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Summary

Peat moss (Sphagnum spp.) develops mutualistic interactions with cyanobacteria by providing
carbohydrates and S compounds in exchange for N-rich compounds, potentially facilitating N
inputs into peatlands. Here, we evaluate how colonization of Sphagnum angustifolium hyaline cells
by Nostoc muscorum modifies S abundance and speciation at the scales of individual cells and
across whole leaves.

For the first time, S K-edge X-ray Absorption Spectroscopy was used to identify bulk and micron-
scale S speciation across isolated cyanobacteria colonies, and in colonized and uncolonized leaves.
Uncolonized leaves contained primarily reduced organic S and oxidized sulfonate- and sulfate-
containing compounds. Increasing Nostoc colonization resulted in an enrichment of S and changes
in speciation, with increases in sulfate relative to reduced S and sulfonate. At the scale of individual
hyaline cells, colonized cells exhibited localized enrichment of reduced S surrounded by diffuse
sulfonate, similar to observations of cyanobacteria colonies cultured in the absence of leaves.

We infer that colonization stimulates plant S uptake and the production of sulfate-containing
metabolites that are concentrated in stem tissues. Sulfate compounds that are produced in response
to colonization become depleted in colonized cells where they may be converted into reduced S

metabolites by cyanobacteria.

Plain Language Summary: Peat moss is a plant that forms a beneficial relationship with cyanobacteria in

order to obtain nitrogen, a key nutrient. We show that peat moss contains more of a different nutrient, sulfur,

when it interacts with cyanobacteria, presumably for the purpose of exchanging sulfur for nitrogen.

Keywords: sulfur, Sphagnum, cyanobacteria, x-ray microprobe, x-ray absorption spectroscopy, peat moss
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Introduction

Sphagnum peat mosses are key members of peatland ecosystems that comprise one of the largest global
carbon (C) sinks. Plant production in peatlands outpaces decomposition due to the unique chemical and
functional characteristics of peat mosses together with typically cold, acidic and anoxic environmental
conditions (Clymo & Hayward, 1982). Over millennial timescales, the production to decomposition
mismatch has resulted in the accumulation of ¢. 30% of all soil C in just 3% of the global land surface (Yu,
2012), creating a critical atmospheric C sink that is highly sensitive to climate variability (Yu et al., 2003;
Belyea and Malmer, 2008). Warming and drought events associated with ongoing climate change are
hypothesized to decrease production while increasing decomposition, resulting in the transition of C sink
to C source (Dorrepaal et al. 2009). Recent results from a whole peatland warming and CO, manipulation
study support this hypothesis by finding that warming resulted in Sphagnum mortality (Norby et al. 2019)
and an increase in shrub density that correlated with an atmospheric C sink to source transition resulting

from increased CO, and CH,4 emissions (Wilson 2016, Hanson et al. 2020).

Much of the ecological success of Sphagnum peat mosses are attributed to its symbiotic interactions with
associated microorganisms; for example, N,-fixing symbionts can provide a large proportion (20-30%) of
Sphagnum’s nitrogen (Kostka et al. 2016, Weston et al. 2015). Early studies discovered that N,-fixing
cyanobacteria reside on cell surfaces and within water-filled hyaline cells of Sphagnum (Basilier et al. 1978,
Basilier 1979, Granhall and Hafsten 1976). More recent studies have shown that Sphagnum associates with
a diverse assemblage of microorganisms that help mediate host tolerance to warming (Carrell et al. 2022),
N,-fixation, and methane oxidation (Kip et al. 2010) processes that can scale to impact ecosystem C and N
cycling (Lindo et al. 2013, Carrell et al. 2022, Petro et al., 2023). Current understanding of the Sphagnum
- cyanobacterium symbiosis is that C-rich carbohydrates are exchanged for N-rich molecules, but this
conceptual model appears to be overly simplistic and possibly missing a key role for sulfur (S). In a study
by Warshan et al. (2017), comparative genomics was used to investigate gene family relationships among
N,-fixing cyanobacteria that are symbiotically competent and non-competent with feathermosses
(Pleurozium schreberi). The investigators identified 32 gene families that were specific to symbiotically
competent genomes involved in chemotaxis and motility, NO regulation, and glycosyl-modifying and
oxidative stress-mediating exoenzymes. In addition, the investigators found genes involved in sulfate
transport. This unexpected finding led Stuart et al. (2020) to pair isotope probing with high-resolution
imaging mass spectrometry (NanoSIMS) to demonstrate that both C and S are transferred from the P.
schreberi moss host to cyanobacteria in exchange for N. To further demonstrate a role for S, the
investigators knocked out the cyanobacteria sulfonate monoxygenase gene that catalyzes the conversion of

alkane sulfonates to sulfite (van der Ploeg et al. 2001). The loss of a functional sulfonate monoxygenase
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resulted in the inability of cyanobacteria to colonize P. schreberi, further suggesting a role for S transfer

from plants to cyanobacteria in promoting symbiosis and resulting N,-fixation.

While the understanding of S impact on N,-fixation in moss systems is currently limited, the body of
research concerning Rhizobium-legume symbiosis is much more extensive. For example, S deficiency has
long been shown to reduce N,-fixation rates (e.g., Janssen & Vitosh, 1974, Shock et al. 1984). Conversely,
S addition has consistently been shown to enhance N, fixation. These patterns have been observed across
various legumes, including kidney beans (Phaseolus vulgaris L.; Janssen & Vitosh, 1974), subclover
(Trifolium subterraneum; Shock et al., 1984), field peas (Pisum sativum L.; Sherer et al., 2006), and red
clover (Trifolium pratense; Scherer and Lange, 1996). Nonetheless, the precise mechanisms through which
S influences N,-fixation have yet to be fully elucidated. Sulfur deficiency might impede protein synthesis,
leading to an accumulation of protein precursors such as amino acids. This accumulation, in turn, could
exert a negative feedback effect on N,-fixation (Varin et al., 2009). Moreover, substantial quantities of S
are necessary to facilitate the formation of Fe—S clusters, which are integral components of the nitrogenase
active site. These studies underpin the potentially critical role of S in facilitating symbiosis between plants

and N,-fixing bacteria more broadly.

Sulfur inputs to Sphagnum-dominated, ombrotrophic peatlands derive largely from sulfate deposition in
dust and meteoric precipitation (Urban et al., 1989), although contributions from the latter have decreased
in impacted areas in recent decades due to decreased industrial S emissions. Sulfate is typically an abundant
resource, and plants can acquire approximately half of their S directly from deposited sulfate with much of
the remainder coming from peat mineralization, i.e., microbial conversion of organic S compounds
contained in peat to inorganic sulfate (Urban et al., 1989). Sulfate also serves as a terminal electron acceptor
for anaerobic sulfate reduction, which is a dominant metabolism in freshwater peatlands (Vile et al., 2003;
Linetal., 2014). Reduced S compounds produced through sulfate reduction are incorporated into microbial
and plant biomass, and subsequently retained in saturated, anoxic peat at depth (Urban et al., 1989). While
S is generally available in excess of nutritional requirements, peatlands are often N-limited. Nitrogen inputs
to many ombrotrophic peatlands derive largely from atmospheric deposition of nitrate and ammonium
(Limpens et al., 2006; Urban and Eisenreich, 1988). However, biological N,-fixation often exceeds N
deposition in northern peatlands and can alleviate N limitation (Limpens et al., 2006; Urban and Eisenreich,
1988; Lin et al., 2014; Yin et al., 2022). Indeed, Sphagnum can obtain a large portion of its N from N,-
fixing symbionts (Kostka et al., 2016; Weston et al., 2015), indicating an important role for moss-

cyanobacteria symbiosis in supporting peatland ecosystems.

To further investigate the metabolism of moss - cyanobacteria symbiosis, co-transcriptome (Carrell et al.

2020), spatial metabolic profiling (Velickovi¢ et al 2018, Nagy et al. 2019), and metabolic cross-feeding
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(Carrell et al. 2022) studies were conducted with Sphagnum angustifolium. Results indicated that S-rich
compounds choline-O-sulfate and taurine were produced by the moss host and depleted by the
cyanobacteria. Choline-O-sulfate can serve as a compatible solute to alleviate osmotic stress in bacteria and
plants (MacKay et al. 1984, Reed et al. 1984, Csonkia 1989), leading Carrell et al. (2022) to conclude that
the Sphagnum-cyanobacterium symbiosis goes beyond the traditional view of C and N exchange and
includes S-containing metabolites for nitrogenase synthesis and survival in harsh anoxic and low pH

conditions common to peatlands.

Previous studies measured metabolite exchange between Sphagnum and cyanobacteria that were physically
separated (Carrell et al., 2022, Nagy et al. 2019, Velickovi¢ et al 2018). However, metabolite exchange
within colonized leaves and the effects of colonization on whole plant S dynamics remain unexplored. In
this study, our objective was to evaluate the effect of colonization on the abundance and distribution of S
species within intact Sphagnum leaves. We used micro-X-ray Fluorescence (WXRF) mapping coupled with
S K-edge X-ray Absorption Near Edge Structure (XANES) spectroscopy to investigate the average S
speciation in Sphagnum tissues as well as the spatial distributions of S species in isolated cyanobacteria
colonies and in intact leaves and stems that were either uncolonized or colonized by cyanobacteria.
Although these techniques cannot identify individual metabolites, they provide micron-scale resolution of

the relative proportions of major S functional groups.

Materials and Methods
Sample preparation

Nostoc muscorum UTEX 1037 was cultivated in a 250 mL flask with a final volume of 100 mL at 24 °C in
BG-11; medium at pH 8.2 and shaken at 125 rpm with a 16 h/8 h (day/night) cycle at 150 photosynthetically
active radiation (PAR) for 21 days. Axenic Sphagnum angustifolium cultures from Oak Ridge National
Laboratory (ORNL) were maintained on Knop’s medium at pH 5.7 with a 16 h/8 h (day/night) cycle at 150
PAR. The Knop’s medium contained much lower S and N than present in other growth media (1.84 mM
potassium dihydrogen phosphate, 3.35 mM potassium chloride, 1.01 mM magnesium sulphate, 4.24 mM
calcium nitrate, 45 uM iron(Il) sulphate). For colonization, an aliquot of Nostoc muscorum UTEX 1037
was pelleted through centrifugation, media removed, and then resuspended in fresh BG11 -N media. A total
of 2 mL of Nostoc culture (100 mg mL-! BG-11, medium at pH 5.0) was added to a well of a 12 well plate.
S. angustifolium tissue culture plants originated from field collected material that was surface sterilized and
propagated asexually (Carrell et al., 2022). S. angustifolium gametophytes (~10 mg dry weight [DW]) were

placed in a fitting cell culture insert (8§ um membrane pore size). Each insert was placed in the Nostoc filled
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well for colonization. S. angustifolium cultures without Nostoc present below the cell inserts were used as

negative controls.

After 14 days, leaf colonization was examined under an epifluorescence microscope equipped with a green
(510-560 nm) and red excitation filter. Green and red in the epifluorescence image were later converted to
gold and pink, respectively, for visualization. Leaves were harvested from across the branch. The inoculated
Sphagnum samples contained both epiphytic and endophytically colonized leaves; however, to enable
localization of S distribution, only leaves with full endophytic colonization were targeted for spectroscopic
analysis. Colonization (%) was quantified as the percent of Sphagnum hyaline cells occupied by Nostoc
compared to non-occupied hyaline cells for a given leaf. Whole leaves were defined as colonized if percent
colonization was >1% (n = 11) and uncolonized if percent colonization was < 0.01% (n = 7). Uncolonized
leaves included leaves from four negative control samples that were uninoculated as well as three inoculated
samples with < 0.01% colonization. Individual leaves or clusters of leaves were removed with sterile
forceps, gently rinsed in deionized water to remove excess media, and placed flat on a glass microscope
slide, covered with S-free tape (St. Gobain), and shipped to the Stanford Synchrotron Radiation Lightsource
(SSRL) for XRF and XANES spectroscopy. Isolated Nostoc cultures were also pipetted onto a glass slide,
covered with S-free tape, and examined with XRF and XANES.

Synchrotron XRF imaging and XANES spectroscopy

Sulfur K-edge p-XRF imaging and XANES spectroscopy were performed at SSRL beamline 14-3, SLAC
National Accelerator Laboratory. X-ray measurements were performed under standard SPEAR3 ring
conditions of 500 mA and 3 GeV. The double Si (111) crystal monochromator at BL14-3 was calibrated to
the S K-edge using the first pre-edge peak of powdered sodium thiosulfate (2472.02 eV). An x-ray beam
of 1x1 mm was selected using slits for bulk XANES spectroscopy. The bulk beam was further focused to
1 or 5 micrometers immediately before the sample using Sigray paraboloidal lenses. A N,-purged 7-element
Hitachi Vortex Si-drift detector was used in fluorescence mode for all measurements. Samples were

mounted onto a 360° rotating stage in a He-purged chamber at room temperature for analyses.

Bulk XANES spectra were obtained on leaf clusters that included branches and stems, with 3-6 repeat
XANES spectra per cluster depending on the quality of spectra. Spectra were averaged to improve signal
to noise (using SIXpack; Webb (2005)) and normalized by regressing a line function to the pre-edge and
by fitting a linear polynomial to the post-edge region. Linear combination fitting (LCF) of standard XANES
spectra (elemental sulfur, l-cysteine, l-methionine, dibenzyl sulfide, DL methionine sulfoxide, sodium

cyclohexanesulfonate and sodium sulfate; Manceau and Nagy (2012)) to experimental data was performed



188
189
190
191
192
193
194
195

196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215

216

217

218

in Larch (Newville, 2013). Standard spectra were aligned to our experimental data by aligning Na
cyclohexanesulfonate in the reference database to the peak of maximum intensity in our Na thiosulfate
calibration as they are both SO; bearing (a shift of -0.23 eV was applied to all reference spectra). Results
are reported as the relative proportion of S functional groups represented by the standard spectra, including
elemental S (S°), reduced organic S (R-S-H and R-S-S-R”), sulfoxide (R-S(O)-R”), sulfonate (R-SO;-H),
and sulfate (R-SO4-H) (Prietzel et al., 2018; Pierce et al., 2022). Reduced organic S encompasses I-cysteine,
l-methionine, and dibenzyl sulfide, which are spectroscopically similar, although methionine was the

primary contributor to the best fits.

Leaves for XRF mapping were chosen based on % colonization. Maps of leaves were obtained using a 1
micron beam spot size, a 3 micron step size and 80 ms dwell time. Maps were collected at multiple energies
(ME) 0f 2470.8, 2473.05, 2473.4, 2478.0, 2481.0 and 2482.1 eV based on preliminary XANES spectra and
reported literature values of S species anticipated to be present in these samples. Spot locations for micro-
XANES spectroscopy were determined using a principal component analysis of the raw ME maps.
Additional spot XANES locations were chosen based on differences in fluorescence in raw maps. Micro-
XANES spectra were processed as reported above for bulk spectra. XRF maps were processed in the
Microanalysis Toolkit (Webb, 2006) by first applying a gaussian smoothing function to an area of 5x5
pixels (standard deviation of 0.8) to each ME map. A non-linear least squares fitting of XANES spectra
corresponding to the S species identified by LCF was applied to the smoothed ME maps to generate maps
of individual S species. Speciation map fitting was confirmed by finding the experimental XANES spectra
that are the most dissimilar to one another (by PCA on all experimental micro-XANES spectra) and using
these as the end-members in the least squares XANES spectra fitting. The former method was chosen to be
presented here, due to all experimental XANES spectra containing mixtures of S species. One-way
ANOVA was used to determine significant differences to a = 0.05 between relative proportions of S species
in leaves defined as either uncolonized (<0.002% colonization (n = 7)) or colonized (>1% colonization (n
= 11)), and in individual hyaline cells identified as either uncolonized or colonized by epifluorescence.
Uncolonized leaf clusters included both negative controls (Sphagnum that was not exposed to Nostoc) and
Sphagnum leaves that were inoculated with Nostoc but had negligible colonization. No leaves had between

0.002 and 1% colonization.

Results

S speciation in bulk leaf tissue
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Sulfur in Sphagnum leaves, colonized and uncolonized, consisted primarily of reduced S (13 to 62% of
total S), sulfonate (5.4 to 33%), and sulfate (15 to 64%) groups, with lesser overall contributions from
elemental S (<21%) and sulfoxides (<10%) (Figure 1; Table 1). Integrated across the entire leaf cluster,
which included branch and stem tissue, colonized leaf clusters contained higher relative proportions of
sulfate (39 £+ 13% versus 22 + 8%; p = 0.009) and less reduced organic S (26 £+ 8% versus 39 £ 11%; p =
0.009) than uncolonized leaf clusters (Figure 2a). The proportion of S present as sulfonate was not
significantly different between the two groups. We also observed that the signal to noise ratios in the
XANES spectra increased with increasing colonization (Figure 1). The noise of the photon-counting
detector follows Poisson counting statistics and is equal to the square root of the number of counts;
therefore, higher signal to noise ratios indicate more total S. Higher total S coupled with increasing relative
abundance of sulfate indicates that colonized leaves contained more sulfate compounds than uncolonized

leaves.

Spatial distribution of S species in uncolonized leaves

The highest abundance of S in uncolonized leaf clusters was observed in the stem tissue (Figure 3; Figure
S1). Reduced S and sulfonate were elevated along the stem and in patches on the leaves. Sulfate was low
by comparison and relatively evenly distributed, although with slight enrichment in the stem. Isolated leaves
with no stems were investigated to better evaluate S distribution in the leaf tissue (Figure 4). Here, the
chlorophyllous cells form the internal leaf structure, with higher S associated with the living chlorophyllous
cells that surrounded the S-poor hyaline cells. Reduced S was high relative to sulfonate and sulfate, and
fairly evenly distributed throughout the leaf, although a few hot spots were observed. Sulfonate and sulfate
showed similar distribution patterns but with lower abundance. S K-edge spectra obtained at different spots
representing compositional endmembers showed high total amounts of reduced organic S (spots 1-4),
sulfonate (spot 5), or sulfate (spots 6 and 7) relative to other areas of the leaf (Figure 4b-d). Reduced S was
the dominant species across the leaf except for a couple small areas (e.g., spots 6 and 7) that contained high

proportions of sulfonate and sulfate (Figure 4e).

Spatial distribution of S species in Nostoc colonies

Sulfur speciation maps were obtained from Nosfoc cyanobacteria colonies grown in culture without
Sphagnum (Figure 5). Sulfur was enriched in the colonies (spots 1 and 4) relative to the surrounding medium
and consisted primarily of reduced S. Sulfonate was much less abundant than either reduced organic S or
sulfate but was highest in a diffuse zone around the colonies (spots 2, 3, and 5). The media contained low

amounts of S as sulfate (spot 6).
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Spatial distribution of S species in colonized leaves

Similar to the uncolonized leaf cluster (Figure 3), S species in the colonized leaf cluster were most enriched
in the stem tissue (Figure 6; Figure S1). However, S was overall more abundant in the colonized leaves
relative to uncolonized leaves and showed dissimilar distributions amongst S species (Figure S2). Sulfate
was highly enriched in the stem but low and evenly distributed in the leaves. Sulfonate and reduced organic
S were moderately enriched in the stem but with additional patches of enrichment throughout the leaf

tissues.

A leaf with no stem was examined to better visualize S distribution in and around colonized hyaline cells
(Figure 7). Sulfur enrichment and speciation were heterogenous and differed between hyaline cells
identified as either uncolonized or colonized using epifluorescence (Figure 7; Figure S3). Total S was high
along the edge of the leaf where the highest concentrations of colonized cells were observed and in
colonized cells in the interior of the leaf (spots 1 to 4). Sulfur was relatively low in chlorophyllous cells
that formed the edges of hollow, uncolonized hyaline cells in the leaf interior (spots 5 to 9). Low amounts
of reduced organic S and sulfate were distributed evenly across the leaf, and sulfate was slightly enriched
along the leaf edge (Figure S3). Similar to observations of S distribution in isolated Nostoc colonies (Figure
5), hot spots of reduced S were observed in colonized cells and surrounded by diffuse enrichment of
sulfonate. Averaged across the individual spots, colonized cells contained higher proportions of reduced
organic S (62 £+ 5%) than uncolonized cells (34 £+ 7%) (p < 0.001) and lower proportions of sulfate (3.9 +
5.2% versus 33 £ 9%, respectively) (p < 0.001) (Figure 2; Table 2). Relative proportions of elemental S
(6.3 £ 4.6%), sulfoxide (2.8 + 3.9%), and sulfonate (24 + 6%) were similar between the two groups (p >
0.05). Note that each spot contains contributions from both the hyaline cell and its surrounding
chlorophyllous cells. The S composition of uncolonized leaf cells was comparable to uncolonized leaf

clusters (Figure 2), although the proportion of sulfate in uncolonized cells was slightly higher.

Discussion

Sphagnum mosses that were not colonized by Nostoc cyanobacteria contained a mixture of reduced organic
S and oxidized sulfonate- and sulfate-containing compounds in their leaves and stems. Nostoc colonization
of Sphagnum hyaline cells led to increases in total S and in the proportion of S present as sulfate at the scale
of the leaf cluster (leaves + stems), indicating that colonization stimulated uptake and/or production of
sulfate-containing compounds by Sphagnum (Figure 8). Sulfate enrichment in colonized leaf clusters was
most prominent in the stems and in leaf margins. These results are consistent with recent studies indicating

that Sphagnum interaction with Nostoc cyanobacteria results in metabolite exchange, with Nostoc exuding
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N-rich purines and amino acids while depleting carbohydrates (e.g., trehalose) and oxidized S compounds
(e.g., choline-O-sulfate, taurine, and sulfoacetate) provided by Sphagnum (Carrell et al., 2022; Nagy et al.,
2019; Velickovic et al., 2018). That is, higher sulfate in leaf clusters may be explained by increased sulfate
uptake from the media and subsequent production of sulfate-containing compounds by Sphagnum in
response to colonization. Sulfate enrichment occurs largely within the stems, possibly due to enhanced
nutrient uptake from solution relative to leaves (Fritz et al., 2014) and storage prior to translocation to leaf

tissue (Rydin and Clymo, 1989; Aldous, 2002; Salmon et al., 2021).

At the scale of individual hyaline cells, colonized cells exhibited localized enrichment of reduced S, as
represented by the amino acid methionine, surrounded by diffuse sulfonate (Figure 8). These patterns were
similar to observations of cyanobacteria colonies cultured in the absence of leaves. Non-occupied hyaline
cells and their surrounding chlorophyllous cells in colonized leaves were compositionally similar to bulk
uncolonized leaves (Figure 2). Sulfate depletion in individual colonized hyaline cells and coexisting
enrichment of reduced S may be explained by microbial conversion of sulfate-containing metabolites to
metabolites containing reduced S, e.g., amino acids or the antioxidant methionine. Thus, bulk S speciation
at the scale of the colonized leaf cluster is dominated by S compounds acquired or produced by Sphagnum
while S speciation at the scale of the colonized hyaline cell is dominated by S compounds produced in the

Nostoc biomass.

Although S XANES cannot be used to identify individual metabolites, our findings support observations of
metabolite exchange previously reported for Sphagnum-Nostoc symbiosis. Specifically, Carrell et al. (2022)
report that Sphagnum produced sulfate (choline-O-sulfate) and sulfonate (taurine and sulfoacetate)
compounds in response to interaction with Nostoc. In turn, Nostoc increased production of N-containing
purines and amino acids. We observed increases in total S and relative sulfate abundance with colonization,
consistent with increased production of choline-O-sulfate. Although the relative abundance of sulfonate did
not change with colonization in this study, it is possible given increases in total S that the absolute quantity
of sulfonate compounds increased as well. High abundance of reduced S in colonized cells is consistent
with microbial production of N-rich, S-bearing amino acids such as methionine and cysteine that are
potentially transferred to Sphagnum. Given that the relative abundance of reduced S decreased with
colonization at the scale of the leaf cluster, it is likely that the quantity of reduced S compounds produced
by Nostoc was small relative to production of sulfate compounds by Sphagnum. Nitrogen transfer from
Nostoc to Sphagnum might also occur through S-free purines (Carrell et al. 2021) that are not detectable by

these methods.
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Sphagnum mosses evaluated here were composed of nearly equal proportions of reduced S (51% + 12%
std.dev.) and oxidized S (49% % 12% std.dev.) averaged across all bulk leaf clusters, although the relative
proportion of these groups varied with colonization by cyanobacteria as discussed above. Our results are
consistent with Pierce et al. (2022), who reported relative abundance of 43-46% oxidized S (largely sulfone
and sulfonate) and 46-51% reduced S (as thiol, organic monosulfide, thiophene, and organic disulfide) in
bulk tissue of representative Sphagnum species obtained from the Marcell Experimental Forest in northern
Minnesota. Peat soil derived in part from decomposed Sphagnum was composed almost entirely of organic
S with increasing proportions of reduced S compounds with depth. Pierce et al. (2022) and others (Prietzel
et al., 2009a; Prietzel et al., 2009b) have shown that S speciation in wetland soils is highly dependent on
saturation. Sulfur in persistently saturated and anoxic soils accumulates primarily as reduced organic S
(e.g., thiols, organic monosulfides) (Prietzel et al., 2009a; Pierce et al., 2022) and/or as iron sulfide minerals
where Fe is abundant (Prietzel et al., 2009b), while periodic oxygenation results in higher proportions of
moderately to highly oxidized S species. In contrast to Sphagnum decomposition, leaf litter decomposition
in a northern hardwood forest resulted in rapid decreases in reduced S and relative increases in sulfonate
and sulfate (Schroth et al., 2007). These differences in S compounds in decomposed organic matter likely
result from contrasting redox conditions, where the peat decomposes under increasingly anoxic conditions
with depth while the forest litter undergoes oxidative decomposition. Our study indicates that mutualistic
interactions with cyanobacteria may result in at least temporary increases in oxidized S compounds within
Sphagnum tissues that subsequently undergo anaerobic decomposition in saturated peat soils. The net
increase in oxidized S and its potential to support anaerobic sulfate reduction by peat microorganisms

remain unclear.

This study provides novel evidence for the change in S speciation that occurs in Sphagnum mosses that
develop mutualistic interactions with Nostoc cyanobacteria. Overall, our observations emphasize the
potential importance of S metabolite production by Sphagnum for facilitating symbiotic association with
N,-fixers. Additional studies are needed to determine the role of S exchange in driving ecosystem-scale S,
N, and C dynamics. For example, this study did not quantify rates of uptake or increases in total S that
occurred following Nostoc colonization of Sphagnum, or evaluate how S availability affected colonization
or N,-fixation rates. It also remains unknown how this metabolite exchange is sensitive to environmental
conditions, or what role it might play in enabling Sphagnum to persist in warming climates. Future studies
to address these uncertainties could enable better understanding of how Sphagnum-driven S dynamics

influence associated C and N inputs to peatland ecosystems.
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Figure Captions

Figure 1. (left) Sulfur K-edge XANES spectra obtained on Sphagnum angustifolium leaf tissue using an
unfocused beam, arranged from uncolonized leaves on bottom to leaves most highly colonized by Nostoc
muscorum at the top. Line colors for each spectrum correspond to a binned colonization percentage: <1%
(grey), 1-5% (golden), 5-10% (green), and > 10% (purple). Vertical dashed lines indicate the peak
position of the indicated S functional group. Note the increasing signal:noise ratio, indicative of higher S
content, with increasing colonization. (right) Relative proportions of S-bearing functional groups obtained
from linear combination fits to the corresponding spectra, with the percent colonization of each leaf
sample provided to the right of each bar.

Figure 2. Relative proportions of S functional groups in whole leaf clusters of S. angustifolium (a) and in
individual hyaline cells within a leaf colonized by N. muscorum (b), as obtained from linear combination
fits. Asterisks indicate significant differences in the proportion of a given S functional group between
colonized and uncolonized groups to p < 0.01 (**) or p < 0.001 (***) as determined using one-way
ANOVA. Whole leaves were defined as colonized if percent colonization was >1% (n = 11) and
uncolonized if percent colonization was < 0.002% (n = 7). No leaf clusters showed colonization between
0.002% and 1%. Individual cells were defined as colonized (n = 4) or uncolonized (n = 5) based on the
presence or absence of cyanobacteria within that cell. Box-and-whisker plots represent the 25-75% (box)
and standard deviation (whiskers) of each group, with the mean value shown as an open square and
individual values shown as open diamonds.

Figure 3. Sulfur K-edge XANES collected from uncolonized Sphagnum angustifolium plant tissue using
an unfocused beam (left panel) and corresponding S microprobe maps for reduced S, sulfonate, and
sulfate functional groups in a cluster of leaves with attached stem. The scale bar is in micron units, and
the color scale represents fluorescent intensity which is proportional to S concentration.

Figure 4. Sulfur K-edge XANES collected from a single uncolonized Sphagnum angustifolium leaf using
a focused beam (a), and corresponding S microprobe maps for (b) reduced S, (c) sulfonate, and (d) sulfate
functional groups. Linear combination fits to each spectrum are shown in panel (e). The scale bar is in
micron units, and the color scale represents fluorescent intensity which is proportional to S concentration.
Numbers in panel (a) refer to the point location from which the spectrum was collected, indicated in
panels (b) to (d).

Figure 5. Sulfur K-edge pXANES collected from points in and around a Nostoc muscorum
cyanobacterial colony (a), and corresponding S x-ray microprobe maps for (b) total S, (c) reduced S, (d)
sulfonate, and (e) sulfate functional groups. Spectra in panel (a) are color coded by whether they were
collected from the colony (yellow), the halo around the colony (green), or the surrounding media (blue),
and numbers refer to the point location from which the spectrum was collected, indicated in panel (b).The
scale bar is in micron units, and the color scale represents fluorescent intensity which is proportional to S
concentration.

Figure 6. Sulfur K-edge XANES collected from clusters of Sphagnum angustifolium leaves colonized by
Nostoc muscorum using an unfocused beam (a), and corresponding S microprobe maps for (b) reduced S,
(c) sulfonate, and (d) sulfate functional groups for the leaf cluster with 16.2% colonization. Panel (a)
includes two spectra from leaf clusters with either 16.2% or 18.6% colonization, as indicated. For panels
(b-d), the scale bars are in micron units, and the color scale represents fluorescent intensity which is
proportional to S concentration.

Figure 7. A tricolor map of S speciation across a single colonized Sphagnum angustifolium leaf (a) with
the corresponding epifluorescence image showing Sphagnum cells in gold and colonizing Nostoc
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muscorum in pink (b). The epifluorescence image has been rotated to match the orientation of the leaf in
the tricolor map. Sulfur K-edge pXANES for the point locations indicated in the maps are shown in panel
(c) with results of linear combination fits to each uXANES spot shown in panel (d). The color scale in
panel (a) represents fluorescent intensity, which is proportional to concentration, for the three indicated S
species. In panel (¢), spectra from colonized hyaline cells identified with epifluorescence are shown in
pink (1 - 4) and uncolonized cells are shown in gold (5 - 9).

Figure 8. Conceptual diagram of S speciation in stem and leaf tissue of Sphagnum angustifolium moss with
hyaline cells that are either uncolonized or colonized by Nostoc muscorum cyanobacteria. Uncolonized
hyaline cells were found both in Sphagnum that was exposed to Nostoc but did not colonize and in negative
controls where Sphagnum was not exposed to Nostoc. While uncolonized stems and leaves contain
relatively low S present primarily as reduced S, colonized tissues exhibit S enrichment (as sulfate) in stems
and leaf edges and in hot spots of reduced S localized to colonized hyaline cells.



550  Table 1. Relative proportions of individual S species determined using Linear Combination Fits to bulk
551  XANES spectra from whole Sphagnum angustifolium leaf clusters, organized by colonization by Nostoc
552 muscorum (%) determined using epifluorescence. Relative contributions of each spectrum have been
553  normalized to 100%.

Colonization Se Reduced S  Sulfoxide Sulfonate Sulfate R-factor

(%)

0 10.4 31.0 7.3 16.5 34.7 0.004

0 13.5 35.1 9.5 19.2 22.8 0.020

0 11.2 45.4 7.9 19.4 16.1 0.003

0 5.4 283 2.6 335 30.2 0.005

0.001 13.7 35.9 9.1 254 15.8 0.007

0.001 12.0 38.2 7.0 24.1 18.7 0.002

0.002 6.7 62.3 0.0 16.0 15.0 0.020

1.1 12.9 23.6 8.1 26.7 28.7 0.006

1.4 20.7 18.4 7.4 12.7 40.8 0.011

1.8 10.9 225 7.3 284 30.8 0.006

1.9 11.7 13.4 6.7 25.2 42.9 0.006

3.8 12.0 333 8.5 9.0 37.1 0.004

6.8 12.1 18.7 6.6 12.4 50.2 0.010

7.2 52 19.2 6.4 54 63.8 0.005

9.3 14.7 34.8 9.4 18.0 23.0 0.010

10.8 14.8 40.0 8.8 20.2 16.1 0.003

16.2 9.3 25.5 8.2 10.6 46.3 0.006

18.6 8.9 32.0 4.8 8.9 45.5 0.008
554
555
556
557
558
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Table 2. Relative proportions of individual S species present in cells within Sphagnum angustifolium
leaves that are either uncolonized or colonized by Nostoc muscorum, as determined using Linear
Combination Fits to uXANES spectra from individual spots in Figure 7. Relative contributions of each

spectrum have been normalized to 100%.

Spot No.  Colonized S° Reduced S Sulfoxide Sulfonate  Sulfate R-factor
(%) (“o) (%) (Yo0) (%)
1 yes 11.4 58.4 0.0 25.5 4.8 0.019
2 yes 0.0 58.5 6.9 23.6 11.0 0.008
3 yes 13.3 63.8 0.0 23.0 0.0 0.008
4 yes 9.8 68.0 0.0 222 0.0 0.014
5 no 5.5 29.4 4.0 245 36.7 0.013
6 no 4.5 24.9 0.0 36.5 34.1 0.012
7 no 5.8 44.5 0.0 24.5 253 0.012
8 no 6.9 36.5 10.6 223 23.7 0.005
9 no 0.0 36.0 4.1 14.6 453 0.008
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Figure 2.

a) Bulk S XANES: Leaf clusters
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572  Figure 3.

a) Bulk S XANES: UXRF S speciation maps
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575  Figure 4.

(b — d) uXRF S speciation maps e) § species
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578  Figure 5.

a) S uXANES: Nostoc colonies
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581  Figure 6.

a) Bulk S XANES: Colonized leaf clusters
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584  Figure 7.

a) LXRF S speciation map: Colonized leaf
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588  Figure 8.
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Supporting Information

The supporting information contains three additional figures.

Figure S1. Micro-XRF maps of total S in colonized and uncolonized individual leaves and leaf clusters.
Figure S2. Micro-XRF maps of S species in uncolonized and colonized individual leaves.

Figure S3. Micro-XRF maps of total S and S species in sections of a colonized leaf.
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