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ABSTRACT In the mining-impacted Rio Tinto, Spain, Fe-cycling microorganisms influence
the transport of heavy metals (HMs) into the Atlantic Ocean. However, it remains largely
unknown how spatial and temporal hydrogeochemical gradients along the Rio Tinto shape
the composition of Fe-cycling microbial communities and how this in turn affects HM mo-
bility. Using a combination of DNA- and RNA-based 16S rRNA (gene) amplicon sequencing
and hydrogeochemical analyses, we explored the impact of pH, Fe(III), Fe(II), and Cl2 on Fe-
cycling microorganisms. We showed that the water column at the acidic (pH 2.2) middle
course of the river was colonized by Fe(II) oxidizers affiliated with Acidithiobacillus and
Leptospirillum. At the upper estuary, daily fluctuations of pH (2.7 to 3.7) and Cl2 (6.9 to 16.6
g/L) contributed to the establishment of a unique microbial community, including Fe(II) oxi-
dizers belonging to Acidihalobacter, Marinobacter, and Mariprofundus, identified at this site.
Furthermore, DNA- and RNA-based profiles of the benthic community suggested that acido-
philic and neutrophilic Fe(II) oxidizers (e.g., Acidihalobacter, Marinobacter, and Mariprofundus),
Fe(III) reducers (e.g., Thermoanaerobaculum), and sulfate-reducing bacteria drive the Fe cycle
in the estuarine sediments. RNA-based relative abundances of Leptospirillum at the middle
course as well as abundances of Acidihalobacter and Mariprofundus at the upper estuary
were higher than DNA-based results, suggesting a potentially higher level of activity of
these taxa. Based on our findings, we propose a model of how tidal water affects the com-
position and activity of the Fe-cycling taxa, playing an important role in the transport of
HMs (e.g., As, Cd, Cr, and Pb) along the Rio Tinto.

IMPORTANCE The estuary of the Rio Tinto is a unique environment in which extremely
acidic, heavy metal-rich, and especially iron-rich river water is mixed with seawater. Due to
the mixing events, the estuarine water is characterized by a low pH, almost seawater salin-
ity, and high concentrations of bioavailable iron. The unusual hydrogeochemistry maintains
unique microbial communities in the estuarine water and in the sediment. These commun-
ities include halotolerant iron-oxidizing microorganisms which typically inhabit acidic saline
environments and marine iron-oxidizing microorganisms which, in contrast, are not typically
found in acidic environments. Furthermore, highly saline estuarine water favored the pros-
perity of acidophilic heterotrophs, typically inhabiting brackish and saline environments. The
Rio Tinto estuarine sediment harbors a diverse microbial community with both acidophilic
and neutrophilic members that can mediate the iron cycle and, in turn, can directly impact
the mobility and transport of heavy metals in the Rio Tinto estuary.
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The Rio Tinto has been the focus of systematic geomicrobiological explorations since
1980 (1). Many detailed surveys of the unique microbial communities inhabiting the

river and their impact on the water hydrogeochemistry have been conducted over the past
3 decades (2–5). These studies demonstrated the role of prokaryotes and fungi in the precip-
itation of minerals by providing nucleation sites (e.g., charged surfaces or extracellular poly-
meric substances). Nucleation sites favor the precipitation of Fe minerals by overcoming ki-
netic barriers in acidic water, which is characterized by slow precipitation kinetics (6–10). The
precipitation of dissolved Fe in close proximity of the cells leads to formation of cell-mineral
aggregates consisting of Fe(III) (oxyhydr)oxides (e.g., ferrihydrite), Fe(III) hydroxysulfates (e.g.,
schwertmannite and jarosite), and Fe(II) carbonates (e.g., siderite) and coprecipitation or
sorption of other metals (e.g., Cr, Pb, etc.) and metalloids (e.g., As, etc.) (6, 10–14) which can
be grouped into the category of heavy metals (HMs) according to the toxicity criterion (15,
16). Produced cell-mineral aggregates can remain suspended in the water column and enter
the ocean with the dissolved metals (e.g., Zn, Cd, and Mn) (17–19). Although most elements
are transported to the ocean exclusively in the dissolved phase, Fe, Pb, Cr, and As are associ-
ated with a large quantity of suspended particulate matter (SPM) (20, 21). The HMs trans-
ported to the coastal water in the SPM-associated form can be toxic to marine organisms
(19, 22–26). Therefore, studying the mechanisms of Fe mineral formation and HM transport
is important for the ecology of the coastal-estuarine zone of southwestern Spain (19, 27–31).
The precipitation of Fe(III) minerals in the acidic Rio Tinto occurs after microbially mediated
Fe(II) oxidation oversaturates the water with dissolved Fe(III) (21). In the river water, typically
.60% of 16S rRNA (gene) sequences belonged to Fe(II)-oxidizing Acidithiobacillus and
Leptospirillum, making them the main drivers of Fe(III) oversaturation in the water (32, 33).
Together with fungi and algae, they provide sites for nucleation and ordering of Fe(III) min-
erals (34). The precipitation of Fe(II) minerals (e.g., siderite) is related to the microbial reduction
of Fe(III), coupled to the oxidation of organic compounds by Fe(III)-reducing Acidiphilium (10).
Dissimilatory Fe(III)-reducers affiliating with Acidiphilium and Acidibacter are typically repre-
sented by.10% of 16S rRNA (gene) sequences (32, 33). Furthermore, the dissimilatory micro-
bial Fe(III) reduction plays an important role in recharging of the water with Fe(II) and removal
of organic compounds (e.g., acetate, lactate, pyruvate, formate, and propionate) which inhibit
chemolithoautotrophic growth of Fe(II) oxidizers (35–37).

Thus, Leptospirillum, Acidithiobacillus, Acidiphilium, and Acidibacter are highly abundant in
the Rio Tinto and play an important role in Fe mineralization and HM mobility. They can
also influence the fate of SPM-associated HMs. For example, microbial cells attached to
particles can be significantly more productive than their planktonic counterparts (38).
Particle-associated microorganisms can efficiently degrade particulate organic molecules
associated with HMs (39) and therefore play an important role in the remineralization of
SPM-associated HMs. However, it is largely unknown how both planktonic and particle-
associated fractions of microorganisms react to spatial and temporal hydrogeochemical
gradients forming at the upper estuary due to tidal activity of the ocean (40–43). The
characteristic features of this part of the river are longitudinal (2.5 to 7.0) and temporal
gradients of the pH and chlorinity (1.7 to 19.5 g/L) of water as well as high concentra-
tions of dissolved HMs. At the upper estuary, the neutralization process results in the pre-
cipitation of sulfate salts, which scavenge dissolved HMs transported by the Rio Tinto.
Furthermore, elevated pH values facilitate the abiotic oxidation of dissolved Fe(II) and
the precipitation of Fe(III) minerals (44). Tidal activity can lead to unfavorable conditions
[e.g., elevated pH and Cl2 concentration, as well as diminishing Fe(II) and Fe(III) concen-
trations] that can inhibit the growth of acidophiles (45). Therefore, there are several open
questions regarding the abundance and activity of Fe-cycling microorganisms at the
water column of the upper estuary. Furthermore, much less research has focused on the
composition of the benthic microbial community at the estuary of the river and the role
of benthic microorganisms in the fate of HMs (46).

In order to reveal how the spatial (along the river) and temporal (at the upper estuary)
hydrogeochemical fluctuations affect the diversity and abundance of microorganisms respon-
sible for Fe redox transformations influencing the fate of HMs, we identified and compared
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diurnal hydrogeochemical parameters that are typical of the summer season at the middle
course and at the upper estuary of the Rio Tinto. In addition, we examined and compared the
composition of planktonic, particle-associated, and benthic microbial communities at both
field sites and identified microbial key players involved in Fe cycling in different biogeochemi-
cal niches. The application of only 16S rRNA gene sequencing for microbial community analy-
ses can lead to false-positive results because of the inability to differentiate live cells (dormant
cells as well as growing or nongrowing metabolically active cells) and present cells (dead cells
and extracellular DNA) (47). To discriminate between live and present microorganisms, along
with DNA-based 16S rRNA gene amplicon sequencing, we applied RNA-based amplicon
sequencing, which is commonly used for identification of in situ alive microbial taxa (47–51).
Both dormant and metabolically active cells produce rRNA; however, in dormant cells, ribo-
somes and rRNA decrease to minimal levels (49). Another advantage of the RNA-based
approach is the high degradation rate of RNA in the environment (compared to DNA), which
reduces the chance to obtain false-positive results of microbial community analysis (47).
Finally, we provide insights into the potential interrelationships of Fe-cycling communities
with HMs, commonly associated with particulate transport (e.g., As, Cr, Cd, and Pb).

RESULTS
Water hydrogeochemistry at the middle course and upper estuary of the Rio

Tinto. Triplicate samples of the river water were collected every 2 h over 2 days at the
middle course and 1 day at the upper estuary (Fig. 1a and b). Hydrogeochemical parameters
of the water at both sampling sites are provided in Table 1. At the middle course, we quanti-
fied 19 mg/L (day 1) and 33 mg/L (day 2) of dissolved Fe(II), while the concentration of dis-
solved Fe(III) reached 2,234 mg/L (day 1) and 2,369 mg/L (day 2). Concentrations of Cl2 were
comparatively low over 2 days (ca. 34 mg/L). The pH of the water remained consistently low
(2.2) over the 2 days, while the Eh value varied from 790 mV (day 1) to 785 mV (day 2). At the
upper estuary, we observed a fluctuation of the pH from 2.7 (low tide) to 3.7 (high tide). The
Eh value also fluctuated from 645 mV (low tide) to 526 mV (high tide). Concentrations of Na1

and Cl2 were 3,558 mg/L and 6,902 mg/L during low tide and 8,619 mg/L and 16,571 mg/L
during high tide, respectively. Concentrations of dissolved Fe(III) were much lower at the upper
estuary, 6.6 mg/L (low tide) and 2.9 mg/L (high tide). We also observed a decrease of the Fe(II)
concentration to 9.4 mg/L (low tide) and 2.8 mg/L (high tide). Nitrate concentrations were very
similar at both field sites. At the middle course, we quantified 31 and 29 mg/L of NO3

2, while
at the upper estuary, NO3

2 decreased to 22.4 and 15.2 mg/L during high tide and low tide,
respectively. Concentrations of O2 were relatively stable (6.6 mg/L to 6.8 mg/L) at the middle
course, while at the upper estuary it reached 11.6 mg/L (low tide) and 11.4 mg/L (high tide).

Concentrations of dissolved Cr, As, Pb, and Cd at the middle course were 0.003 to
0.002, 1.52 to 1.35, 0.05 to 0.04, and 1.05 to 0.94 mg/L, respectively (Fig. 2a). At the upper estu-
ary, As and Cr were not detectable in the dissolved phase. Pb (0.08 and 0.04 mg/L during low
tide and high tide, respectively) was found at almost equal concentrations determined at
the middle course (0.05 and 0.04 mg/L during day 1 and day 2, respectively). Furthermore,
Cd (0.04 and 0.02 mg/L during low tide and high tide, respectively) was significantly removed
from the estuarine water compared with the dissolved content at the middle course (1.05 and
0.94 mg/L during day 1 and day 2, respectively) (Fig. 2b).

At the middle course, we quantified 0.86, 3.04, 7.78, and 0.46mg/L of SPM-associated Cr,
As, Pb, and Cd, respectively, during day 1 and 0.41, 3.85, 9.54, and 0.71 mg/L, respectively,
during day 2 using water filtration through 0.45-mm-pore-size filters (Fig. 2c). At the upper
estuary, we quantified 1.01, 5.78, 1.81, and 0.05mg/L of Cr, As, Pb, and Cd, respectively, dur-
ing low tide and 2.17, 9.57, 2.16, and 0.005 mg/L of Cr, As, Pb, and Cd, respectively, during
high tide (Fig. 2d). Furthermore, we observed an increase in average SPM content at the
upper estuary during high and low tide compared with the middle course (Fig. 2e).

Minerology of estuarine sediment. Iron-containing minerals in the estuarine sedi-
ments ES1 and ES2 were identified in our previous study (21). Here, using micro-X-ray
diffraction (m-XRD) analysis, we determined the mineralogy of the red plaques (ES-RP)
sampled from the sediment ES4 (Fig. 1b). The plaques were dominated by two crystal-
line mineral phases, i.e., quartz and goethite (see Fig. S1 in the supplemental material).
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Microbial communities of the middle course and upper estuary of the Rio Tinto.We
identified DNA- and RNA-based 16S rRNA (gene) relative abundances of microbial taxa in
the water column and sediment at both sampling sites (Fig. 3 and 4 and Data Sets S2 and
S3). The highest community richness (defined by the number of amplicon sequence variants
[ASVs]) and diversity (measured by the Shannon diversity index) were determined in sedi-
ment samples of the upper estuary (Fig. S2 to S5). Relative abundances of specific taxa rep-
resent average values of triplicate samples of planktonic and particle-associated fractions
and duplicate samples of benthic fractions, except of benthic samples MC3, ES1, and ES-RP,
for which only one successful extraction was possible (Fig. 1b). In order to discriminate
between live (potentially active) and present microorganisms, the DNA- and RNA-based rela-
tive abundances of taxa including microorganisms known for their capabilities for Fe redox
transformations were analyzed individually (Fig. 5 and Data Set S4). Results of 16S rRNA
(gene) sequencing demonstrated that at the middle course of the Rio Tinto, the DNA-based
relative abundances of acidophilic Fe(II)-oxidizing Acidithiobacillaceae (40.6 to 62.0%), Fe(III)-
reducing Acetobacteraceae (10.4 to 10.7%), and the potential human pathogens unclassified
Legionellaceae (14.7 to 34.2%) were dominant in the planktonic fraction over 2 days of sam-
pling. RNA-based relative abundances revealed Fe(II)-oxidizing Acidithiobacillaceae (40.1 to

FIG 1 Field sites located at the middle course (MC) and upper estuary (ES) of the Rio Tinto selected
for sampling water and sediment. (a) Geographical cartography of the Rio Tinto basin with two
selected sampling sites (MC and ES; map created with QGIS version 2.14.0 [http://www.qgis.org/en/
site/]). (b) Schematic illustration of sampling at the MC during day 1 (D1) and day 2 (D2) and at the
ES during low tide (LT) and high tide (HT) (created with BioRender.com).
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44.7%) and Nitrospiraceae (23.7 to 29.5%) as well as Fe(III)-reducing Acetobacteraceae (14.1 to
16.0%) as the most dominant, potentially active taxa in the planktonic fraction. The particle-
associated microbial community was dominated by Acidithiobacillaceae (17.4 to 34.4%),
Nitrospiraceae (6.9 to 11.0%) and Legionellaceae (37.6 to 47.3%) at the DNA-based level and
by Acidithiobacillaceae (22.6 to 30.7%), Nitrospiraceae (27.4 to 29.8%), Legionellaceae (12.1 to
21.3%), and Acetobacteraceae (11.6 to 13.7%) at the RNA-based level (Fig. 3 and Data Set S2).

In the middle course, the benthic microbial community was dominated by Fe-cycling
microorganisms. At MC2 sediment, Nitrospiraceae (17.5%), Rhodanobacteraceae (25.5%), and
Acidibacter (order Gammaproteobacteria; 10.7%) dominated at the DNA-based level, while
in the RNA-based microbial community, Nitrospiraceae (13.9%), Acetobacteraceae (18.3%),
Rhodanobacteraceae (11.3%), Acidibacter (13.7%), and Acidiferrobacteraceae (10.4%) were the
most dominant taxa. At MC3 sediment, Nitrospiraceae, Acetobacteraceae, and Acidibacter domi-

FIG 2 Physicochemical characteristics of the water column at the middle course (MC) sampled at day 1 (MC-D1) and day 2 (MC-D2)
as well as at the upper estuary (ES) sampled during low tide (ES-LT) and high tide (ES-HT). (a to d) Content of As, Cr, Cd, Pb, and
total Fe in suspended particulate matter (SPM)-associated (.0.45-mm-grain-size) and dissolved fractions of the water column at both
sampling sites during four sampling events: MC-D1 (13 samples), MC-D2 (13 samples), ES-LT (2 samples), and ES-HT (2 samples;
adapted from reference 21; also, see Data Set S1). (e) Content of SPM (.0.45 mm grain size) in the water column of MC-D1 (13
samples), MC-D2 (13 samples), ES-LT (2 samples), and ES-HT (2 samples). (f) Principal-component analysis (PCA) plot of
hydrogeochemical data (Table 1) determined in the river water during MC-D1, MC-D2, ES-LT, and ES-HT. The second and third
principal components (PCA 2 and PCA 3) account for 88.6 and 9.5% of variance, respectively.

TABLE 1 Physicochemical characteristics of the watera

Parameter

MC-D1 MC-D2 ES-LT ES-HT

Mean SD Mean SD Mean SD Mean SD
pH 2.2 0.2 2.2 0.1 2.704 0.005 3.7 0.2
O2 (mg/L) 6.6 0.3 6.8 0.4 11.6 4.5 11.4 0.2
Salinity (g/L) 5.7 0.1 5.7 0.2 11.7 0.4 27.7 0.5
Eh (mV) 790.4 2.2 785.2 9.6 645.0 17.0 526.0 15.5
Fe(II) (mg/L) 19.1 1.5 32.9 18.4 9.4 1.1 2.8 1.4
Fe(III) (mg/L) 2,233.5 133.7 2,369.0 118.0 6.6 1.3 2.9 2.0
Cl2 (mg/L) 33.5 NA 34.0 NA 6,902.4 49.6 16,571.2 94.5
SO4

22 (mg/L) 5,048.0 NA 5,012.0 NA 2,362.2 43.6 3,130.9 45.7
NO3

2 (mg/L) 31.2 NA 29.2 NA 22.4 6.8 15.2 2.0
Na (mg/L) 46.6 4.2 42.5 1.5 3,557.7 77.8 8,618.7 278.7
aCharacteristics were assessed at the middle course during days 1 and 2 (MC-D1 and MC-D2) and at the upper estuary during low tide and high tide (ES-LT and ES-HT). Mean
values were calculated based on triplicate water samples collected every 2 h during days 1 and 2 at the middle course and triplicate water samples collected during two
high and two low tides at the upper estuary (see Data Set S1). NA, not applicable.
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nated in both DNA-based (38.3%, 14.1%, and 14.6%, respectively) and RNA-based (40.4%,
16.3%, and 21.1%, respectively) microbial communities (Fig. 3 and Data Set S2).

The microbial community of the water column at the upper estuary during low tide consisted of
planktonic and particle-associated fractions dominated by Rhodobacteraceae, Acetobacteraceae,
Acidibacter, and Acidobacteriaceae at DNA-based (9.1 to 30.6%, 25.5 to 45.5%, 5.2 to 13.7%, and 12.2 to
17.0%, respectively) and RNA-based (9.7 to 20.3%, 15.4 to 45.3%, 16.3 to 45.1%, and 8.0 to 9.0%,
respectively) levels. During high tide, Rhodobacteraceae was the most dominant taxon of both the
DNA-based (59.7%) and RNA-based (59.3%) planktonic microbial communities. The particle-associated
DNA-basedmicrobial community consistedmainly of Acetobacteraceae (26.9%) and Rhodobacteraceae
(36.3%), while the RNA-based microbial community was dominated by Acidihalobacteraceae (13.3%),
Rhodobacteraceae (29.5%), and Acetobacteraceae (28.7%) (Fig. 4 andData Set S3).

The DNA-based benthic microbial communities of ES1 to ES3 were dominated by
Thermoplasmataceae (7.5 to 30.9%), Acidithiobacillaceae (6.5 to 15.6%), and Mariprofundaceae
(2.8 to 9.7%). For ES4, the DNA-based microbial community was dominated by unclassified
Thermoplasmataceae (12.9%), while the RNA-based microbial community was dominated by
unclassified Desulfobacteraceae (14.6%). ES-RP retrieved from sulfidic ES4 were dominated by
Thermoplasmataceae (18.5%) at the DNA-based level and by Thioalkalispiraceae (9.8%) and
Desulfobacteraceae (9.5%) at the RNA-based level. Beside marine microaerophilic Fe(II)-oxidizing
Mariprofundaceae, freshwater Gallionellaceae and marine Marinobacteraceae were identified in
the sediment. In addition, the benthic microbial community included the sulfate-reducing bacte-
ria (SRB) Syntrophobacteraceae and Desulfobulbaceae as well as dissimilatory Fe(III)-reducing
Thermoanaerobaculaceae, Geobacteraceae, and Holophagaceae (Fig. 4 and Data Set S3).

The Kruskal-Wallis test (52) with Benjamini-Hochberg correction (53) did not reveal any
significances (adjusted P value, .0.05) when DNA- and RNA-based relative abundances of
planktonic, particle-associated, and benthic microbial communities of the middle course and
upper estuary of the Rio Tinto were compared (Data Set S5).

FIG 3 Heat maps illustrating relative 16S rRNA (gene) sequence abundance (at the family level) of the present (DNA-based) and
live (potentially active; RNA-based) microbial communities in planktonic (Pl), particle-associated (Pa), and benthic (B) fractions
sampled in June 2017 at the middle course (MC) of the Rio Tinto during day 1 (MC-D1) and day 2 (MC-D2). Mineralogically
heterogeneous sediment of the MC was subsampled (Fig. 1b). Relative abundances of specific taxa represent average values for
triplicate samples of planktonic and particle-associated fractions and duplicate samples of benthic fractions, except for benthic
samples collected from MC3, for which only one successful extraction was possible (Data Set S2). Heat maps were generated for
taxa represented by more than 1% of relative sequence abundance.
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DISCUSSION
Variations in water hydrogeochemistry at the middle course and upper estuary

of the Rio Tinto. High levels of microbial Fe(II) oxidation (equation 1) at the middle
course of the Rio Tinto lead to an oversaturation of the water with dissolved Fe(III), followed
by precipitation of Fe(III) (oxyhydr)oxides (e.g., ferrihydrite) (equation 2) or hydroxysulfates
(e.g., schwertmannite) (equation 3) (11, 12, 54).

4Fe211O21 4H1 ! 4Fe311 2H2O (1)

4Fe311 7H2O $ 2Fe2O3 � 0:5 H2Oð Þ1 12H1 (2)

16Fe311 2SO4
221 28H2O ! Fe16O16 OHð Þ12 SO4ð Þ21 44H1 (3)

This Fe buffering system consumes OH2 groups, releases H1, and maintains the low

FIG 4 Heat maps illustrating relative 16S rRNA (gene) sequence abundance (at the family level) of the present (DNA-
based) and live (potentially active; RNA-based) microbial communities in planktonic (Pl), particle-associated (Pa), and
benthic (B) fractions sampled in July 2017 at the upper estuary (ES) of the Rio Tinto during low tide (ES-LT) and high tide
(ES-HT). Mineralogically heterogeneous sediment of the upper estuary was subsampled (Fig. 1b). Furthermore, red
goethite-containing plaques (ES-RP) identified in the sulfidic sediment ES4 of the upper estuary were used for separate
analysis. Microbial community analyses from layers ES1 to ES3 of the upper estuary sediment were DNA based only.
Relative abundances of specific taxa represent average values for triplicate samples of planktonic and particle-associated
fractions and duplicate samples of benthic fraction, except for benthic samples collected from ES1 and ES-RP, for which
only one successful extraction was possible (Data Set S3). Heat maps were generated for taxa represented by more than
1.5% of relative sequence abundance.
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pH values that were observed at the middle course over 2 days (11, 12, 54). The slight
increase in pH at the upper estuary compared to the middle course was caused by pH-
neutral tidal water, entering the estuary (Table 1). In our previous study, we calculated
that the proportion of seawater at the upper estuary during sampling varied from 34%
to 83% at low and high tide, respectively (21). Nevertheless, the pH remained compara-
tively low due to precipitation of dissolved Fe(III) and other solutes (e.g., Al, Cu, etc.)
with Cl2, SO4

22, OH2, and other anions (Table 1) as copper ferrite, Fe(III) dihydroxochloride, F
(III) hydroxide, goethite, hematite, jarosite, magnetite, alunite, jurbanite, maghemite, nsutite,

FIG 5 Relative 16S rRNA (gene) sequence abundance (at the genus level) of the present (DNA-based) and alive (potentially active; RNA-based) Fe-cycling
microbial community in planktonic, particle-associated, and benthic fractions sampled at the middle course (MC) and at the upper estuary (ES) of the Rio Tinto
in June/July 2017. Planktonic and particle-associated fractions of the water from the MC and the ES were sampled at two time points. At the middle course,
samples were collected at two consecutive days (MC-D1 and MC-D2). At the upper estuary, samples were collected during low (ES-LT) and high tide (ES-HT)
during the same day. Mineralogically heterogeneous sediments of the middle course and the upper estuary were subsampled (Fig. 1b). Microbial community
analysis from ES1 of the upper estuary sediment were DNA based only. Results of analysis of samples ES2, ES3, and ES-RP are reported in Fig. S6. Relative
abundances of specific taxa represent average values for triplicate samples of planktonic and particle-associated fractions and duplicate samples of benthic
fractions, except for benthic samples collected from MC3 and ES1, for which only one successful extraction was possible (Data Set S4). SRB data summarize
the relative abundance of unclassified Desulfobacteraceae, unclassified Desulfobulbaceae, Desulfonatronobacter, and Syntrophobacter.
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and pyrolusite (Data Set S6). Precipitation of dissolved Fe(III) at the upper estuary led to a pro-
gressive decrease of dissolved Fe(III) to 6.6 mg/L (low tide) and 2.9 mg/L (high tide) (Table 1),
followed by a decrease in Fe buffer capacity (13). However, the buffer capacity was still suffi-
cient to maintain the low pH, which played a key role in preventing abiotic oxidation of Fe(II)
at the upper estuary (55). Thus, in contrast with Fe(III), the estuarine Fe(II) content remained
comparatively high and varied from 9.4 mg/L (low tide) to 2.8 mg/L (high tide). Collectively,
these results suggest that the estuarine water may harbor acidophilic Fe-cycling microorgan-
isms. However, the high Cl2 concentrations might have a negative or even inhibiting effect
on such microorganisms, due to their positively charged membrane that facilitates the influx
of permeable anions. It has been shown before that the influx of Cl2 into cells of acidophilic
microorganisms can cause the collapse of membrane potentials and the proton motive force,
as well as a general poisoning of the cytoplasm (45, 56).

For the different sampling events, principal-component analysis (PCA) was used to
visualize the key hydrogeochemical parameters, including the values of salinity, Eh, and pH
as well as concentrations of NO3

2, SO4
22, Fe(III), Fe(II), O2, Na1, and Cl2 (Fig. 2f). The PCA

delineated the separation of three hydrogeochemical conditions at the middle course and
the upper estuary of the river. At the middle course, the hydrogeochemistry of the water
was remarkably stable over 2 days, while at the upper estuary during low and high tide, it
changed substantially. Therefore, we further discuss the in situ processes that affect the fate
of Cr, As, Pb, and Cd in the distinguished hydrogeochemical zones.

At the middle course over 2 days, the low pH kept As and Cd (.99%) predominantly
dissolved in the water, while 14 to 21% of Pb and 16 to 22% of Cr were identified in the
SPM-associated fraction (Fig. 2a and c). The precipitation of HMs, especially prominent
for Pb and Cr above others, was induced by microbial oxidation of Fe(II) (57). Part of the
poorly crystalline, low-density Fe(III) minerals, produced by microbial Fe(II) oxidation,
remain suspended in the water even over long periods of time and can be then trans-
ported to the river estuary (21, 44).

In the upper estuary water column, mixing events lead to neutralization and the
progressive loss of dissolved sulfate via the precipitation of sulfated salts (e.g., alunite,
jarosite, and jurbanite) (Data Set S6). The precipitating sulfates scavenge an important
fraction of some dissolved HMs that have been transported downriver. Furthermore,
the neutralization of the river water leads to the formation of colloidal Fe(III) hydroxides
[e.g., Fe(III) dihydroxochloride, Fe(III) hydroxide etc.] (Data Set S6) that coprecipitate HMs
(58–60). The lower concentrations of dissolved Cr, As, and Cd in the upper estuary compared
to the middle course suggests that these precipitation events systematically remove HMs. In
contrast, the concentration of Pb slightly increased in the upper estuary (Fig. 2b), which is
likely due to the dissolution of Pb sulfates (e.g., anglesite) in the presence of elevated Cl2

concentrations (21, 61, 62). The same process could lead to a decrease of SPM-associated Pb
in the estuarine water (Fig. 2d). SPM-associated fractions of Cr and especially As remained
high, despite the dilution of river water with seawater. These metals, particularly As, are
strongly sorbed and/or coprecipitated on/with oxyhydroxysulfates (13). Although precipita-
tion of solutes in the upper estuary obviously increased the content of SPM (Fig. 2e), it
should be noted here that this fraction can also contain particles (including microbial cells)
that are transported to the upper estuary with the inflowing tidal water.

Keymicrobial players involved in Fe redox transformation under acidic conditions
at the middle course. The Rio Tinto maintains two divergent but interrelated transport
pathways of SPM, which consists not only of minerals but also of planktonic and parti-
cle-associated microbial cells. The longitudinal pathway provides a constant source of
SPM into the river estuary, while the sedimentation pathway provides a constant burial
of SPM in the sediment throughout the river. The results of PCA clearly distinguished three
hydrogeochemical conditions, forming at the middle course of the river, at the upper estu-
ary during low tide and at the upper estuary during high tide (Fig. 2f). Therefore, suspended
cells transported by the longitudinal pathway might pass through at least three different
hydrogeochemical conditions. Furthermore, the sedimentation of SPM constantly transports
microbial cells from the water column into the river sediment (44, 63). The spatial and tem-
poral hydrogeochemical changes forming along the river can have a noticeable effect on
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activity and distribution of microorganisms. The comparison of the DNA- and RNA-based rel-
ative abundance profiles helped to distinguish between the present (dead or extracellular
DNA) and live (potentially active) Fe-cycling cells (48–51, 64, 65). Although the Kruskal-Wallis
test (52) with Benjamini-Hochberg correction (BH) (53) did not reveal any significant differen-
ces below the 0.05 threshold between DNA- and RNA-based relative abundances of plank-
tonic, particle-associated, and benthic microbial communities of the middle course and the
upper estuary of the Rio Tinto, many taxa were different when a BH-corrected P value
threshold of 0.11 was used (Data Set S5). Furthermore, in many cases the hydrochemistry
can be used to explain the observed differences between the present (DNA level) and
potential active (RNA level) microbial communities.

The consistently acidic water of the middle course, characterized by a high concentration
of dissolved Fe(II) and oversaturation of Fe(III), was predominantly inhabited by Fe(II)-oxidiz-
ing Acidithiobacillus (family Acidithiobacillaceae) and Leptospirillum (family Nitrospiraceae)
(Fig. 5). Both taxa are typically resistant to high Eh values. However, members of the genus
Leptospirillum may outcompete other acidophilic Fe(II)-oxidizing microorganisms due to
their greater affinity for Fe(II) and greater tolerance to oxidative stress, caused by high con-
centration of dissolved Fe(III) (66, 67). While the DNA-based community composition stipu-
lates that Acidithiobacillus was the main driver of Fe(II) oxidation in the planktonic and parti-
cle-associated fractions, the RNA-based relative abundance demonstrates that both
Acidithiobacillus and Leptospirillum were almost equally abundant and, therefore, potentially
active in the planktonic and particle-associated microbial communities (Fig. 5). The higher
RNA/DNA relative abundance ratio suggests Leptospirillum as the most metabolically active
Fe(II)-oxidizing taxon at the middle course. Indeed, Leptospirillum has been shown to resist
reactive oxygen species (ROS) more efficiently than Acidithiobacillus (66, 67). In contrast to
Acidithiobacillus, the antioxidant protection system of Leptospirillum is focused on repairing
the cellular damage rather than on degrading ROS (66, 67). Thus, at higher Fe(III)/Fe(II) ratios,
Leptospirillummight more efficiently couple Fe(II) oxidation with O2 reduction (68, 69).

For the same reason, Leptospirillum might gain a competitive advantage in putative
microoxic benthic environments of the middle course, where they dominated over other
Fe(II)-oxidizing taxa at both DNA- and RNA-based levels (Fig. 5). Furthermore, under the
O2-limited conditions, Leptospirillum might express terminal oxidases, allowing this orga-
nism to adapt to low oxygen levels (70). In the microoxic sediment, we also identified a
high DNA- and RNA-based relative abundance of Fe(II)-oxidizing Acidiferrobacter (family
Acidiferrobacteraceae). The diversity and taxonomy of Acidiferrobacter remains poorly con-
strained. However, its presence in many habitats suggests that this taxon has an important
ecological role and supports the need for further studies (71). This taxon, as well as some
other identified Fe(II) oxidizers, is able to couple the oxidation of reduced sulfur species or
H2 to Fe(III) reduction in anoxic environments (72).

The high content of dissolved and particulate Fe(III) in the water column of the middle
course might maintain the activity of heterotrophic members of the phylum Proteobacteria,
such as those belonging to the genera Acidibacter and Acidiphilium (family Acetobacteraceae)
as well as to unclassified members of the family Acetobacteraceae. These findings corroborate
previous microbial diversity studies of the Rio Tinto, although Acidibacter has typically been
reported to be more abundant than Acidiphilium (32, 33). However, only Acidiphilium was
shown to respire Fe(III) in the presence of oxygen in the water column (73, 74) while
Acidibacter is most likely capable of catalyzing reductive dissolution of the Fe(III) only under
microoxic and anoxic conditions (36, 75–77). Nevertheless, both identified heterotrophs likely
consume organic matter in the oxygenated water column. When only the DNA-based relative
abundances of Acidiphilium and unclassified Acetobacteraceae in planktonic and particle-asso-
ciated microbial communities are considered, the dominance of Fe(III)-reducing taxa might
be misrepresented. Comparing RNA-based relative abundances in the water column over 2
days, we concluded that Acidiphilium organisms were likely alive and had similar relative
abundances (Fig. 5). The Acidiphilium and unclassified Acetobacteraceae identified in the
water column as well as several other taxa known as acidophilic Fe(III) reducers dominated
in RNA-based microbial communities in sediments MC2 and MC3, where, under putative
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microoxic conditions, they could couple organic matter oxidation with O2 or Fe(III) respira-
tion (35–37, 75–77). Indeed, we observed an increase in the DNA- and RNA-based relative
abundances of unclassified Acetobacteraceae and Acidibacter [putative anoxic Fe(III) reduc-
ers] compared to Fe(II)-oxidizing microorganisms. The microoxic sediments with potential
anoxic niches and high availability of carbon sources likely provide them with a competitive
advantage over Fe(II) oxidizers. In contrast to other heterotrophs, the Fe(III)-reducing
Metallibacterium (family Rhodanobacteraceae) was more abundant according to DNA analy-
sis than RNA analysis. This observation suggests that the DNA-based approach alone might
overestimate the potential activity of Metallibacterium in the sediment of the middle course
(Fig. 5).

In summary, the hydrogeochemistry of the water column at the middle course favored
the presence of Leptospirillum, Acidithiobacillus and Acidiphilium. These taxa were potentially
active in planktonic and particle-associated fractions. In turn, they probably shaped the
hydrogeochemistry of the river at the middle course. Fe(III) reducers consumed organic mat-
ter (e.g., acetate) which might inhibit the growth of acidophilic Fe(II)-oxidizing autotrophs
and the recycling of Fe(II), while Fe(II) oxidizers produced dissolved Fe(III), which is required
to maintain the low water pH (equations 1 to 3). In sediments MC2 and MC3 of the middle
course, Leptospirillum, Acidiferrobacter, Acidithiobacillus, and Ferrimicrobium were likely the
key Fe(II) oxidizers, while Acidiphilium, Acidibacter, Metallibacterium, and Acidicapsa were
probably the main Fe(III) reducers (Fig. 5).

Abundance and activity of the Fe-cycling microbial community under the dynamic
conditions of the upper estuary. The pronounced decline of the DNA-based and, espe-
cially, RNA-based relative abundances of Acidithiobacillus and Leptospirillum with respect to
other members of the estuarine microbial community (Fig. 5) suggests that, despite the low
pH and available Fe(II), the elevated concentration of Cl2 in the water inhibits the potential
activity of Fe(II) oxidizers that thrive at the middle course of the river (45, 56). Nevertheless,
the unique combination of hydrogeochemical parameters in the upper estuary favored the
increase in relative abundance of potentially active marine neutrophilic Mariprofundus (family
Mariprofundaceae) and Marinobacter (family Marinobacteraceae), as well as the acidophilic and
halotolerant Acidihalobacter (family Acidihalobacteraceae). The microaerophilic Marinobacter
was almost equally relatively abundant at DNA- and RNA-based levels in the planktonic and
particle-associated microbial communities during high tide, while the RNA-based relative
abundances of Mariprofundus were .1% only in the high-tide planktonic microbial commu-
nity. Nevertheless, the RNA-based relative abundance of Mariprofundus was higher than the
DNA-based one, indicating a potentially higher activity level of these planktonic cells in the es-
tuarine water (Fig. 5).

As a consequence of the low pH and high salinity, Acidihalobacterwas the only abundant
Fe(II) oxidizer (RNA-based analysis) in the planktonic and particle-associated microbial com-
munities during low tide. Notably, the DNA-based relative abundance of Acidihalobacter
might underestimate the role of this taxon. This conclusion is particularly obvious when the
DNA-based relative abundances of Acidihalobacter, Leptospirillum, and Acidithiobacillus in the
particle-associated microbial community of the water, sampled during high tide, are com-
pared (Fig. 5).

Surprisingly, despite the high salinity, acidophilic heterotrophs affiliating with the families
Acetobacteraceae (e.g., Acidiphilium), Acidibacter and Acidobacteriaceae (e.g., Acidobacterium)
dominated in the low-tide water (Fig. 4). However, only Acidiphilium is known to couple the
oxidation of organic matter with Fe(III) reduction in the oxygenated water column (Fig. 5). In
contrast to the middle course, the estuarine sediment is rich in organic matter (44, 63) which
might be resuspended from the sediment or produced by microalgae thriving in the estu-
ary. Comparative analyses of the DNA- and RNA-based relative abundances demonstrated
that Acidibacter dominated in the fraction of active microorganisms during low tide, in par-
ticularly in the planktonic microbial community (Fig. 4). Conversely, during high tide, mainly
Acidiphilium (family Acetobacteraceae) remained potentially active (Fig. 5), due to its higher
tolerance to Cl2 compared to many other acidophiles (78, 79). The precipitation of solutes,
the SPM transported by the river, and the sandy sediment transported by the tidal water as
well as seasonal and annual variation in tidal activity and river flow contributed to the
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formation of a massive sediment layer at the upper estuary. As previously reported, the estu-
arine sediment was enriched with organic matter (7.9 to 14.2% [by weight]), Fe(III) minerals
(e.g., schwertmannite, ferrihydrite, and goethite), and Fe(II) sulfides (21, 44, 63, 80). The RNA
was extracted only from sediment ES4 and from goethite-containing ES-RP retrieved from
ES4 (Fig. 1b). The high content of organic matter, reducing conditions, and available sulfate
likely stimulated the growth of sulfate-reducing members of the class Deltaproteobacteria, such
as those belonging to the taxaDesulfobacteraceae, Desulfobulbaceae, and Syntrophobacter (family
Syntrophobacteraceae) (Fig. 5). The decrease of Fe(III) concentrations in the estuary water and the
high content of Fe sulfides in the sediments demonstrates that SRB might play an important
role in Fe sequestration (63). These microorganisms may lead to the indirect reductive dissolu-
tion of Fe(III) minerals with H2S (81), which leads to the formation of secondary minerals, includ-
ing vivianite or Fe(II)-containing sulfides (e.g., mackinawite, pyrite, or greigite) (82, 83). In addition,
SRB can use solid-phase sulfate in Fe(III) hydroxysulfates as a direct electron acceptor (83). The
higher RNA-based relative abundances of these microorganisms in ES4 suggested that SRB
were alive and metabolically active in the sediment. The consumption of H1 during sulfate
reduction and the subsequent reaction of its by-product, H2S, with Fe(III) minerals might contrib-
ute to a pH increase, Eh decrease, and accumulation of Fe(II) sulfides (84).

Fe(II) sulfides, as well as dissolved Fe(II), might be used as electron donors by the Fe
(II)-oxidizing, neutrophilic (Mariprofundus and unclassified Gallionellaceae), and acido-
philic (Acidihalobacter and unclassified Acidithiobacillaceae) taxa. Additionally, under
anoxic conditions, Acidihalobacter and unclassified Acidithiobacillaceae might couple
the oxidation of sulfur species with Fe(III) reduction. Abundant Fe(III) minerals could be
also reduced by neutrophilic Thermoanaerobaculum (family Thermoanaerobaculaceae),
Geobacter (family Geobacteraceae), and Geothrix (family Holophagaceae), acidophilic
Acidibacter, Acidobacterium, Acidiphilium, and unclassified Acetobacteraceae under anoxic
conditions. The comparative analysis of DNA- and RNA-based relative abundances of
Mariprofundus, Marinobacter, and Acidihalobacter indicated that these taxa were poten-
tially active in the Fe(II)-rich sediment ES4 and in the red goethite-containing plaques
retrieved from this layer. We also found that unclassified Acidithiobacillaceae was abundant
in the DNA-based microbial community. However, the RNA-based analysis demonstrated
that, at least in sediment ES4, this taxon was less abundant and potentially less active com-
pared to Acidihalobacter andMariprofundus (Fig. 5).

Analysis of DNA- and RNA-based relative abundances revealed distinct differences in the
Fe-cycling microbial communities of the middle course and the upper estuary. Considering
the RNA-based relative abundance as a potential indicator of microbial activity, we found
that at the Fe(III)-rich middle course, Acidithiobacillus and Leptospirillumwere the most abun-
dant and potentially active taxa in planktonic and particle-associated fractions. Conversely,
at the upper estuary, daily pH and Cl2 fluctuations, high salinity, comparatively low Fe(III),
and comparatively high Fe(II) contents likely contributed to the increase in RNA-based abun-
dance of Acidihalobacter. During high tide, we observed an increase of RNA-based relative
abundances of Marinobacter and Mariprofundus, which likely act as the main drivers of Fe(II)
oxidation at the upper estuary. Acidiphilium was identified as an Fe(III) reducer at both field
sites. Acidibacter and Acidobacterium (family Acidobacteriaceae), which dominated in the es-
tuary, probably do not play an important role in Fe(III) reduction due to the high content of
O2. Fe(II) oxidation at the middle course sediment was potentially predominantly performed
by acidophilic microorganisms, while at the upper estuary, Marinobacter and Mariprofundus
might also contribute to Fe(II) oxidation. Fe(III) reduction in the sediment of the upper estu-
ary might be performed by SRB that were abundant at the RNA-based level (Fig. 6). Thus,
our data suggest that Fe cycling in the estuarine sediment is not only driven by acidophilic
microorganisms but also by the typically neutrophilic Fe(II)-oxidizing Marinobacter,
Mariprofundus, and unclassified Gallionellaceae as well as by the neutrophilic Fe(III)-reducing
Thermoanaerobaculum, Geobacter, Geothrix, and SRB. The differences between the DNA- and
RNA-based 16S rRNA (gene) sequencing profiles of planktonic, particle-associated, and benthic
microbial communities indicated that complementary methodological approaches should be
applied to identify present and potentially active Fe-cycling microorganisms.
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Impact of microbially induced Fe redox transformations on the mobility of As,
Cr, Cd, and Pb at themiddle course and upper estuary of the Rio Tinto. The precipitation
of Fe(III) minerals at the cell surface might be accompanied by the coprecipitation of dis-
solved HMs, including As, Cr, Cd, and Pb, at the middle course of the river (13, 21, 85).
Produced cell-mineral aggregates with coprecipitated HMs could remain suspended in the
water column and therefore replenish the SPM pool. The SPM is transported to the upper
estuary by the longitudinal pathway (29). However, the progressive aggregation of SPM
leads to the formation of dense and heavy particles which settle to the riverbed and enrich
the sediment with Fe(III) minerals, coprecipitated HMs, organic matter, and living microor-
ganisms. At the sediment of the middle course, intensive aerobic respiration leads to the
depletion of O2 (86). The subsequent formation of microoxic or anoxic conditions favors an-
aerobic respiration, for example reduction of Fe(III) minerals coupled either to the oxidation
of organic matter by Acidiphilium and Acidibacter or to the oxidation of reduced sulfur com-
pounds by Acidithiobacillus and Acidiferrobacter (37, 87). Finally, the reductive dissolution of
Fe(III) minerals may lead to a partial recycling of Fe(II) to the water column and to the remo-
bilization of As, Pb, Cr, Cd and other HMs.

The fate of HMs at the upper estuary of the Rio Tinto is poorly understood, since
the processes affecting HM behavior are often difficult to separate. The effects of the
physicochemical processes occurring in the water column can overlap the effects of biologi-
cal activity or input of material from the underlying sediment (40, 88). Nevertheless, it is well
known that the inflow of seawater results in the precipitation of solutes predominantly as
sulfates, which can scavenge a large portion of the dissolved HMs, predominantly Cr and As
transported by the river water (13, 14, 20, 44, 58, 59). The formation of amorphous

FIG 6 Microbial taxa involved in Fe cycling at the middle course and the upper estuary of the Rio Tinto. Relative abundance (at the
genus level) of the live (potentially active; RNA-based) taxa predominant in planktonic (Pl), particle-associated (Pa), and benthic
fractions sampled at the middle course (MC) and at the upper estuary (ES) of the Rio Tinto during low tide (LT) and high tide (HT) in
June/July 2017. Relative abundances of Pl and Pa taxa at the middle course represent average values of relative abundances
identified over 2 days of sampling (created with BioRender.com).
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particulate matter that has a developed surface area could contribute to the removal of
other metals by absorption (e.g., Pb and Zn). This abiotic process likely removes a large por-
tion of HMs from the dissolved state. However, the immobilization of HMs can be also
induced by microbial Fe(II) oxidation and the subsequent precipitation of Fe(III) minerals in
acidic estuarine water. In these environments, the oxidizing part of the Fe cycle could be
operated by acidophilic and halotolerant Acidihalobacter (during low tide and high tide) or
even by marine neutrophilic Mariprofundus and Marinobacter (during high tide), which typi-
cally require microaerophilic conditions to outcompete abiotic Fe(II) oxidation.

Predominantly abiotic precipitation of HMs in the estuarine water would lead to a
progressive rise of the SPM-associated fraction of HMs (Fig. 2d). Therefore, the degree to
which HMs are transported in their particulate form, and how those particles behave, is an
important driver of their fate in the estuary (21, 59, 89). Part of the low-density particulate
matter will not settle out of the water column even over long periods of time because their
gravitational settling rate is less than their random displacement by the Brownian motion of
the surrounding water molecules (44). However, part of the immobilized HMs in the particu-
late matter could be removed from the water column by sedimentation into the upper sedi-
ment layer of the estuary. The subsequent reduction of Fe(III) minerals indirectly by SRB could
facilitate the retention of HMs in the form of sulfides or contribute to their immobilization
with Fe(II) sulfides (21, 90). In contrast, Fe(III)-reducing neutrophilic Thermoanaerobaculum,
Geobacter, and Geothrix could accelerate the reductive dissolution of Fe(III) minerals and diffu-
sion of mobilized HMs back to the water column.

Thus, the different hydrogeochemical environments formed at the middle course
and in the upper estuary of the Rio Tinto likely shape the composition of the Fe-cycling
microbial community and their activity in relation to Fe. In turn, redox transformation
of Fe directly affects the state and mobility of HMs such as, e.g., Cr, As, Cd, and Pb.

MATERIALS ANDMETHODS
Field sites and sampling procedure. Samples were collected from the Rio Tinto middle course

(near Berrocal village; 37.593727 N, 6.551104 W) and upper estuary (under the bridge in San Juan del Puerto;
37.311194 N, 6.822889 W) during the dry season (29 June 2017 to 02 July 2017) (Fig. 1a). River water was sampled
from a 30-cm depth in triplicate every 2 h for 2 days at the middle course and for 1 day at the upper estuary (Fig.
1b). During the sampling event directly in the field, 2 L of water at the middle course and 1 L at the upper estuary
were prefiltered with 0.45-mm-pore-size membrane filter (HAWG050S6; Merck). Filtered water (45 mL) was stabi-
lized with 5 mL of 10% HNO3 (for analysis; Merck) and stored in the dark at 4°C for the HM analysis. Filtered water
(50 mL) for quantification of anions was stored in the dark at 4°C prior to analysis. Representative samples of sedi-
ment were collected from the bank of the river at both sites and stored in tightly closed plastic containers in the
dark at room temperature until mineralogical and elemental analysis. Temperature, pH, salinity, and oxygen con-
tent of the water were determined in situ at both sites over 2 days at the middle course and during 1 day at the
upper estuary with 2-h intervals using a field multimeter (WTW; Multi 3430). The multimeter was equipped with a
pH electrode with a temperature sensor (WTW; SenTrix), a conductivity electrode (WTW; TetraCon92) and an O2

sensor (WTW; FDO925). The redox potential was determined using a pH meter (Mettler-Toledo; SG2) with Pt and
Ag/AgCl electrodes. We used PCA to assess the variability of hydrochemical parameters at the middle and at the
upper estuary. The hydrochemical data are available in Table 1. PCA was performed using hydrogeochemical pa-
rameters with correlation coefficients calculated using R, version 3.6.2, in the tidyr package (91).

For the collection of planktonic and particle-associated biomass samples, we separately collected triplicate
samples of river water (2 L each) (Fig. 1b). The river water was collected twice at the middle course (29 June
2017, 16:00, and 30 June 2017, 16:00) and twice at the upper estuary during low (02 July 2017, 0:00) and high
(02 July 2017, 6:00) tides. Then, water samples were filtered through 8-mm (SCWP04700; Merck) and 0.22-mm
(GSWG047S6; Merck) mixed-cellulose-ester (MCE) filters directly on site. All filters were placed in sterile 2-mL
centrifuge tubes and stored immediately at220°C for later DNA and RNA extraction. For sampling benthic bio-
mass, we retrieved duplicate sediment cores and collected three sediment layers from the depth 0.0 to 0.5 cm
(MC1), 0.5 to 1.0 cm (MC2), and 1.0 to 1.5 cm (MC3) at the middle course. At the upper estuary, we collected
duplicate samples of sediment from the following depths: 0.0 to 1.5 cm (ES1), 1.5 to 3.0 cm (ES2), 3.0 to 4.5 cm
(ES3), and 4.5 to 6.0 cm (ES4) of the littoral zone during low tide. In addition, we specifically sampled red pla-
ques (ES-RP), which are especially abundant in the sulfidic part of the ES4 (Fig. 1b). All sediment samples were
placed in sterile 15-mL centrifuge tubes and stored immediately at220°C for DNA and RNA extraction.

DNA and RNA extraction, DNA digestion, reverse transcription, amplification, and sequencing.
Total DNA and RNA were extracted separately from 8-mm (particle-associated) and 0.22-mm (plank-
tonic) membrane filters (triplicate samples for each time point) and sediment samples (duplicate sam-
ples for each layer) as described by Lueders et al. (92). Aliquots of DNA and RNA coextracts (5 ml) were
used for DNA digestion with the Ambion Turbo DNA-free kit, as directed by the manufacturer (Life
Technologies, Carlsbad, CA, USA). Afterward, reverse transcription reactions were performed using a
reverse transcriptase (SuperScript III) to generate cDNA, as described by the manufacturer. The 16S
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rRNA (gene) (DNA and cDNA) was amplified using primers 515F and 806R targeting the V4 region (93).
Subsequent library preparation steps (Nextera, Illumina) and 250-bp paired-end sequencing with
MiSeq (Illumina, San Diego, CA, USA) using v2 chemistry were performed by Microsynth AG
(Switzerland), and between 55,862 and 170,160 read pairs (average, 114,928 read pairs) were obtained
for each sample in two separate sequencing runs on the same MiSeq machine. Quality control, recon-
struction of 16S rRNA (gene) sequences, and taxonomic annotation was performed with nf-core/ampli-
seq v1.1.0 (10.5281/zenodo.2244493) (94, 95) with Nextflow v20.10.0 (96) and singularity v3.4.2 (97).
Data from the two sequencing runs were treated initially separately by the pipeline using the option
“–multipleSequencingRuns,” and ASV tables were merged. Primers were trimmed and untrimmed
sequences were discarded (,4%) with Cutadapt v1.16 (98). Adapter and primer-free sequences were
imported into QIIME2 v2018.06 (99), their quality was checked with demux (https://github.com/
qiime2/q2-demux), and they were processed with DADA2 (100) to remove PhiX contamination, trim
reads (before median quality drops below 35, that is, forward 181 and reverse 163), correct errors,
merge read pairs, and remove PCR chimeras; ultimately, 3,497 amplicon sequencing variants (ASVs)
were obtained across all samples. Alpha rarefaction curves were produced with the QIIME2 diversity
alpha-rarefaction plug-in, which indicated that the richness of the samples had been fully observed.
Rarefaction curves can be found in the Fig.S7 and S8. A naive Bayes classifier was fitted with 16S rRNA
gene sequences extracted with the PCR primer sequences from the QIIME-compatible, 99% identity-clus-
tered SILVA v132 database (101). ASVs were classified by taxon using the fitted classifier (102). One hundred nine
ASVs classified as chloroplasts or mitochondria were removed with on average 21% (0% to 95%) relative abun-
dance per sample, and the remaining 3,388 ASVs with 6,107 to 139,201 (average 78,635) counts per sample had
their abundances extracted by feature-table (103).

Statistical analysis. Statistical analyses were performed in R 4.1.0 using function p.adjust.
Differences in the obtained results of DNA- and RNA-based relative abundances of planktonic (triplicate
samples), particle-associated (triplicate samples), and benthic (duplicate samples) microbial taxa were
evaluated using the Kruskal-Wallis test (52) with Benjamini-Hochberg correction (53).

Elemental analysis of liquid samples. The concentration of HMs in the river water (filtered with a
0.45-mm-pore-size syringe filter and stabilized with HNO3) was analyzed with inductively coupled
plasma-optical emission spectrometry (ICP-OES) (Spectroblue TI; Ametek). Dissolved Fe(II) and total Fe in
river water were quantified by the ferrozine assay using a spectrophotometric plate reader (FlashScan
550; Analytic, Jena, Germany) (104). For calculation of Fe(III), the concentration of Fe(II) was subtracted
from the total Fe concentration. Dissolved anions (NO3

2, Cl2, PO4
32, and SO4

22) in the water samples
were quantified using a Dionex DX-120 ion chromatograph (Thermo, USA).

Geochemical modeling of the precipitation event occurring in the upper estuary. The saturation
indices (SIs) were calculated using the modeling program PHREEQC and the WATEQ4F thermodynamic
database. The hydrochemical characteristics of river water determined in the middle course and sea-
water characteristics determined in a previous study (105) were used as input parameters (Table S5).
Based on this, seawater was calculated to account for 83% and 34% of estuarine water at high and low
tide, respectively. The calculation of the mixing ratio of river and seawater was published earlier (21).

Elemental analysis of SPM. Closed microwave digestion was performed in a microwave system
(Anton Paar Ltd. mod. multiwave GOMicrowave digestion system). For analysis, each membrane filter was placed
in a modified polytetrafluoroethylene (PTFE-TFM) digestion vessel. To each digestion vessel, 7.5 mL 37% HCl and
2.5 mL 65% HNO3 were added. Two blank vessels without samples but with equal volumes of HCl and HNO3

were also prepared for each digesting run. The following temperature gradient parameters were applied: step 1,
ramping for 20 min to a maximum of 175°C (8.75°C/min); step 2, holding for 30 min at 175°C; and step 3, ventila-
tion for 20 min to 50°C. After digestion, samples were adjusted to 50 mL with Milli-Q H2O and stored in the dark
prior to analysis. The content of HMs in the digests of SPM was analyzed with ICP-OES (Spectroblue TI; Ametek).

Mineralogical analysis of sediment samples. The red plaques (ES-RP) identified in the sediment
ES4 at the upper estuary were retrieved, dried at room temperature, cleaned, and ground in a mor-
tar. The resulting powder was analyzed on a 2D microdiffractometer (D8 Discover with GADDS [gen-
eral area detector diffraction system], m-XRD; Bruker AXS GmbH, Karlsruhe, Germany), using a cobalt
anode tube as the X-ray source with a Co-KA wavelength of 1.79030 Å and a 2D detector with a 40°
angle cover (VÅNTEC-500; Bruker AXS GmbH, Karlsruhe, Germany). The sample was not rotated, and
the reflection patterns were collected for 120 s per angle setting. Reflection pattern analysis and
mineral identification were caried out using the Match! program for phase identification from pow-
der diffraction (Match!; Crystal Impact, Bonn, Germany).

Data availability. Raw sequencing data have been deposited at the Sequencing Read Archive (SRA)
under BioProject accession number PRJNA699454 (https://www.ncbi.nlm.nih.gov/bioproject/). Included
were two previously published samples, SRR9028811 and SRR9028812 of PRJNA541861, used here for the
calculation of the average value of relative abundance for DNA-based planktonic and particle-associated
fractions (Fig. 3), which were filtered (0.22mm and 8mm, respectively) from the middle-course stream water
of the Rio Tinto on 30 July 2017 (21).
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