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Summary

In Arctic regions, glaciers are major sources of iron to rivers and streams; however, estuaries 

are considered iron sinks due to the coagulation and flocculation processes that occur at higher 

salinities. It is unknown how iron dynamics in a glacial influenced river and estuary environment 

affect microbial mechanisms for iron acquisition. Microbial taxonomic and functional sequencing 

was performed on samples taken throughout the year from the Kenai River and the estuary, 

Alaska. Despite distinct iron, sodium, and other nutrient concentrations, the river and estuary 

did not have statistically different microbial communities nor was time of sampling significant. 

However, ferrous iron transport (Feo) system genes were more abundant in river environments, 

while siderophore genes were more abundant and diverse in estuary environments. Siderophore 

transport and iron storage genes were found in all samples, but gene abundance and distribution 

were potentially influenced by physical drivers such as discharge rates and nutrient distributions. 

Differences in iron metabolism between river and estuary ecosystems indicate environmental 

conditions drive microbial mechanisms to sequester iron. This could have implications for iron 

transport as the Arctic continues to warm.
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Microbial taxonomic and functional sequencing was performed on samples taken throughout the 

year from a glacial influenced river and the estuary in Alaska. Ferrous iron transport (Feo) system 

genes were more abundant in river environments, while siderophore genes were more abundant 

and diverse in estuary environments. Differences in iron metabolism between river and estuary 

ecosystems indicate environmental conditions drives microbial mechanisms to sequester iron.
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Introduction

In high-latitude regions, glaciers and ice sheets are major sources of nutrients to oceans, 

rivers, and other bodies of water (Markussen et al., 2016; Laufer-Meiser et al., 2021). 

Deglaciation can alter downstream bodies of water changing biogeochemical, physical, and 

biological properties (van den Broeke et al., 2016). Alaskan water systems, such as the 

Gulf of Alaska, are especially susceptible to deglaciation with 47% of freshwater discharge 

coming from glaciers and icefields (Neal et al., 2010). Potential disturbances on aquatic 

biogeochemical cycling in Alaska could have catastrophic effects to aquatic food chains. 

Iron is one such element that can be significantly affected by deglaciation since glacial 

runoff is a main source of iron to downstream waters (Bhatia et al., 2013; Dierssen et al., 

2002; Reisdorph and Mathis, 2015).
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All living organisms require iron for various metabolic processes such as amino acid 

synthesis, nucleic acid synthesis, the citric acid cycle, and many others (Messenger and 

Barclay, 1983; Sandy and Butler, 2009). Most rivers, both glaciated and non-glaciated, have 

been found to have high concentrations of dissolved iron (ferrous and ferric) and are major 

sources of iron to oceans (Pokrovsky and Schott, 2002; Klunder et al., 2012; Li et al., 2019; 

Tashiro et al., 2020). Previous studies determined that dissolved iron in rivers is likely mixed 

iron oxide-organic matter colloids that are stabilized by dissolved organic matter, which 

prevents iron colloids from aggregating and coagulating (Pokrovsky and Schott, 2002). 

However, once rivers mix with saltwater environments, the negative charged iron colloids 

interact with seawater cations and form insoluble precipitates (Eckert and Sholkovitz, 1976; 

Boyle et al., 1977). Flocculation in estuaries then causes the iron to sink into the sediment 

and become less bioavailable for organisms (Markussen et al., 2016). Typically, less than 

15% of the total iron within estuaries is in the bioavailable dissolved ferrous form (Schroth 

et al., 2014).

Microorganisms have several mechanisms to obtain iron. For example, some microbes 

sequester iron with a ferrous iron transport (Feo) system that allows soluble ferrous iron 

to freely diffuse through the cell membrane (Lau et al., 2016; Sestok et al., 2018). While 

some use intracellular proteins called ferritins to oxidized excessive ferrous iron (that can be 

potentially toxic) thus allowing it to be removed or stored as bioavailable ferric iron (Smith, 

2004). However, when iron is in an insoluble form, microorganisms can obtain iron through 

organic ligands such as siderophores (Hunter and Boyd, 2007; Gledhill and Buck, 2012). 

Siderophores are low molecular weight chelators and could play a role in increasing iron 

solubility in aquatic ecosystems (Boyd et al., 2010; Gledhill and Buck, 2012; Yarimizu et 

al., 2014). For example, most iron (III) is bound to organic ligands in the ocean (Liu and 

Millero, 2002) and siderophores were found to play a role in supplying bioavailable iron 

in a creek that interacted with anoxic groundwater (Duckworth et al., 2009). Siderophores 

must enter cells through outer membrane receptors specific to the siderophore (Andrews 

et al., 2003; Wandersman and Delepelaire, 2004). The Exb gene family is a group of 

three outer membrane proteins, TonB, ExbB, and ExbD that transport siderophores into the 

periplasmic space (Andrews et al., 2003; Faraldo-Gómez and Sansom, 2003; Wandersman 

and Delepelaire, 2004). The Exb gene family is commonly referred to as the TonB complex 

and is the only known system for transporting siderophores in Gram-negative bacteria, and 

therefore is an indicator for siderophore uptake (Garber et al., 2020; Faraldo-Gómex and 

Sansom, 2003; Caza and Kronstad, 2013).

Siderophore production has been shown to be influenced by environmental conditions 

(Gärdes et al., 2013; Saha et al., 2016). One study showed vibrioferrin gene (pvsB) 

decreased with depth in the ocean while aerobactin (iucC) and petrobactin (asbE) increased 

(Gärdes et al., 2013). The results suggested sunlight might influence siderophore gene 

abundance. Studies have identified bacteria that produce photoactive siderophores such 

as vibrioferrin make up 1-9% of bacterial populations in the surface ocean (Saha et al., 

2016). These vibrioferrin producing organisms also likely form mutualistic relationships 

with phytoplankton where bacteria provide photochemically reduced iron in exchange for 

algae metabolites (Saha et al., 2016). Environmental factors such as sunlight can influence 
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microbial siderophore production; however, it is unknown which of these factors connect to 

potential shifts in iron acquisition between fresh and saltwater ecosystems.

The knowledge of what environmental factors influence iron-related gene distributions 

can greatly aid in understanding estuary and aquatic processes that ultimately deliver 

bioavailable iron to the ocean. This study seeks to determine the differences in iron 

related genes and associated taxonomy between fresh and saltwater environments, and to 

identify spatial, temporal, and physico-chemical influences on microbial siderophore gene 

abundance and distribution within river and estuary environments.

Experimental Procedures

Kenai River site description and sampling

The Kenai River, the longest river on the Kenai Peninsula, is primarily glacial fed and 

empties into the Cook Inlet of the Gulf of Alaska. Sampling was conducted in October 

2019 and in 2020 when the estuary was frozen (February), when the ice broke up (May), 

and in summer (August). At each time point, four samples were collected along the Kenai 

River Estuary (KE) at Kenai Beach, Alaska (60.550185, −151.262079) during high tide 

(Fig. 1) and two samples were collected in Cooper Landing (CL), Alaska (60.491982, 

−149.810386). The CL samples are upstream of KE (Fig. 1). At each site about 1L of water 

was filtered through a 0.22 μm pore-sized filter. A total of four filters were collected at each 

site and 50 mL of surface sediment. All collected samples were stored on dry ice during the 

return to the laboratory. A total of 24 water samples and 18 sediment samples were collected 

as sediment was not collected in October 2019. Water filters and sediment were stored at 

−80°C until DNA extraction.

Physico-chemical analysis

Temperature and pH were measured in-situ with a YSI meter. Water was collected at each 

site and filtered through 0.22 μm pore-sized filters and stored at 4°C. Ion chromatography 

(IC) was used to identify major ions at the University of Idaho Analytical Sciences for 2019 

samples and University of Georgia Center for Applied Isotope Studies laboratories for 2020 

samples. Another set of filtered water samples were stored with 1% nitric acid then analyzed 

at the above laboratories for trace metals with inductively coupled plasma mass spectrometry 

(ICP-MS).

16S rRNA gene sequencing and bioinformatic analysis

DNA was extracted from water filters and sediment using DNeasy PowerWater and 

PowerLyzer Soil kits from Qiagen following the manufacturer’s protocol (Qiagen, Valencia, 

CA, USA). Microbial community composition was analyzed by amplifying the 16S rRNA 

gene sequences in triplicate from extracted DNA of sediment and water samples. Primers 

515F and 806R with Golay barcodes were used to target the V4 conserved region (Caporaso 

et al., 2011). Triplicate PCR products were verified using gel electrophoresis, combined, and 

purified using AMPure XP beads. Samples were multiplexed and sequenced using Illumina 

MiSeq Platform using the 300 cycle MiSeq Reagent kit V2 at the Advanced Instrumentation 

for Microbiome Studies (AIMS) core facility. Raw sequences from Illumina were processed 
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using QIIME2 (Bolyen et al., 2019). Sequences were demultiplexed, quality filtered (Phred 

score of 20), and denoised using DADA2 (Callahan et al., 2016). Amplicon sequence 

variants (ASVs) were assigned taxonomy with the feature-classifier (Bokulich, 2018) using 

the Silva 138 reference database (Quast et al., 2013).

Further processing to ensure high-quality sequence data was performed in R (Version 4.0.4) 

(Team, 2016). Samples were rarified to 9,500 total reads and samples with less were 

removed from further analyses. ASVs that had less than five reads were also removed. 

An outlier analysis was also performed using the interquartile range method in the outliers 

package in R and any sample that was more than 2 standard deviations from the mean was 

removed (Komsta, 2022).

Metagenomic gene sequencing and bioinformatic analysis

Metagenomic sequencing was performed on water samples collected throughout 2020. The 

October 2019 samples did not yield enough DNA for metagenomic analysis. Extracted DNA 

from the filtered water was fragmented by the Covaris ultra-sonicator, shearing to 500 bp 

and size checked with an Agilent TapeStation. DNA was then ligated and multiplexed with 

the Ovation Ultralow Library System V2 (Tecan, CA). Final products were quantified using 

Qubit and Agilent TapeStation. Using Illumina MiSeq Platform at AIMS, samples were 

sequenced using the 600 cycle MiSeq Reagent kit V3. Multiplexing of four to six samples at 

a time were run to produce about 2 GB of data per sample.

Illumina raw reads were checked with FastQC (Andrews, 2010) and quality controlled 

using Trimmomatic (Bolger et al., 2014). Sequenced data were merged and assembled into 

longer contigs using MetaSPAdes (Nurk et al., 2017). Prodigal (Hyatt et al., 2010) was 

used to detect genes and transcribe them to proteins after assembly. The proteins were 

annotated with DIAMOND (Buchfink et al., 2015). MEGAN was used to visualize both 

taxonomic and functional results (Huson et al., 2007). Annotations were mapped to the 

SEED (Overbeek et al., 2014) database for functional annotation in MEGAN (Huson et al., 

2007).

Metagenomic assemblies were also processed using FeGenie (Garber et al., 2020) to identify 

iron related genes. FeGenie uses Hidden Markov Models (HMM) to find iron acquisition, 

iron gene regulation, iron oxidation and reduction, iron storage, and magnetosome-related 

gene categories (Garber et al., 2020). The percentage of each iron gene abundance was 

calculated by the number of genes detected divided by total reads for each sample.

Metagenome Assembled Genomes

Assembled metagenomic contigs were binned using MetaBAT2 (Kang et al., 2019) and 

quality filtered to 75% completeness and 10% contamination thresholds using CheckM 

(Parks et al., 2015). MAGs were classified with Genome Taxonomy Database (GTDB-

Tk v2) (Chaumeil et al., 2022) and annotated with Rapid Annotation using Subsystem 

Technology (RASTtk) (Aziz et al., 2008; Brettin et al., 2015).
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Vibrioferrin (pvsB) gene quantification

To determine if photoreactive siderophores such as Vibrioferrin were quantifiable and 

potentially missed with the sequencing depth, the vibrioferrin biosynthesis gene (pvsB) 

was targeted. Extracted DNA from water and sediment samples were amplified in triplicate 

for the pvsB siderophore gene using real-time qPCR. Primers previously developed to 

target potential bacterial-algal mutualism in Marinobacter species (marpvsB) and all other 

non-Marinobacter species (vibXpvsB) were used as previously described (Gärdes et al., 

2013). Marinobacter hydrocarbonoclasticus ATCC 49840 (Gauthier et al., 1992) and Vibrio 
parahaemolyticus ATCC 17802D-5 (Sakazaki et al., 1963; Fujino et al., 1974) were used 

as standards for the corresponding vibrioferrin primer to calculate corresponding copy 

numbers. Samples out of range from the standards were removed from analysis.

Statistical Analysis

Principal coordinate analysis (PCoA) with a Bray-Curtis dissimilarity matrix was performed 

with the vegan-package and ggplot2 (Dixon, 2003; Wickham, H., 2016; Andersen et al., 

2018). Multiple response permutation procedure (MRPP) was conducted to test significant 

differences between groups of samples using Vegan (version 2.4-2) (Dixon, 2003). Indicator 

taxa analysis based on location of sample (KE or CL) or groups defined in the PCoA plot 

was performed with the vegan package. Taxa was considered a significant indicator if the 

p-value was less than 0.05 and indicator value was above 0.9. Iron related genes, physico-

chemical data, and vibrioferrin gene copy number were analyzed using an ANOVA test and 

checked with Tukey multiple pairwise-comparisons with the ggpubr package (Kassambara, 

A, 2020). A p-value less than 0.05 was considered significant. All figures were created using 

R (Version 4.0.4) (Team, 2016).

Results

Physico-chemical properties

Significant differences in physico-chemical properties between KE and CL were found. KE 

samples had significantly more total iron and sodium than CL samples (Table 1). Anions 

(chloride, nitrate, and sulfate) were significantly higher in KE samples. While other anions 

bromide, fluoride, and phosphate showed no significant difference between locations. Other 

nutrients including calcium, potassium, magnesium, molybdenum, and vanadium were also 

elevated in KE samples. Temperature and pH showed no significant difference between KE 

and CL.

Samples collected in February at KE contained the lowest iron concentration (0.17 mg/L) 

with the highest sodium concentration (6615 mg/L) (Table 1). Iron concentrations increased 

in May (1.15 mg/L) and then decreased throughout summer in August (0.74 mg/L). CL 

samples had the lowest average iron and sodium concentrations compared to samples 

collected in KE, however similar temporal shifts were observed in CL samples. February 

CL samples contained the lowest iron concentrations (0.10 mg/L) that increased in May 

(0.28 mg/L) and decreased slightly but not significantly throughout summer in August (0.26 

mg/L).
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Microbial community structure

Gene sequencing of the 16S rRNA gene produced 7,152,113 sequences from 42 samples. 

After rarefying, 26 samples including water and sediment remained with 7,131,303 

sequences. There was a total of 25,533 ASVs that were assigned to a total of 74 

phyla which included over 10 candidate phyla. An average of 2,858 ASVs were 

detected at each site. The bacterial phylum Proteobacteria (41.9%) including Alpha- 

(19.9%), Gamma- (79.9%), and Zeta- (<1%) were the largest percentage of bacterial 

sequences for all sites (Fig. 2). The next most abundant phyla were Bacteroidota 

(16.6%), Actinobacteriota (7.4%), and Verrucomicrobiota (5.8%). KE samples contained 

higher relative abundance of Proteobacteria (33.7%), Bacteridota (18.2%), Actinobacteriota 

(7.3%), and Verrucomicrobiota (6.5%) than CL samples. This differed from CL samples 

which had higher relative abundance of Firmicutes (10.3%), Planctomycetota (6.5%), and 

Acidobacteriota (3.5%) (Fig. 2).

October samples had slightly higher relative abundance of Actinobacteriota (7.8%) and 

Verrucomicrobiota (7.4%) than other months. Both phyla decreased in February, resulting 

in February having the lowest Verrucomicrobiota abundance (4.2%). February samples 

contained the highest relative abundance of Proteobacteria (37.6%) then decreased to a 

low of 26.4% in May. February also contained the overall lowest amount of Cyanobacteria 

(1.8%). May samples showed an increase in Firmicutes (7.8%), almost three times more 

compared to other sampling months. The samples taken in August had higher Proteobacteria 

(30.7%), Bacteroidota (18.5%), and Actinobacteriota (7.6%) compared to May. August 

samples also contained the overall highest abundance of Cyanobacteria (7.8%).

The PCoA plot had three distinct groups but there was no statistically significant 

correlation with physico-chemical measurements. In addition, both time and location were 

not significantly different based on MRPP results (Fig. 3). However, most of February 

samples were clustered in Group 1, most of August samples were in Group 2, and most of 

October samples were in Group 3. May samples were spread across all groups. Indicator 

taxa analysis identified taxa that were predominantly found within each group. Indicator 

genera for Group 1 were Woeseia and Nitrosopumilus. Three other unclassified genera 

within the Kangiellaceae and Rhodobacteraceae families and an unclassified genus within 

the Gammaproteobacteria class were also predominantly only found in Group 1. Group 2 

contained the genera Planktophila and Bradymonadales as well as unclassified genera in 

the families Sporichtyaceae, Comamonadaceae, and an unclassified Actinobacteria. Group 

3 contained the genera Geobacter, Terrimonas, Desulfoporsinus, and an unclassified genus 

in the Microbacteriaceae family. No significant indicator taxa was detected when comparing 

KE to CL.

FeGenie detected gene families

Over 38 million metagenomic reads were obtained after trimming and quality filtering. After 

assembly, the 18 water samples from 2020 had an average N50 score of 413 with a range 

from 403 to 535 and a total of 1,057,665 sequences. Prodigal detected a total of 2,716,040 

proteins. Of those proteins, FeGenie detected a total of 190 iron-related genes from iron 

acquisition (67.4%), iron storage (30.5%), iron oxidation (1.6%), and iron gene regulation 
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(0.5%) categories (Fig. 4A). One sample (collected from KE in May) did not have any iron 

genes detected and was removed from further analysis. FeGenie detected genes fluctuated 

based on month and location of sample. CL samples contained the highest abundance of 

total iron related genes with the most detected in May (Fig. 4A).

Within the iron acquisition category, siderophore transport (60%) and iron (II)/(III) transport 

(7.4%) were the only two detected. The most abundant protein families detected within 

siderophore transport were ExbB (40.5%) and ExbD (42.2%). These proteins play a role in 

the TonB complex and transport siderophores across gram negative bacteria membranes. 

There was no significant difference between CL and KE siderophore transport gene 

abundance (Fig. 4C). However, siderophore transport gene abundance increased throughout 

the year in CL samples, while KE samples slightly decreased throughout the year (Fig. 

4C). The decrease resulted in the lowest abundance of siderophore transport genes of the 

KE samples in August which also contained the lowest abundance of total iron genes (Fig. 

4A,C).

Within iron transport, 71.4% of genes belonged to the ferrous iron transport (Feo) system. 

Iron (II)/(III) transport genes were highest in February in CL and decreased to the lowest 

abundance in August (Fig. 4B). Iron transport genes in KE was only detected in February. 

Although slight but not significant differences between samples were observed.

The second most abundant iron related genes detected were iron storage and were found 

in all samples. KE samples contained a higher abundance of iron storage genes compared 

to CL samples (Fig. 4A). Samples taken in May contained the highest abundance of iron 

storage genes for both KE and CL. The lowest abundance of iron storage genes for KE and 

CL were February and August, respectively (Fig. 4D).

Siderophore synthesis genes

FeGenie contains limited HMM for siderophore synthesis therefore SEED was used to 

further annotate. Annotations based on SEED database had 1105 iron acquisition and 

metabolism genes from all water samples. Of the total genes detected 257 belonged to 

the siderophore category making up 23.3% of detected genes. A total of nine siderophore 

gene types were detected, with the most abundant being mycobactin (27.9%), pyoverdine 

(20.5%), and vibrioferrin (19.3%) (Fig. 5).

Siderophore synthesis genes were detected in both CL and KE samples. CL samples 

had the lowest abundance and diversity of siderophore synthesis genes. Of the nine 

siderophore synthesis genes, only five were detected in CL samples (Fig. 5). In KE 

samples, siderophore synthesis gene abundance and diversity increased and contained all 

nine detected siderophores.

Siderophore synthesis gene abundance and diversity also differed by month of sampling. 

February CL contained the lowest abundance of siderophore synthesis genes from all 

samples. May KE samples contained the lowest abundance and diversity of siderophore 

synthesis genes and the highest total iron concentration of the KE samples (Fig. 5). August 

KE contained the highest abundance and diversity of all samples, containing seven of the 
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nine siderophores (Fig. 5). August CL had the highest abundance of siderophore genes while 

May CL had the highest diversity of the CL samples.

Vibrioferrin gene detection and quantification

Vibrioferrin gene copies were found in all sediment and water samples. Marinobacter spp. 

and Vibrio spp. specific primers detected vibXpvsB and marpvsB gene copy numbers 

in both surface water and sediment DNA samples. February CL water samples had 

significantly more vibXpvsB gene copy numbers compared to the other water samples 

(Fig. 6A). May KE had significantly lower vibXpvsB gene copy numbers in both water 

and sediment samples (Fig. 6 A,B). No significant differences between water samples were 

found between marpvsB gene copies (Fig. 6C). However, sediment samples did contain 

differences between samples. August CL samples contained significantly higher marpvsB 
gene copies while May KE contained significantly lower compared to sediment samples 

(Fig. 6D).

Metagenome Assembled Genomes (MAGs)

KE water surface samples had 16,222 input contigs with 12,856 being binned. There were 

31 bins detected with six remaining after filtering (Table 2). All the MAGs except one 

were in the bacteria domain while the other was an archaea in the Thermoproteota phyla. 

The bacterial MAGs all belonged to the Proteobacteria phyla including Gamma- (80%) 

and Alpha- (20%) aligning with other taxonomic results (Fig. 2). Ferrous iron transporters 

(Feo) and ferric siderophore transport system genes were found in half of the KE bins. A 

Gammaproteobacteria Rheinheimer sp. (KE Bin028) contained ferric siderophore transport 

system genes and no Feo genes. While an Alphaproteobacteria Brevundiimonas sp. (KE 

Bin016) contained Feo genes and no siderophore transport genes.

CL water surface samples had 13,145 input contigs with 10,699 being binned. There were 

34 bins detected with 7 remaining after filtering (Table 2). One of the seven MAGs 

was in the archaea domain within the Thermoproteota phyla. The other six MAGs were 

within the domain bacteria including Chloroflexota, Actinobacteriota, Planctomycetota, and 

Proteobacteria. Most of the CL bins contained iron metabolism genes for ferrous iron 

transporters. While less than half of the CL bins had ferric siderophore transport system 

genes. CL Bin028 (Gammaproteobacteria: Polynucleobacter sp.) was the only CL bin that 

had ferric siderophore transporters and no ferrous iron transporters.

Discussion

Iron is a critical cofactor for many metabolic processes and in Arctic regions iron availability 

can be dependent on glacial processes. In particular, river systems influenced by glacial 

retreat can have significantly altered iron transport dynamics. Modeled and long-term 

monitoring of sediment transport from retreating glaciers shows an increase of sediment 

discharge as the glaciers retreat due to more exposed weathered rock (Delaney et al., 2020; 

Koppes et al., 2015). This sediment can have high concentrations of iron (Hopwood et 

al., 2014; Li et al., 2019). In freshwater ecosystems, organisms typically use bioavailable 

ferrous iron to meet metabolic needs. However, most iron is lost when rivers connect 
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with saltwater in many estuaries (Schroth et al., 2014; Zhang et al., 2015). For example, 

despite increased sediment discharge in a Greenlandic fjord, iron export did not increase 

suggesting that in-fjord processes were still effective at removing iron (Hopwood 2016). 

Decreased iron solubility caused by estuary mixing processes may cause microorganisms to 

produce siderophores, a possible evolutionary advantage in environments where associated 

cations facilitate iron loss through aggregation and flocculation (Vraspir and Butler, 2009; 

Hider and Kong, 2010; Saha et al., 2016). Most siderophores have been identified across 

the world’s ocean, including the North Pacific however, little is known about siderophores 

in Alaskan tributaries such as river and estuary ecosystems (Gärdes et al., 2013; Chen 

et al., 2019; Bundy et al., 2018). The connection between iron transport and microbial 

produced siderophores is not constrained in high-latitude regions that are experiencing 

rapid glacial retreat. This project identified iron related genes and associated taxonomy in 

river and estuary ecosystems. Results from this study identified key spatial, temporal, and 

environmental parameters that could influence siderophore gene abundance, distribution, 

and diversity. This information is key in understanding global warming effects on iron 

biogeochemistry.

Microbial taxonomic diversity

Incremental changes between microbial communities could contribute to differences 

in nutrients and iron related genes. Proteobacteria including Pseudomonas and Vibrio, 

Cyanobium within Cyanobacteria, Micrococcus within Actinobacteria, and Bacteroidota 

were more abundant in KE samples (Fig. 2). These microbes have previously been identified 

as siderophore producing microorganisms (Debeljak et al., 2019; Hopkinson and Morel 

2009). The increase in siderophore synthesis gene abundance and diversity in KE samples 

could be associated with the increase in known siderophore producing microbes. Previous 

studies have also found Pseudomonas, Vibrio, and Micrococcus were slightly halophilic 

having salt tolerance of 2 to 5% (Surendran et al., 1983). All these organisms were found 

more abundant in KE samples than CL samples. CL samples contained a higher abundance 

of Bacillus within the Firmicutes phylum (Fig. 2). In addition to increases in Firmicutes, 

CL samples contained the highest abundance of the siderophore bacillibactin genes (Fig. 

5). This catecholic siderophore has been identified as a component to iron acquisition in 

Bacillus subtilis and Bacillus cereus (May et al., 2001; Segond et al., 2014; Mengjie Zhou et 

al., 2018). Acknowledging that the short V3 region of the 16S rRNA gene did not allow for 

taxonomic assignment to the species level and there are species level differences, indicator 

taxa identified in Group 1 and Group 3 have close relatives that are known to produce 

siderophores. For example, in Group 1 there are microbes within the Rhodobacteraceae that 

are known to produce siderophores that may encourage epiphytic lifestyles with macroalgae 

(Dogs et al., 2017). Also, in Group 1 the genera Nitrosopumilus has species such as 

maritimus that can’t make siderophores but can uptake the siderophore desferrioxamine 

(Shafiee et al., 2019). In Group 3 species within the genera Geobacter, Terrimonas and the 

family microbacteriaceae all have been shown to produce siderophores (Kumari et al, 2020; 

Corretto et al., 2020; Holmén et al, 1999). Indicator taxa within Group 2 is unknown if they 

produce or transport siderophores; however, one of them, Bradymonadales, is a bacterial 

predator and likely doesn’t produce siderophores (Mu et al., 2020). Microbial community 
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composition seems to contribute to iron related genes, physio-chemical properties, and 

siderophore gene abundance and diversity in both fresh and saltwater.

The most abundant phyla detected within the microbial communities and MAGs, 

was Proteobacteria with Gammaproteobacteria being the most abundant class. 

Gammaproteobacteria have shown dominance of TonB ferric siderophore uptake systems 

for catecholate, hydroxamate, and citrate siderophores compared to Flavobacteria, 

Alphaproteobacteria, and Cyanobacteria (Fig. 2, Table 2) (Hopkinson and Barbeau 2012; 

Desai et al., 2012). One detected Gammaproteobacteria, Colwellia, has previously been 

found highly abundant in environments with iron limiting conditions (Mason et al., 2014). 

Colwellia species lack genes for siderophore synthesis but do contain siderophore transport 

mechanisms giving them the ability to uptake siderophores produced by other microbes 

(Mason et al., 2014). Colwellia was identified in KE samples (KE Bin012) and had an 

indicator value of 0.7 (p <0.05) for Group 1. This MAG contained ferric siderophore 

transport system genes (Table 2). Other Proteobacteria such as Escherichia coli, possess 

transport systems for hydroxamate exogenous siderophores, not typically produced by this 

bacterium (Hider and Kong, 2010). Another phylum, Cyanobacteria, were found in all 

samples with August having the highest abundance (Fig. 2). Some Cyanobacteria can 

produce hydroxamate siderophores (Jiang et al., 2015; Řezanka et al., 2018; Årstøl and 

Hohmann-Marriott, 2019). Synechocystis sp. PCC 6803 is a cyanobacterium that cannot 

produce siderophores, however, was found to have three ExbB-ExbD clusters indicating 

a potential evolutionary advantage to maintaining siderophore transport systems (Jiang et 

al., 2015). Gram-negative bacteria seem to maintain siderophore transport systems for iron 

acquisition. The presence of siderophore transport systems with the absence of siderophore 

production genes in these MAGs implies potential microbial relationships in obtaining iron. 

A few microorganisms could have the ability to produce siderophores that others nearby can 

uptake with siderophore transport genes. This would also be energy efficient for surrounding 

microorganisms to not waste materials and energy to produce siderophores.

Iron acquisition genes

Data showed potential shifts in iron acquisition genes between environments with low and 

high sodium. Iron acquisition in these two aquatic environments relies on two different 

strategies: iron transport using the Feo system and siderophores depending on the form of 

iron (Vraspir and Butler, 2009; Lau et al., 2016; Sestok et al., 2018; Chen et al., 2019). 

The Feo system is thought to be conserved in many species and is dedicated to ferrous iron 

transport (Lau et al., 2016; Sestok et al., 2018). Samples with low sodium concentrations 

taken in freshwater environments (CL) all contained iron transport genes with the most 

abundant being the Feo system (Fig. 4B). The CL samples containing Feo system genes 

contained low siderophore genes compared to KE samples (Fig. 5). Additionally, more 

of the CL MAGs contained ferrous iron transport genes compared to ferric siderophore 

transport genes (Table 2). It is possible ferrous iron is more available in CL freshwater 

environments which could contribute to the higher abundance of iron transport genes. While 

the reverse was shown in KE samples where more siderophore genes were present in 

samples lacking iron transport genes. Studies have found the Feo uptake system is a distinct 

pathway from ferric iron uptake and is important for uptake when ferrous iron is bioavailable 
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(Andrews et al., 2003; Cartron et al., 2006). The abundance of Feo genes in freshwater 

samples and absence in saltwater could represent potential metabolic switches. As sodium 

increases in KE samples, iron becomes less soluble, forcing microorganisms to rely on 

siderophores. Differences in iron acquisition genes between river and estuary systems could 

imply sodium concentrations and associated ions influence how microbes acquire iron in 

aquatic environments.

Siderophore diversity and distribution

Although iron transport genes were higher in environments with lower sodium, siderophore 

and transport genes were found in all samples regardless of sodium concentrations (Fig. 4). 

Siderophores cannot diffuse through cell porins thus need to enter through outer membrane 

receptors (Andrews et al., 2003; Wandersman and Delepelaire, 2004). The Exb gene family 

(commonly referred to as the TonB complex) is composed of three proteins TonB, ExbB, 

and ExbD found in the cytoplasmic membrane (Wandersman and Delepelaire, 2004). TonB 

uses a proton-motive force to activate surface receptor proteins on the outer membrane 

(Faraldo-Gómez and Sansom, 2003). Siderophores bound to iron (III) are moved across the 

inner membrane into the cytoplasm with an ABC transporter (Noinaj et al., 2010). The ferric 

iron is then reduced to ferrous iron for use by the cell (Noinaj et al., 2010). Outer membrane 

transporters can vary based on the microorganism and the siderophore being received. 

Microorganisms living in aquatic environments likely have evolved multiple siderophore 

iron acquisition gene clusters and gram-negative bacteria maintained TonB complexes in 

response to iron needs (Noinaj et al., 2010; Thode et al., 2018).

Iron concentrations and siderophore genes were lowest in February while iron transport 

genes were the highest. When the estuary was frozen Kenai River experienced a low 

discharge rate (~711 ft3/s) and lower temperature (U.S. Geological Survey, 2020). The low 

discharge is most likely contributing to the low iron concentration since glacial runoff is 

often a significant source of iron to waters (Bhatia et al., 2013). February was the only time 

that iron transport genes were detected in KE samples (Fig. 4B). In addition to increases in 

iron transport genes, Zetaproteobacteria were identified in February and May samples which 

also contained iron oxidation genes (Fig. 4A). Zetaproteobacteria are marine iron oxidizing 

bacterium that play a role in iron cycling (Makita et al., 2017; McAllister et al., 2019). Iron 

concentrations in estuaries have previously been influenced by salinity, temperature, pH, and 

many other physico-chemical properties but can also be influenced by biotic interactions 

such as iron oxidizing bacteria (Daneshvar, 2015). It is also possible that under these low 

discharge and temperature conditions iron could be in a soluble ferrous form (Tashiro et al., 

2020; Morita et al., 2017).

Seasonal impact on iron storage genes

Iron storage genes relating to ferritin like domains were found in all samples and highest in 

May and KE samples (Fig. 4D). May had the highest iron concentrations and Kenai River 

experienced an increase in discharge rates from February (~711 ft3/s) to May (~3,450 ft3/s) 

(U.S. Geological Survey, 2020). The increased temperature in May caused ice break up, 

increased flow, and presumably transport of more nutrients to the estuary (Prowse, 1993; 

Prowse and Beltaos, 2002). This also explains May samples spread across all three groups in 
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the PCoA plot showing the microbial community is similar to all other months of sampling 

(Fig. 3). Excessive amounts of iron can be toxic to bacterial cells. Ferritins or ferritin-like 

compounds are often used to remove excess ferrous ions from the cytoplasm (Smith, 2004). 

Excessive ferrous iron is oxidized by ferritins (intracellular proteins) and stored away from 

cellular processes as non-toxic, bioavailable ferric iron (Smith, 2004). The increase in iron 

concentration in May likely caused an increase in microorganisms that have more ferritin 

genes to combat excessive iron influxes caused by increases in discharge rates. Ferritins also 

function to store the iron to be used at a later time when iron availability becomes limited 

(Briat, 1992; Smith, 2004). The function of ferritins could also explain why iron storage 

genes were higher in estuary (KE) environments compared to freshwater (CL). Estuary 

environments experience rapid flocculation of iron requiring microbes to store iron when it 

is available.

Seasonal influence on siderophores

The increase in discharge rate in May could also explain the changes in vibrioferrin gene 

copies. May KE samples containing the highest total iron concentration had significantly 

lower vibrioferrin gene copies in sediment and water samples (Fig. 6 A,B,D). The increase 

in iron concentrations may indicate microorganisms did not need siderophores such as 

vibrioferrin to sequester iron. Seasonal discharge rate fluctuations and temperatures can alter 

nutrient availability causing microorganisms to need multiple iron related genes.

Siderophore gene abundance and diversity is likely influenced by changes in sunlight in 

estuary environments. Light is often a driving factor in aquatic nutrient cycles (Lueder et al. 

2020). Alaska experiences increases in daylight during summer months and is presumably 

contributing to the increase in siderophores. Siderophore gene abundance and diversity 

was highest in August, during summer when Alaska experiences more light, compared to 

February and May (Fig. 5). Photolysis, the breakdown of molecules by light, has been 

shown to affect siderophore iron complex groups specifically containing α- or β- hydroxy 

carboxylate functional groups (Barbeau et al., 2002; Amin et al., 2009). Vibrioferrin and 

petrobactin, both containing α-hydroxy carboxylic acid groups were only detected in August 

in the metagenomes. However, qPCR, which is more sensitive and provides more accurate 

quantifications, detected vibrioferrin in all samples. These siderophores have shown light 

sensitivity when complexed with Fe (III) (Barbeau et al., 2002; Amin et al., 2009). When 

exposed to sunlight the siderophore-iron complex undergoes decarboxylation, reduction of 

Fe(III), and release of Fe(II) (Amin et al., 2009; Chen et al., 2019). The new photolytic 

Fe(II) can be oxidized to Fe(III), biologically taken up, or oxidized by another ligand 

(Barbeau et al., 2001). Light and siderophores both play a role in the marine iron cycle 

providing soluble iron to many organisms.

Biotic relationships between bacteria and phytoplankton are potentially contributing to 

siderophore production and influencing iron cycling in estuaries. Most phytoplankton do 

not produce siderophores but require high amounts of iron (Hopkinson and Morel, 2009; 

Hider and Kong, 2010). The low solubility of iron in estuaries could limit the amount of 

iron phytoplankton can sequester and since phytoplankton are typically primary producers in 

aquatic food chains, limited iron could pose a potential problem. Phytoplankton productivity 
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and ocean biomass have previously been controlled by iron limitation in summer (Martin 

et al., 1994; Behrenfeld, 1999; Boyd et al., 2000). As shown photochemical reactivity of 

iron-siderophore complexes contributes Fe(II) to marine ecosystems. Bacterial photoreactive 

siderophores such as vibrioferrin can provide iron to phytoplankton in exchange for organic 

molecules used for growth (Amin et al., 2009). Vibrioferrin gene (marpvsB) copies relating 

to Marinobacter spp. that are often associated in-algal relationships were found in all water 

and sediment samples (Fig. 6 C,D). August KE water samples contained the highest of 

these vibroferrin genes further suggesting biotic relationships between microorganisms are 

essential for iron acquisition.

Vibrioferrin was one of the most abundant siderophore genes detected. Although vibrioferrin 

was highly abundant, it is considered one of the weakest iron chelators of known marine 

siderophores since it lacks the six donor groups required for the preferred octahedral 

coordination with Fe(III) (Amin et al., 2009; Hider and Kong, 2010; Lueder et al., 

2020). However, since vibrioferrin contains two α-hydroxy acid groups, it is exceptionally 

susceptible to photolysis. Studies have found vibrioferrin has a higher rate of photolysis 

compared to other photoreactive siderophores such as petrobactin (Amin et al., 2009). 

This photosensitive siderophore could be favorable in high-light environments since it is 

readily reduced by light producing bioavailable iron (Amin et al., 2009). For example, in 

exchange for photoreduced iron, diatoms have been shown to provide Marinobacter with 

organic carbon (Amin et al., 2009; Amin et al., 2012). Siderophore production also seems 

to be influenced by biotic interactions that benefit microbial communities. Environmental 

conditions such as sunlight provide an adaptive advantage to iron sequestration through 

microbial siderophores.

Siderophore genes were most abundant and diverse in estuary environments with higher 

sodium concentrations compared to the lower sodium river environments. All KE samples 

containing higher sodium concentrations contained siderophore genes emphasizing the 

potential need to increase iron solubility as sodium concentrations increase (Fig. 5). The 

estuary (KE) environment containing higher sodium concentrations also had significantly 

higher iron concentrations (p<0.05). Identifying siderophore gene expression levels in future 

work will help clarify if higher siderophore genes found in estuary environments could lead 

to higher iron concentrations. More organisms producing siderophores could result in less 

iron flocculation and higher concentrations since the strongest ligand complexes have been 

found to be resistant to flocculation (Bundy et al., 2015). Bioavailable iron rather than total 

iron is likely driving this process, however data regarding bioavailable iron is lacking and 

needs to be investigated.

Iron related genes specifically siderophore genes can have significant implications 

for Alaska food chains. Photoreactive siderophores produced by bacteria such as 

vibrioferrin likely provide soluble Fe(II) to primary producers in exchange for metabolites. 

Environmental conditions seem to be influencing siderophore genes and play a role in 

aquatic iron cycling. Since >99% of dissolved iron in oceans is bound to organic ligands, 

results suggest that siderophores in an estuary may facility iron transport to the oceans 

(Gledhill and Buck 2012). This project has provided a better understanding of iron dynamics 
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in an Alaskan river and estuary. Future projects should investigate bioavailable iron and 

active gene expression of siderophores in estuaries.

Conclusions

Microbial community composition and associated iron related genes within a glacial 

influenced estuary and river are critical missing pieces in iron biogeochemistry. This study 

determined that microbial iron acquisition gene abundance, distribution, and diversity were 

distinct between freshwater river and estuary environments. Microbes in freshwater systems 

mainly use Feo system genes. However, microbes in estuary systems rely on siderophores 

to obtain needed iron. This is likely due to iron lost because of flocculation that occurs 

in the presence of sodium cations in estuary systems. Siderophore transport genes were 

abundant in all samples, indicating these genes might be conserved and used in biotic 

interactions regardless if the microbe inhabits estuary or river environments. Temporal 

and environmental influences including sunlight, discharge rate, and temperature were 

determined to correlate to iron cycling genes in Alaskan estuaries and river systems. 

Understanding iron dynamics in estuaries offers insight into key water ecosystems, 

organismal adaptation to nutrient limitation, and changes in biogeochemical cycling 

influenced by glacial systems.
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Figure 1. 
Map of sample locations (indicated by stars) on the Kenai Peninsula in southcentral Alaska. 

Lower left box is Kenai Estuary (KE) at Kenai Beach, Alaska (60.550185, - 151.262079) 

and lower right box is Cooper Landing (CL), Alaska (60.491982, - 149.810386).
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Figure 2. 
Percent abundance of phyla detected from 16S rRNA gene sequencing. Samples shown are 

location of sampling; Cooper Landing (CL) and Kenai Estuary (KE) and month of sampling; 

October, February, May, and August. (A) Water samples (B) Sediment samples.
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Figure 3. 
Principal coordinate analysis (PCoA) plot of the surface water and sediment microbial 

community structure of the Kenai River. Colors indicate month of sampling collection. 

Shapes indicate the type of sample; sediment or water.
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Figure 4. 
The abundance of FeGenie detected iron genes from metagenomic water samples collected 

during 2020. The percentage of each sample was out of the total sequences after trimming 

and quality filtering. Samples shown are location of sampling; Cooper Landing (CL) 

and Kenai Estuary (KE) and month of sampling; February, May, and August. (ns = not 

significant) (A) Iron gene category percent abundance for each sample. (B) Iron acquisition: 

Iron transport gene abundance. (C) Iron acquisition: Siderophore transport gene abundance. 

(D) Iron storage gene abundance.
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Figure 5. 
Siderophore gene abundance for each sample annotated with the SEED database. Samples 

shown are location of sampling; Cooper Landing (CL) and Kenai Estuary (KE) and month 

of sampling; February, May, and August.
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Figure 6. 
Vibrioferrin (pvsB) gene copy number detected in each sample. Asterisk (*) indicates 

significant p-value. The number of asterisks represent smaller p-values (*0.05, **0.01). 

(A) vibXpvsB gene detected in water samples. (B) vibXpvsB gene copy number detected in 

sediment samples. (C) marpvsB gene copy number detected in water samples. (D) marpvsB 

gene copy number detected in sediment samples.
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