B). Taken together,
both the presence and abundance of such taxa in the
biofilms of freshwater systems may indicate a fresh-
water system undergoing salinization (although the
planktonic compartment nonetheless seem to be com-
paratively more impacted by salinity). This may vary
from system to system, but it provides a way to gauge
and evaluate a system undergoing salinity in response
to myriad factors (as per aim three of this study).
Given that planktonic communities are less stable and
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experience more turnover than biofilm communities,
the biofilm compartments may represent more severe
and permanent changes to microbial communities in
response to salinity, given the way they are structured
and impacted by processes within the lotic system
(Portillo et al., 2012; Kamjunke et al., 2015; Hotaling
et al., 2019) and their relative higher resilience. Thus,
detecting salt-tolerant bacterial taxa in this compart-
ment might indicate more than just a sporadic occur-
rence and could underscore a changing system.

Conclusion

This study uncovered significant differences in the
bacterial community composition of planktonic
(water column) and biofilm compartments of five
naturally saline streams and one freshwater stream.
We detected significant differences in community
composition based on salinity level, with the largest
salinity effect in the planktonic compartment. This
confirms our expectation since these sampled streams
varied significantly in underlining physicochemical
variables, such as specific conductivity. However, the
salinity effects were not reflected in bacterial alpha
diversity metrics. The data generated in this study
provides a framework for further studies investigating
predicted changes in freshwater microbial community
compositions because of increasing salinization.
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