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Abstract

Siderophores are microbially-produced ferric iron chelators. They are essential for microbial survival, but their pres-
ence and function for cave microorganisms have not been extensively studied. Siderophores are classified based on
the common functional groups (catechols, hydroxamates, carboxylates, and mixed) that coordinate to ferric (Fe®*) iron.
Cave environments are nutrient-limited and previous evidence suggests siderophore usage in carbonate caves. We
hypothesize that siderophores are likely used as a mechanism in caves to obtain critical ferric iron. Cave bacteria were
collected from long-term parent cultures (LT PC) or short-term parent cultures (ST PC) inoculated with ferromanganese
deposits (FMD) and carbonate secondary minerals from Lechuguilla and Spider caves in Carlsbad Caverns National
Park, NM. LT PC were incubated for 10-11 years to identify potential chemolithoheterotrophic cultures able to survive
in nutrient-limited conditions. ST PC were incubated for 1-3 days to identify a broader diversity of cave isolates. A total
of 170 LT and ST cultures, 18 pure and 152 mixed, were collected and used to classify siderophore production and
type and to identify siderophore producers. Siderophore production was slow to develop (>10 days) in LT cultures with
a greater number of weak siderophore producers in comparison to the ST cultures that produced siderophores in <10
days, with a majority of strong siderophore producers. Overall, 64% of the total cultures were siderophore producers,
with the majority producing hydroxamate siderophores. Siderophore producers were classified into Profeobacteria
(Alpha-, Beta-, or Gamma-), Actinobacteria, Bacteroidetes, and Firmicutes phyla using 16S rRNA gene sequencing.
Our study supports our hypothesis that cave bacteria have the capability to produce siderophores in the subsurface to
obtain critical ferric iron.

INTRODUCTION

The semi-arid caves in the Guadalupe Mountains, considered to be extreme environments for life, are excellent
examples of aphotic and oligotrophic (low nutrients) carbonate cave systems (Northup and Lavoie, 2001). Despite
resource limitations due to oligotrophic conditions, biodiversity is rich in the bacterial and archaeal domains and the
fungal kingdom in cave environments (Tomczyk-Zak and Zielenkiewicz, 2016). Along with adapting to oligotrophic
conditions, microorganisms in carbonate cave systems need mechanisms to acquire essential soluble ferrous iron.
Ferric (Fe®") iron is more available then ferrous (Fe?*) iron in Carlsbad Caverns National Park (CCNP) caves and can
be hundreds to thousands of times more available in enriched FMDs in comparison to underlying bedrock (Northup et
al., 2003; Spilde et al., 2005). Microorganisms deal with the limited availability of soluble ferrous (Fe?*) iron by producing
siderophores that break down insoluble ferric oxide-containing compounds to acquire essential soluble ferrous iron.

Siderophores are a unique class of small molecules that chelate and provide access to insoluble ferric (Fe®*) iron
with high binding affinity from their environments (Dave et al., 2006; Chu et al., 2010; Hider and Kong, 2010; Ahmed
and Holmstrém, 2014). Siderophores are classified based on the common functional groups (catechols, hydroxamates,
carboxylates, and mixed) that coordinate to ferric (Fe®**) iron (Sandy and Butler, 2009; Khan et al., 2018). Bacteria, ar-
chaea, and fungi produce and excrete siderophores in response to low intracellular iron levels (Dave et al., 2006; Chu et
al., 2010; Ahmed and Holmstrém, 2014). Siderophores secreted into the environment can be used either by individual
bacteria and fungi, or shared and competed for by multiple organisms in a community (i.e., microbial consortia) (Glick,
2003; Chu et al., 2010; Hider and Kong, 2010; Ahmed and Holmstrém, 2014). Because siderophores are valuable in
acquiring and processing insoluble ferric (Fe®*) iron, individual or mixed culture microorganisms are predicted to use
siderophores in an oligotrophic environment.

Siderophore production by isolated bacteria has been shown in several low nutrient oligotrophic (<2 mg/L total
organic carbon (Barton and Jurado, 2007)) environments, such as the open ocean (Mawiji et al., 2008; Boiteau et al.,
2016; Velasquez et al., 2016; Bundy et al., 2018), cloud water (Vinatier et al., 2016), oligotrophic lakes (Sorichetti et al.,
2014), cold deserts (Yadav et al., 2015), and recently, in a few carbonate caves (Hershey et al., 2014; Venkadesaperum-
al etal., 2014; Qin et al., 2017). Siderophores were shown to be produced by Pseudochrobactrum kiredjianiae strain A4
that was isolated from Karaulnaya-2 Cave, Russia (Qin et al., 2017) and by seven isolates collected from Mud Volcano
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and Lime Cave, Baratang Island, India (Venkadesaperumal et al., 2014). Siderophore production was also detected
from Lechuguilla Cave bacterial isolates in New Mexico (Hershey et al., 2014). The relative lack of information about
isolates or mixed culture microorganisms that produce and use siderophores in oligotrophic caves, therefore, provides
a rich area for discovery.

Caves in semi-arid areas have no phototrophy and any products of phototrophy are limited to what can filter down
from surface soils. For example, drip water (seepage water) from within Lechuguilla Cave has shown that a limited
amount of organic carbon is entering through this infiltration (Levy, 2007). In addition, Lechuguilla and Spider Caves,
two semi-arid oligotrophic caves in CCNP, NM, also provide a variety of excellent microbial habitats, including wet car-
bonate secondary mineral deposit surfaces (Hill and Forti, 1997) and ferromanganese deposits (FMDs) (Northup et al.,
2000; Spilde et al., 2005). FMDs, classified by color, were documented to have high iron oxide levels in red orange/red
brown (8.18-30.30 wt %), chocolate brown (17.07-23.79 wt %), and black (10.66-17.07 wt %) FMDs relative to bedrock
(0.01-0.03 wt %) (Northup et al., 2003; Spilde et al., 2005). FMDs with documented high ferric iron levels relevant to
bedrock could be good sources of ferric iron that would require the use of siderophores by microorganisms in these
microenvironments.

We hypothesized that cave bacteria would possess the ability to produce siderophores to acquire ferric iron to pro-
cess for critical ferrous iron needed for cellular processes. Supporting our hypothesis, we found that siderophores were
produced by cultured bacteria from cave deposits in Lechuguilla and Spider Caves. To our knowledge, this siderophore
study is also the first to identify cave mixed bacterial cultures that have the ability to produce siderophores.

MATERIALS AND METHODS

Cave Site Description and Sampling

We sampled from two caves, Spider Cave and Lechuguilla Cave, CCNP (Fig. 1A). Spider and Lechuguilla Caves
have relatively stable air temperatures of 17.0-18.4 °C (Spider) and ~19-20 °C (Lechuguilla), and a relative humidity
of 99-100 % once you reach the deep cave zone (Northup et al., 2003). Both caves are oligotrophic. Brusseau et al.
(2019) characterizes the unsaturated subsurface vadose zone as having a very low organic carbon content, usually
less than 0.1 %, or <2 mg/L total organic carbon (Barton and Jurado, 2007). Spider Cave has <0.104 % organic carbon
in the deposits that have the most biodiversity (i.e., Ferromanganese deposits) and punk rock (Northup et al 2003).
Several pool water samples from Lechuguilla had dissolved organic carbon measurements of less than 1 mg/L, except
for one that was 1.7 mg/L (Levy 2007).

Both caves are formed in the Permian Reef Complex, a moderately dissected, gently tilted plateau of reef to back-
reef strata above the Guadalupe Escarpment (Hayes, 1964; Palmer and Palmer, 2009). Spider Cave is located within
dolomite bedded back-reef strata, has 9.8 km of mapped passage, and a maximum depth below the surface of 42.4
m (Gulden, 2019). Lechuguilla Cave, in contrast, is located in both the calcite to dolomite massive reef and bedded
back-reef strata, has 222.6 km of mapped passage, and a maximum depth below the surface of 489 m (Gulden, 2019).
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survival in media with inorganic and minimal organic energy sources. Therefore, LT cultures would likely be cultures of
chemolithoheterotrophic bacteria able to utilize inorganic chemicals for their energy and rely on organic chemicals for
their carbon sources and possibly energy from the cave walls and secondary deposits. LT parent cultures, LT PC-1 to
LT PC-4, were inoculated with yellow FMD (Spider Cave), brown and orange FMD (Lechuguilla Cave), and punk rock
(Lechuguilla Cave) (Table 1). Punk rock is a zone of soft altered bedrock (Hill, 1987). The representative colors of fer-
romanganese deposits are shown in Figure 1B.

Table 1. Long-term (LT) parent cultures, sample location and type, and total subcultured bacterial cultures (n=80).

No. of cultures
collected
from subculture

Parent Parent Parent

Culture No. Cultures Parent Media Cave Sample type R2A®= R2A* AIA** Total
LT PCA1 011505-14 Reduced Mn-supplement Spider Yellow FMD 21 14 5 40
LT PC-2 Fe+C'011101-72 Reduced Fe-supplement  Lechuguilla® Brown and Orange FMD 5 0 13
LT PC-3 Mn+P_,011101-63  Reduced Mn-supplement  Lechuguilla® Punk Rock 6 6 2 14
LT PC-4 Mn—C_011101-48  Reduced Mn-supplement  Lechuguilla®  Brown and Orange FMD 4 3 13

Subculture media: *FeCl, added

°MnCO, added

°EA sample site in Lechuguilla Cave.

Parent sample types: Ferromanganese deposit (FMD).

Parent cultures descriptions: Fe+ has iron tack and cofactors, Mn+ has cofactors, Mn— contains no cofactors, P_is a2 X 10" dilution of white punk rock with brown flecks sample, C'is a 2
X 1072 dilution of FMD sample, and C_is 2 X 10" dilution of FMD.

To collect cave deposits for inoculation of potential chemolithoheterotrophic LT parent cultures, sterile loops were
used to collect cave samples that were stabbed into parent screw-cap test tubes (16mm diameter, 100 mm length) filled
with sterile basal medium and taken to the lab in the dark. Test tube agars all consisted of the following basal medium
(per liter): 0.5 g NaCl, 0.5g CaCO,, 0.5g MgSO,,7H,0, 0.75g K,HPO,, 0.25g NaH,PO,, 0.1g KNO,, 4g Bacto agar (con-
tains linear polysaccharide agarose and heterogenous agaropectin), and sterile Milli-Q H,O. This basal medium was
enriched with reduced manganese (Mn) for LT PC-1, LT PC-3, and LT PC-4, and enriched with reduced iron (Fe) for LT
PC-2 (Table 1) to represent cave conditions and as a possible energy source. For Mn supplements, 0.02 g/L of MnClI,
was added and for iron supplements, one sterile reduced iron carpet tack was added to the bottom of the test tube.

To promote the selection of potential chemolithoheterotrophic cave bacterial cultures capable of LT survival in media
with inorganic energy sources, LT parent cultures were incubated for years in the cave, lab, or both. Additional in-cave
incubation parameters were tested using were lightly sealed test tubes placed in a container on the ground in an area
remote from the travel trails in the dark zone. The Spider Cave LT PC-1 was incubated in the cave for six years and
subsequently transferred to a lab incubator and incubated for five additional years (20 °C, dark, and no added humidity)
(Table S1). Lechuguilla Cave LT PC-2 to LT PC-4 were incubated in the cave for one to three days, transferred to lab
incubator (20 °C, dark, and no added humidity), and incubated for 10 years (Table S1).

Subculture of LT Bacterial Cultures

Eighty cultures collected from LT parent cultures are shown in Table 1. LT bacterial cultures were subcultured
from LT PC-1 to LT PC-4 by collection at three depths from each LT parent culture using a sterile loop and aseptically
streaked onto three isolation media that contained carbon: R2A+FeCl,, R2ZA+MnCO,, and AlA+FeCl,+MnCO, agar
plates targeting potential chemolithoheterotrophs and heterotrophs. The Reasoner’s 2A agar medium (R2A, Difco,
Sparks, Md.) and Actinomycetes Isolation Agar (AIA, Difco, Sparks, Md.) were made according to manufacturer’s in-
structions. For added supplements, 0.01 FeCl, g/L and 0.1 MnCO, g/L were added to the media and autoclaved. The
inoculated agar plates were incubated at 20 °C (no added humidity and in the dark) and individual bacterial colonies
were collected upon first appearance four to 25 days (Table S1). The bacterial colonies were streaked once again for
individual colonies and 20 % glycerol stocks were prepared with R2B Medium (R2B, Millipore Sigma, Burlington, Mass.,
same as R2A with no agar) for long-term preservation at —80 °C.

Isolation of ST Parent Cultures

Five different media types were utilized with ST cultures to cultivate a broader diversity of cave bacterial cultures
with chemoheterotrophic metabolic capabilities to complement LT cultures. ST PC-5 to ST PC-44 were inoculated with
FMD (gray, brown, red, yellow), carbonate speleothem, and wet carbonate cave deposits collected from Lechuguilla
Cave (Table 2).

To collect cave deposits for inoculation of ST parent cultures, a sterile BD polyester fiber tipped application swab
(Falcon) moistened with sterile Ringer’s solution pH 7.3-7.4 (Inglis, 2008) was used to collect cave deposits followed by
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Table 2. Short-term (ST) parent cultures from Lechuguilla Cave, sample location and type, and total subcultured bacterial

cultures (n = 90).

Parent Total No.
Location Parent Culture No. Cultures Parent Sample Type Parent Media Cultures
EA Junction ST PC-5 L120303-22 Grey FMD % R2A + rock flour 3
ST PC-6 L120303-32 Grey FMD BG11 3
ST PC-7 L120303-52 Grey FMD AlA 3
ST PC-8 L120303-6 Brown FMD % R2A 3
ST PC-9 L120303-102 Brown FMD AlA 3
ST PC-10 L120303-122 Carbonate speleothem ¥ R2A + rock flour 3
ST PC-11 L120303-142 Carbonate speleothem AIA + nystatin 3
ST PC-12 L120303-172 Yellow FMD Y2 R2A + rock flour 3
ST PC-13 L120303-182 Yellow FMD BG11 3
ST PC-14 L120303-20° Yellow FMD AlA 3
Lake Chandelar ST PC-15 L120303-21 Wet Carbonate %2 R2A 2
ST PC-16 L120303-22 Wet Carbonate Y% R2A + rock flour 2
ST PC-17 L120303-28 Wet Carbonate BG11 2
ST PC-18 L120303-30 Wet Carbonate AlA 2
ST PC-19 L120303-32 Wet Carbonate Y2 R2A + rock flour 2
ST PC-20 L120303-35 Wet Carbonate AlA 2
ST PC-21 L120303-36 Carbonate speleothem? %2 R2A 2
ST PC-22 L120303-37 Carbonate speleothem? % R2A + rock flour 2
ST PC-23 L120303-38 Carbonate speleothem? BG11 2
ST PC-24 L120303-40 Carbonate speleothem? AIA 2
Tower Place ST PC-25 L120304-41 Wet Carbonate % R2A 2
ST PC-26 L120304-43 Wet Carbonate BG11 2
ST PC-27 L120304-47 Wet Carbonate Y% R2A + rock flour 2
ST PC-28 L120304-48 Wet Carbonate BG11 2
ST PC-29 L120304-49 Wet Carbonate AIA + nystatin 2
ST PC-30 L120304-52 Red FMD %% R2A + rock flour 2
ST PC-31 L120304-53 Red FMD BG11 2
ST PC-32 L120304-55 Red FMD AlA 2
ST PC-33 L120304-57 Wet Carbonate 2 R2A + rock flour 2
ST PC-34 L120304-58 Wet Carbonate BG11 2
Briny Pool ST PC-35 L120305-81 Carbonate speleothem %2 R2A + rock flour 2
ST PC-36 L120305-82 Carbonate speleothem BG11 2
ST PC-37 L120305-84 Carbonate speleothem AlA 2
ST PC-38 L120305-85 Carbonate speleothem %2 R2A 2
ST PC-39 L120305-87 Carbonate speleothem BG11 2
ST PC-40 L120305-88 Carbonate speleothem AIA + nystatin 2
ST PC-41 L120305-89 Carbonate speleothem AIA 2
ST PC-42 L120305-91 Carbonate speleothem 2 R2A + rock flour 2
ST PC-43 L120305-94 Carbonate speleothem AIA 2
ST PC-44 L120305-95 Carbonate speleothem %2 R2A 2

2Dusting of soil.

Media-Reasoner’s 2A medium (R2A), BG11 (Atlas, 2004), and Actinomycetes Isolation Agar (AIA).
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streaking onto five types of sterile parent agar media (Table 2). Parent media types, all containing organic carbon, were
made as follows (per liter): %2 Reasoner’s 2A medium (R2A), Y2 R2A with 5 g rock flour (Lower Guadalupe Mountains
surface limestone that was pulverized in a rock crusher and autoclaved), BG11 (Atlas, 2004), Actinomycetes Isolation
Agar (AlA), and AlA with nystatin 0.072 mg/mL (Sigma-Aldrich, St. Louis, Mo.). These media target oligotrophic (V2
R2A), bacteria adapted to Guadalupe Mountains caves (rock flour), and Actinobacteria (AlA).

To enhance the growth of a broad diversity of cave bacterial cultures, ST PC-5 to ST PC-44 were incubated in the
cave for 1-3 days initially to give cave-adapted bacteria a head start under conditions to which they are adapted, fol-
lowed by further growth time in the lab. Plates were incubated in the cave 1 to 3 days and transported in a cooler to a
lab incubator (20 °C, dark, and no added humidity) for 23 days before subculturing (Table S1). Both pure (one organism)
and mixed (2 or more organisms) cultures of siderophore producers were confirmed with sequencing.

Subculture of ST Bacterial Cultures

Ninety cultures were collected from ST parent cultures (Table 2). ST bacterial cultures were subcultured by collect-
ing cells from ST parent cultures, ST PC-5 to ST PC-44, using a sterile loop and aseptically streaking onto 2 R2A agar
plates, targeting oligotrophs. The inoculated %2 R2A agar plates were incubated in the lab at 20 °C (no added humidity
and in the dark) and subsequent individual bacterial colonies were collected upon first appearance within a period of
two to seven days (Table S1). The individual bacterial colonies were streaked once again for isolated colonies and 20
% glycerol stock were prepared with 2 R2B Medium for long-term preservation at —80 °C. Both pure (one organism)
and mixed (two or more organisms) cultures of siderophore producers were confirmed with sequencing.

Iron-limiting Growth of LT and ST Bacterial Cultures

For iron-limiting growth conditions, a three-step process was completed. First, bacterial cultures were streaked from
20 % glycerol freezer stocks onto sterile isolation subculture media and incubated at 20 °C (no added humidity and in
the dark) for four days (Table S1). Second, a heavy streak of the bacterial culture was transferred aseptically to modi-
fied ISP4 agar with Fe (Lee et al., 2012) and grown at 20 °C (no added humidity and in the dark) for seven days. ISP4
medium was developed for detection of siderophores produced by soil Actinobacteria. Modified ISP4 agar plates with
Fe contained (per liter): 4 g/L soluble starch, 0.3 g/L casein, 2 g/L KNO,, 0.5 g/L MgSO,7H,0, 0.02 g/L CaCQ,, 0.01
g/L FeSO,-7H,O and 25 g/L agar. Lastly, for subsequent Fe-depletion, the bacterial cultures were then transferred to
iron-limiting ISP4 media that was modified by removal of FeSO,-7H,O and casein and addition of 1g/L of yeast extract
and incubated at 20 °C (no added humidity and in the dark) for seven days (Table S1).

Siderophore-induction of LT and ST Bacterial Cultures

All cultures were screened with the Chrome Azurol S (CAS) assay then further tested for specific siderophores.
Iron-limiting growth conditions were used to induce siderophore production and iron-starved bacterial cultures were plat-
ed on sterile CAS agar plates. CAS siderophore indicator plates =
were prepared as previously described (Schwyn and Neilands,
1987). Bacterial cultures were examined over time from the day
of plating to the first day of halo. A CAS-color (blue) change to
purple, described in the traditional CAS assay, indicated pro-
duction of catechol-type siderophores. A CAS-color change to
orange indicated hydroxamate siderophore production, while
CAS-color change to completely clear probably indicated car-
boxylate siderophores (Pérez-Miranda et al., 2007; Sullivan et
al., 2012). Negative siderophore production was monitored for
approximately an additional month to verify no halo CAS-color
change appearance surrounding the bacterial colonies. Repre-
sentative phenotypes of CAS positive detection were catego-
rized as siderophore-strong (>2mm zone of CAS-color change),
-weak (<2mm zone of CAS-color change), -none (no CAS-color
change), or no growth of isolate (Fig. 2). None \ . ~

Arnow’s and FeCIs assays_ (Arnow, 1937; Neilands, 1981) Figure 2. Chrome Azurol S (CAS) phenotypes showing vary-
were used to test for production of catecholate- and hydrox- ing production of siderophores by Fe-depleted cave cul-
amate-type siderophores, respectively, according to protocols tures. Siderophore production is shown by the presence of
detailed in Lee et al., (2012). The bacterial cultures were ex- color change around growth on CAS agar (arrows). Moving

. R s . clockwise from top left: No growth (NG), Strong production

posed to iron-limiting conditions listed above and subsequently

el ) . (>2mm), weak production (<2mm), and no production (None).
transferred to 2 mL of liquid ISP4 with no added iron for 53 days. Numbers indicate cave culture identification number.
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Two mL of inoculated medium were centrifuged for 20 min at 13K rpm and the supernatant collected for Arnow’s and
FeCl, assays. Catecholate (6 pg/mL) and hydroxamate, Desferrioxamine B (1mM), were used as positive controls in
Arnow’s and FeCl, assays, respectively. Milli-Q water was used as a negative control for both assays. A positive result
for Arnow’s assay was a color change to pink and a negative result remained colorless. Positive results for FeCl, assays
were color changes to dark red (1ImM Desferrioxamine B), orange (trihydroxamate), or pink (dihydroxamate) (Lee et al.,
2012). Broad spectra (250-700 nm in 50 nm increments) were measured for positive and weak positive results of FeCl,
assay using a Biomate 3 Spectrometer (Thermo Spectronic, Houston, TX, USA). 1mM Desferrioxamine B had a A,
at 500 nm. Hydroxamate positives had a A, greater than 0.260; weak hydroxamate positives were between 0.1 and
0.260; and hydroxamate negatives were less than 0.1.

16S rRNA Gene Sequencing

DNA was extracted from siderophore-positive pure and mixed cultures and purified using the MoBio UltraClean Mi-
crobial DNA Isolation Kit (MoBio, Carlsbad, CA). The pure or mixed pool 16S rRNA gene was amplified with universal
primers 46F (5'- GCYTAAYACATGCAAGTCG-3’) and 1409R (5-GTGACGGGCRGTGTGTRCAA-3’) bacterial primers
(1362 BP) (Northup et al., 2010). Reactions were carried out in a 25 uL volume with 10X PCR buffer with 15 mM Mg?*,
0.3 pM of each primer, 0.25 mM of each dNTPs, 5 pg of 50 mg/mL BSA (Ambion Austin, TX, USA) and 1U Ampli-Taq
LD (Applied Biosystems, Foster City, CA, USA). PCR reactions were performed with an MJ thermocycler with the pro-
gram, 94 °C for 5 min, 30 cycles at 94 °C for 30 s, 55.5 °C for 30 s, 72°C for 1.5 min and final extension at 72 °C for 7
min. Amplicons were purified using MoBio PCR Clean Up Kit (MoBio, Carlsbad, Calif.) and cloned using the TOPO TA
Cloning kit (Invitrogen, Carlsbad, Calif.).

The 16S rRNA genes of all pure cultures and twelve clones from each mixed culture, randomly selected by coin flip,
were sequenced with BigDye 1.1 using the T3 or T7 for the sense direction of the 16S rRNA gene. Sequencing was
performed with the ABI Prism 3130 Automated DNA Sequencer at UNM-Molecular Biology Facility, Albuquerque, NM
and an ABI Prism 3730xI Automated DNA Sequencer when sequenced at GENEWIZ Genomics, Danvers, Mass.

Phylogenetic Analysis

A total of 1102 16S rRNA gene sequences were analyzed for siderophore-strong and siderophore-weak, respec-
tively (Table S2). Using Sequencer 5.1 (Gene Codes Corp., Ann Arbor, Mich.), ambiguous portions were trimmed to
a minimum of 500 BP and edited. Chimeras were identified with QIIME v.1.9.1 (Caporaso et al., 2010) and removed.
Sequences from each bacterial culture were assembled with 97 % sequence similarity to identify unique clone types.
Within the siderophore-strong and siderophore-weak groupings the sequences were assembled with 98 % similarity
to identify Operational Taxonomic Units (OTU). Using the longest representative sequence for each OTU, taxonomic
assignments were identified using BLAST (Altschul et al., 1990). Representative sequences were assigned accession
numbers in GenBank (Tables S3 and S4). A sequence alignment was performed using default parameters of EMBL-EBI
webPRANK (http://www.ebi.ac.uk/goldman-srv/webprank/) and subsequently a similarity matrix was determined using
a custom MATLAB script (Table S5). A maximum likelihood tree was constructed by using IQ-TREE web server: fast
and accurate phylogenetic trees under maximum likelihood (http://igtree.cibiv.univie.ac.at/) with 1000 replicates (Minh
et al., 2013). The tree files were visualized and annotated with the Interactive Tree of Life (iTOL) v.3.5.3 program (http://
itol.embl.de/) and vector-drawing program Inkscape v.0.92.1 (https://inkscape.org).

RESULTS

The bacterial cultures from cave deposits collected from both the LT and ST parent cultures represented a poten-
tially rich diversity of chemoorganoheterotrophic microorganisms exposed to multiple days or years of incubation for
testing for the capability to produce siderophores. One hundred and seventy bacterial cultures, pure and mixed, were
gathered from subcultures of LT and ST parent cultures (Tables 1 and 2). Eighty LT bacterial cultures were collected
from top, middle, and bottom sample depths from four LT parent cultures. The majority of bacterial cultures collected
from the same depth grouped together to form a representative sequence (data not shown). Forty-five percent (n = 36)
of LT bacterial cultures were subcultured on R2A+FeCl,, 42.5 % (n = 34) were subcultured on R2ZA+MnCQO,, and 12.5
% (n = 10) of were subcultured on AlA+FeCl,+MnCO, (Table 1). Ninety ST bacterial cultures were collected from 40
ST parent cultures. All ST bacterial cultures were subcultured on %2 R2A (Table 2).

Siderophores are Produced by LT and ST Bacterial Cultures

The CAS assay was used to classify bacterial cultures according to detection zones of siderophore production that
was measured from plating of a culture to the first day of CAS color change (Table 3). There was a range of color chang-
es, including a dominant change to orange (hydroxamate) or clear. A CAS-color change to completely clear probably
indicated carboxylate siderophores (Pérez-Miranda et al., 2007; Sullivan et al., 2012), but was detected using an agar
overlay with a color change to white. We believe the addition of the indicator to the medium resulted in a white color in
our study. We did not observe complete clearing. There were no color changes to purple (catechol). Thirty-six percent
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Table 3. Siderophore detection in LT (n = 80) and ST (n = 90) bacterial cultures.

Siderophore Days Total Cultures
Group Detection Level® <10 11-15 16-20 21-25 >26 (%)
LT Strong (>2mm) 79) 1(1) 2(3) 18 (23) 28 (36)
Weak (<2mm) 2 (3) 10 (13) 12 (16)
None 13 (16)
NGP 27 (32)
Total (%) 0(0) 9(12) 1(1) 2(3) 28 (36) 80 (100)
ST Strong (>2mm) 11 (12) 21 (23) 10 (11) 6 (7) 20 (22) 68 (75)
Weak (<2mm) 1(1) 1(1)
None 15 (17)
NGP 6 (7)
Total (%) 11 (12) 22 (24) 10 (11) 6 (7) 20 (22) 90 (100)

2 Zone of color change.
®No growth (NG)- live bacteria cultures that did not grow on CAS media when transferred from Fe-limiting ISP4 media.
Numbers within parentheses are percentages (%).

of the total LT bacterial cultures were strong siderophore producers, 16 % were weak, and 16 % had no detectable
siderophore production, while 32 % did not grow on the CAS assay (Table 3). In contrast to the LT cultures, the majority
of ST bacterial cultures were strong siderophore producers (Table 3) with 75 % percent of the total ST bacterial cultures
strong siderophore producers, 1 % were weak, and 17 % had no detectable siderophore production. Seven percent of
the ST bacterial cultures did not grow on the CAS assay (Table 3).

The period of time it took for the microbial siderophore production to manifest itself fell into five categories: less than
10 days, 11-15 days, 16-20 days, 21-25 days and greater than 26 days. The majority, 36 % of LT siderophores-pro-
ducers, took greater than 26 days to manifest in contrast with no siderophores produced in less than 10 days. For ST
siderophore-producers 24 % took 11-15 days to manifest with the lowest production of siderophores, 7 %, by cultures
in 21-25 days (Table 3). Overall, the ST siderophore production occurred more quickly than LT and may be related to
their overall faster growth.

Hydroxamate Rather than Catecholate Siderophores are Produced by LT and ST Bacterial Cultures

To determine the preference of siderophore use by cave bacteria, the bacterial cultures were exposed to iron-limiting
growth conditions and siderophore type was assessed from the supernatant after 53 days. Hydroxamate siderophores,
determined by the FeCl, assay color change of the supernatant, (color phenotypes shown in Fig. 3C) were the domi-
nant type of siderophores detected in our study. Hydroxamate siderophore detection was fairly even between ST and
LT cultures (Fig. 3B), while catecholate siderophores, which were determined by the Arnow’s assay color change from
clear to pink of the supernatant, were rarely detected in our study (Fig. 3A).

Siderophore-producing Bacterial Cultures are Closely Related to Members of Proteobacteria (Alpha-, Beta-,
and Gamma-), Actinobacteria, Firmicutes, and Bacteroidetes

A total of 982 16S rRNA genes were sequenced for strong siderophore producers and 120 16S rRNA genes for
weak siderophore producers (Table S2). The total (982 sequences) siderophore-strong 16S rRNA gene sequences
within the siderophore-strong class clustered into 85 representative bacterial operational taxonomic units (OTUs) (Fig.
4, Table S3). In contrast, the total (120 sequences) siderophore-weak class clustered into 14 representative bacterial
OTUs (Fig. 5, Table S4). Together, the siderophore producing representative OTUs classified into Proteobacteria (Al-
pha-, Beta-, and Gamma-), Actinobacteria, Firmicutes, and Bacteroidetes (Figs. 4 and 5).

Proteobacteria was the most abundant phylum for siderophore producers. Gammaproteobacteria, found only in the
siderophore strong producers, had the most OTUs overall. Within the strong Proteobacteria siderophore producers
there were 44 OTUs, classified as 12 Alpha-, 14 Beta-, and 18 Gamma- (Fig. 4, Table S3). Siderophore weak producers
only had six OTUs, which were classified as four Alpha- and two Beta- (Fig. 5, Table S4). No Delta-, Zeta-, or Epsilon-
proteobacteria were classified in either group.

Alphaproteobacteria had the most genera represented, with eight strong siderophore producers and three weak
siderophore producers, even though Gammaproteobacteria overall had the most OTUs (Figs. 4 and 5). Sphingopyxis
was the only genus identified in both siderophore producing groups (strong and weak), as opposed to the following gen-
era, which were only identified in the siderophore strong group: Mycoplana, Sinorhizobium, Phenylobacterium, Pheny-
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Figure 3. The percentage of Long-term (LT) and Short-term (ST) bacteria  Pseudomonas, Acinetobacter, Stenotrophomonas,

cultures producing Catecholate (A) and Hydroxamate (B) siderophores. C)  and Pseudoxanthomonas, and one uncultured bac-

Varying color phenotypes of Hydroxamate-type FeCl, Assay. Lane 1-pos- . : _
itive control, Desferrioxamine B (1mM), 2-negative f:ontrol, Milli-Q H,0, terial C,Ione B18 (Fig. 4, Table S3), Gammapmteo
3-negative control, uninoculated media, 4-strong-positive, 5-weak-posi- Pacteria had the most overall representative OTUs

tive, 6-no hydroxamate, 7-weak positive, 8-no hydroxamate, 9-weak posi- (18). The seven most abundant Proteobacteria
tive, and 10-weak positive. OTUs were represented by more than 20 sequenc-

es in each sequence cluster of which four were
Gammaproteobacteria in the siderophore strong group (Fig. 4, Table S3). The other three most abundant Proteobac-
teria were two Betaproteobacteria and one Alphaproteobacteria (Table S3). None of the siderophore weak producers
had a representative OTU with greater than 20 sequences (Table S4).

Overall, Proteobacterial classes Beta- and Gamma-, in the strong siderophore producers group, include genera
that are known as siderophore producers. In contrast, Alphaproteobacteria only had two genera, Sinorhizobium and
Sphingomonas, related to known siderophore producers in the siderophore-strong and -weak, respectively (Figs. S1
and S2). The majority of the seven most abundant sequences that had greater than 20 sequences each are known
siderophore producers, except for Sphingopyxis, which was not previously known to produce siderophores. Most of the
close relatives of Proteobacteria siderophore producers can inhabit low nutrient environments, including other carbon-
ate caves, can break down and recycle aromatic-containing structures, are possibly endosymbionts, and can thrive in
heavy metal environments (Figs. S1 and S2).

Actinobacteria was the second most abundant phylum of siderophore producers. Within the strong and weak sid-
erophore producers there were 16 and three representative OTUs, respectively, with the majority identified as closely
related to known siderophore producers (Figs. 4 and 5). In the siderophore strong group, Rhodococcus, Norcardia,
Microbacterium, Arthrobacter, and two uncultured bacteria: an uncultured Yanshan Mountain clone and a crude oil-de-
grading strain TPKD2 were among the genera identified (Fig. S1, Table S3). In the siderophore weak group, Lentzea
and Knoellia were among the genera identified (Fig. S2, Table S4). Streptomyces was identified in each group (Tables
S3 and S4), however it was not the most abundant genus. Instead, Norcardia coeliaca, Curtobacterium luteum, Mi-
crobacterium sp., Arthrobacter methylotrophus, Arthrobacter siccitolerans, and Lentzea violacea all had greater than
20 sequences each (Tables S3 and S4). Surprisingly, not all Actinobacteria genera identified are known siderophore
producers. Lentzea (EU593719) and Knoellia (LN774289), not previously described as siderophore producers, were
identified in karst limestone and cave air, respectively, and are possibly common to aphotic subsurface environments
(Fig. S2, Table S4).

Bacteroidetes was the third most abundant phylum for siderophore producers. Within the strong and weak sidero-
phore producers there were 14 and 2 total representative OTUs, respectively, with the majority identified as unknown sid-
erophore producers (Figs. 4 and 5). There were no similar genera identified in each group, however Chitinophaga, was
identified within the weak siderophore producing group (Table S4). In contrast, for the siderophore strong group, Hymeno-
bacter, Olivibacter, Flavihumibacter, and four uncultured clones: an uncultured mineral photocatalysis clone, uncultured
clone NDB4, uncultured soil diffusion chamber system CCRA clone, and uncultured Sphingobacteriales bacterial clone
were all identified (Fig. S2, Table S3). The most abundant Bacteroidetes OTUs that had greater than 20 sequences in
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Figure 4. Phylogenetic tree of the closest bacterial relatives to siderophore-strong representative
OTUs. Ultrabootstrap values are >70% or otherwise stated on 1000 replicates. The scale bar corre-
sponds to 0.1 nucleotide substitutions per site. Representative OTU sequences code: 1-Long-term
and 2-Short-term, culture number, letter-clone number, and numbers of clones per representative
sequence are in parenthesis (Supplemental Table S3). The numbers of clones per representa-
tive sequence are in parenthesis. Color code of branches: Grey-Actinobacteria, Orange-Firmic-
utes, Purple-Alphaproteobacteria, Blue-Betaproteobacteria, Green-Gammaproteobacteria, and
Red-Bacteroidetes. Name color code: Blue-reference strain, Green-a member of the same genus
is known as a siderophore producer, Red-a member of the same genus is known as a non-sidero-
phore producer, and Black-strain is uncultured (UC) or has not been reported as a siderophore
producer. Triangles are collapsed reference strain clades.

each representative sequence
were uncultured bacterial
clones (Table S3). Many of the
closest relatives are related
to bacteria that live in water,
are inhabitants of low-nutrient
environments, and can live in
low radioactive and chemical
waste sites (Tables S3 and
S4).

Firmicutes was the least
abundant phylum for sidero-
phore producers. Within the
strong and weak siderophore
producers there were 11 and
3 total representative OTUs,
respectively, with the major-
ity identified to be related to
known siderophore producers
(Figs. 4 and 5, Tables S3 and
S4). Bacillus was identified in
both siderophore producing
groups, along with Paenibacil-
lus, Geobacillus, and one un-
cultured clone, an uncultured
urban aerosol clone in the
siderophore strong producer
group (Fig. 4, Table S3). Addi-
tionally, Bacillus was the most
abundant Firmicutes OTU with
greater than 20 sequences
(Table S3). Many of the clos-
estrelatives are related to bac-
teria that live in the ocean near
geothermal mineral deposits
and hydrocarbon seeps, are
inhabitants of low nutrient
clean rooms, are endophytic,
or live in the soil (Figs. S1 and
S2, Tables S3 and S4).

Interestingly, there were
genera identified that were
not previously known as sid-
erophore producers in both
the siderophore-strong and
-weak groups. Genera of the
siderophore strong producers
were identified as Brevundi-
monas sp. (Alphaproteobacte-
ria), Pseudoxanthomonas spp.
(Gammaproteobacteria), and
Microbacterium spp. (Actino-

bacteria), and the weak siderophore producer was Chitinophaga sp. (Bacteroidetes) (red text, Figs. 4 and 5). These
bacteria may possibly produce novel siderophores or have additional microbial recycling roles, such as metabolism of

aromatic rings (Figs. S1 and S2, Tables S3 and S4).
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Figure 5. Phylogenetic tree of the closest bacterial relatives to siderophore-weak representative
OTUs. Ultrabootstrap values are >70% or otherwise stated as 1000 replicates. The scale bar corre-
sponds to 0.1 nucleotide substitutions per site. Representative OTU sequences code: 1-Long-term
and 2-Short-term, culture number, letter-clone number, and numbers of clones per representative
sequence are in parenthesis (Supplemental Table S4). The numbers of clones per representa-
tive sequence are in parenthesis. Color code of branches: Grey-Actinobacteria, Orange-Firmic-
utes, Purple-Alphaproteobacteria, Blue-Betaproteobacteria, Green-Gammaproteobacteria, and
Red-Bacteroidetes. Name color code: See Figure 4 legend.

DISCUSSION

In this study we found that
64% of the cave cultures ob-
tained from Spider and Lechu-
guilla Caves were capable of
siderophore production. With-
in this niche of CCNP cave de-
posits, the siderophore-posi-
tive bacterial cultures spanned
four phyla, including Proteo-
bacteria (Alpha-, Beta-, and
Gamma-), Actinobacteria, Fir-
micutes, and Bacteroidetes,
which are similar to the groups
of bacteria frequently present
in caves (Tomczyk-Zak and
Zielenkiewicz, 2016). The sid-
erophore-producing bacterial
diversity that was identified in
our study is generally similar to
soil microbial siderophore-pro-
ducing diversity (Purushotham
et al.,, 2018; Schmidt et al.,
2018; Hanaka et al., 2019;
Wagner et al., 2019). The soil
phyla are often categorized as
plant growth-promoting bacte-
ria in the rhizosphere of roots
or as plant endophytes (Biessy
et al., 2018; Gong et al., 2018;
Purushotham et al.,, 2018;
Hanaka et al., 2019; Wagner
et al., 2019). What the roles
of these phyla are in caves,
which lack plants, remains to
be discovered, but we have
made progress in understand-
ing the nature of siderophores
in caves and expanding our
knowledge of bacteria capable
of producing siderophores.

Potential novel siderophore
producers from pure or mixed
cultures were identified in our
study, including Brevundi-
monas sp. (Alphaproteobac-
teria),  Pseudoxanthomonas
spp. (Gammaproteobacteria),
Microbacterium spp. (Actino-

bacteria), and Chitinophaga sp. (Bacteroidetes). These bacterial genera have all been identified in oligotrophic caves
or other cave studies (Barton et al., 2007; Chen et al., 2009; Ghosh et al., 2017) and along with potential siderophore
production could contribute to the survival of an oligotrophic-dwelling community by offering non-siderophore related
characteristics. The non-siderophore characteristics are metabolism of aromatic ring-containing compounds by Mi-
crobacterium sp. (de los Cobos-Vasconcelos et al., 2012; Jin et al., 2017), the production of proteases that are able to
function in highly alkaline conditions by Pseudoxanothomonas sp. (Salwan et al., 2010), the ability to mobilize Fe, Al, Si,
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an K from rock by Chitinophaga sp. (Wang et al., 2014), and the ability to adapt to oligotrophic environmental conditions
of Brevundimonas sp. (Dworkin, 2002).

Survival in an oligotrophic deep cave environment appears to require several non-phototrophic microbial metabolic
strategies (Tomczyk-Zak and Zielenkiewicz, 2016). We selected for chemolithoheterotrophic and heterotrophic bacte-
ria from Lechuguilla and Spider Caves, CCNP. Chemolithoheterotrophic bacteria, also known as mixotrophs, derive
their energy from inorganic chemicals, but rely on organic chemicals in the environment for carbon needs. No obligate
chemolithotrophs were identified in this study, but four genera, Ralstonia sp. (Libert et al., 2004), Burkholderia sp.
(Libert et al., 2004), Cupriavidus sp. (van Houdt et al., 2009) and Achromobacter sp. (Ehsani et al., 2019), were iden-
tified and are known to oxidize hydrogen as an energy source (chemolithotrophic). These bacteria were isolated from
metal-rich deep oligotrophic basin water (Ralstonia sp. and Burkholderia sp.) and sediments (Cupriavidus sp.) and soil
(Achromobacter sp.) environments, but what their specific metabolic roles are in the cave is an aim for future research.

We observed that cave bacteria prefer hydroxamate siderophores, possibly due to the overall oligotrophic nature
of CCNP caves. Catecholate siderophore production was rarely preferred by cave microorganisms in our study, which
most likely is due to the higher energy cost of production. The preference for the hydroxamate siderophores is possibly
due to the less complex biosynthesis of hydroxamate siderophores. Hydroxamate siderophores are generally made
from available amino alcohol building blocks; derivatives from amino acids (Challis, 2005), which are often present in
the environment (Moura et al., 2013). In addition, previous work showed directly that hydroxamate siderophores can
be recycled (Emery, 1971; Hartmann and Braun, 1980; Braun et al., 1984; Hannauer et al., 2010). By utilizing readi-
ly-available compounds in their local environments that have been shown to be recycled, bacteria are potentially able
to limit the energetic cost to produce and recycle hydroxamate siderophores. Whether siderophore production by cave
microorganisms is used primarily for ferric iron acquisition, or for nutrient exchange within a mixed culture, or both,
remains to be determined.

Hydroxamate siderophores have a binding constant range of 10?2 to 10% M~ (Miethke, 2013) whereas the cate-
cholate-model, enterochelin, had a binding range of 1052 M~' (Saha et al., 2016). Although we identified hydroxamate
siderophore production as a majority, we speculate that it is due to the contrasting environments in which catecholate
and hydroxamate siderophores are commonly found. Gram-negative bacteria, specifically pathogens like Escherichia
coli, are well known catecholate siderophores producers (Winkelmann, 2002) and would require extremely high ferric
(Fe®*) binding affinities if they are to compete with host iron binding proteins for iron (Chu et al., 2010). Thus, combined
with the higher likelihood that catecholate siderophores require more energy to make, a luxury not available for bacteria
surviving in oligotrophic caves, hydroxamate siderophores would be sufficient to gather needed ferric (Fe®*) iron from
the surrounding cave environment.

Interestingly, the CAS assay gave an indication that carboxylate-type of siderophores might be produced by mixed
cave cultures. Sullivan et al., (2012) reported a range of CAS assay color changes that, along with orange and purple
that indicate hydroxamate and catechol, respectively, a color change to clear indicated a carboxylate-type. Although we
didn’t find any blue color change to clear results, we did observe at least three mixed cultures to have a color change
to white and nine mixed cultures that were siderophore positive, but tested negative for the hydroxamate and catechol
tests (data not shown). We also identified several Rhizobium spp. in the siderophore-strong group including Rhizobium
meliloti strain DM4, which are known carboxylate siderophore producer (Ali et al., 2013). Determining whether there are
carboxylate siderophores from the mixed category would be the focus of a future study.

Mixed cultures (two or more organisms in a culture) can allow for a full suite of interactions among microorganisms
in the environment, but interactions can be unstimulated if pure cultures were obtained (Nai and Meyer, 2018). Because
oligotrophic cave environments may select for potential microbial consortial microorganisms (Barton and Jurado, 2007)
and siderophores have potential to promote nutrient exchange (D’Onofrio et al., 2010), mixed cultures were included to
determine siderophore presence in a low nutrient cave environment. Approximately half of the siderophore-producing
cultures were mixed cultures with 2—-6 genera/culture. Hershey et al., (2004) observed siderophore cross feeding that
allowed non-growing Lechuguilla bacteria to grow but didn’t take into consideration whether the timing of the produc-
tion of siderophores is affected by pure or mixed cultures. A future study would determine whether mixed cultures are
obligate consortial microorganisms and whether the timing and production of siderophores by pure or mixed cultures
are shared among the bacterial community.

How representative our study of CCNP caves are to other cave systems is not known in detail, but Lechuguilla and
Spider Caves were chosen as our study sites because of their abundant levels of ferric (Fe**) iron in visible deposits on
cave walls (Northup et al., 2003; Spilde et al., 2005). Such deposits are not rare but are also not abundant in carbonate
caves. We hypothesized that these ferromanganese deposits (FMD) that line the cave walls would be a valuable source
of ferric iron needed for cellular processes. Another key factor that makes these caves different from some other caves
is that they occur in a semi-arid environment and, as a result, are more oligotrophic than caves in areas with more
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surface precipitation, which could limit the amount of energy available for siderophore production. In addition to limited
surface precipitation, the surface soils above carbonate caves are highly oligotrophic due to low carbon levels (Ortiz
et al., 2014), resulting in less infiltration of nutrients to fuel metabolic processes. We also hypothesize that surface soil
siderophore producers either do not infiltrate into the cave, or if they do, rarely survive. Lavoie et al., (2017) showed that
in a comparison of semi-arid lava tube cave microbial mats to surface soils overlying the cave that there was only an
11.2 % OTU overlap in the microbial diversity. These conditions suggest that semi-arid caves are likely very different
from caves in regions with more rainfall.

Particularly relevant to siderophore production in our study caves, is the study by Levy (2007), who showed that
the amount of Fe in drip water entering Lechuguilla Cave pools was below detectable limits (<0.06 mg L™"). Thus, in
areas without FMD in these caves, iron is likely more limited. Taken together, siderophore usage by microorganisms is
preferred in oxidized environments with available ferric (Fe®") iron sources, both of which Lechuguilla and Spider caves
have. To understand how representative the microorganisms from these caves are in terms of siderophore production,
caves that occur in areas with more rainfall and hence more nutrients and that lack substantial iron-rich secondary
deposits would need to be investigated and compared.

CONCLUSIONS

Our study has identified potential novel siderophore producers that may lead to the identification of new compounds
or the roles that siderophores have within mixed microbial relationships. In addition to chelating ferric (Fe®*) iron from
the environment, siderophores can enhance growth or protect plants from pathogens, are recognized and used by
both fungi and bacteria, serve in soil mineral weathering, and are involved directly or indirectly in bioremediation of
environmental pollutants, including heavy metals and hydrocarbons (Ahmed and Holmstrém, 2014). By understanding
the specific role of siderophores in the natural cave environment, which lacks plants and contains minerals, we can
enhance our understanding of the context in which siderophores are produced and how cave bacteria can live in this
oligotrophic environment.

The identification of siderophore producers from mixed cultures collected from the cave environment revealed the
rich diversity of cave bacteria. Understanding the intimate interactions among bacteria in caves can offer clues to un-
derstanding how these organisms survive for the long term in this otherwise low-nutrient environment. This rich diver-
sity of bacteria helps promote an ongoing critical search for new antibiotics, potentially sideromycins, for treatment of
antibiotic-resistant microorganisms and novel siderophores for bioremediation.
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