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1 ABSTRACT
2 Background and Aims
3 Antibiotics are natural compounds produced by microorganisms that have long existed in
4  ecosystems. However, the widespread clinical and agricultural use of antibiotics has
5 intensified selective pressures on bacteria, leading to the proliferation of antibiotic resistance
6 genes (ARGS). Theincreasing prevalence of these genetic elements now poses a major global
7 hedth threat. While ARGs are well documented in anthropogenically influenced
8 environments, their distribution and origins in remote ecosystems, such as the boreal forests,
9 remain poorly understood. Here, we investigate the occurrence, diversity, and potential
10 originsof ARGsin the boreal lichen Cladonia stellaris.
11  Methods
12 We conducted the first targeted assessment of ARGs in lichens by analyzing 42 C. stellaris
13 samples from northern and southern lichen woodlands (LWSs) in eastern Canada. Using high-
14  throughput quantitative PCR, we screened for 33 ARGs and three mobile genetic elements
15 (MGEs), quantifying their relative abundance. Bacterial community composition was
16 characterized via 16S rRNA gene sequencing. Statistical analyses evaluated geographical
17  patterns, ARGs-taxa association, and the influence of latitude on ARG distribution.
18 Key Results
19 Ten ARGs conferring resistance to four antibiotic classes (aminoglycosides, beta-lactams,
20 quinolones and sulfonamides), along with one MGE, were detected. Three ARGs, blaCTX-
21  M-1, gnrB, and gepA, were highly prevalent, with gepA often surpassing 16S rRNA gene
22  abundance. Latitude significantly influenced ARG profiles, whereas bacterial community
23 composition did not. Network analysis identified Connexibacter, Granulicella, and
24 Novosphingobium as potential hosts for gnrB, and Tundrisphaera and Terriglobus for gepA.

25 To explan ARGs presence, we explored two hypotheses: bioaerosol dispersal from
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anthropogenic sources, and endogenous development through co-evolution between lichen-
produced antimicrobial compounds and their associated bacterial communities.

Conclusions

Our findings demonstrate that C. stellaris harbors diverse ARGs in remote boreal ecosystems,
highlighting the ecological complexity of ARG persistence and the need to investigate not

only ARG presence, but also the processes driving their distribution in natural environments.

Key word
Antibiotic resistance genes, beta-lactamase, bioaerosols, boreal ecosystems, Cladonia
stellaris, coevolution, lichen microbiome, lichen woodlands, mobile genetic elements,

antimicrobial compound, quinolone resistance.
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s Introduction

39 Antibiotics are a class of secondary metabolites naturally produced by microorganisms, such
40 as bacteria or fungi, or chemically synthetized analogous compounds (Demain and Sanchez
41  2009). In nature, they serve various ecological roles, acting as signaling molecules and
42  defense mechanisms. As signaling molecules, antibiotics are crucia for maintaining
43 microbia balance and facilitating interactions within microbial communities (Henke and
44  Bassler 2004; Linares et al. 2006; Schertzer et al. 2009). As defense mechanisms, they
45  provide producing organisms with a competitive advantage by inhibiting the growth of rival
46  microbes, thus securing resources and space (Waksman and Woodruff 1940). According to
47  the arms-shield hypothesis, the production of antibiotics and the development of resistance to
48  them is an ongoing evolutionary battle (Han et al. 2022). Some microorganisms have evolved
49 the ability to produce antibiotics as a means of defense, while their competitors have
50 developed resistance mechanisms through natural selection, enabling them to survive
51 antibiotic exposure. This resistance capability is conferred by antibiotic resistance genes
52  (ARGs), which are segments of DNA encoding proteins that enable bacteria to survive
53 exposure to antibiotics. ARGs can develop intrinsically within the bacterial genome or
54  acquired through horizontal gene transfer (HGT) (Thomas and Nielsen 2005; Barlow 2009)
55  from other bacteria via mobile genetic elements (MGEs) such as plasmids (Partridge et al.
56  2018; Razavi et al. 2020; Ni et al. 2023), or via bacteriophages (Balcazar 2014; Penadés et al.
57 2015). Their existence in the environments predates the anthropogenic use of antibiotics
58 (Wright 2007; Martinez 2008) with evolutionary evidence tracing their development from
59 thousands (D’ costaet al. 2011) to billions of years (Hall and Barlow 2004).

60 Since the 1940s, when antibiotics began to be used in medicine, their application has
61 expanded to sectors such as agriculture (e.g. Anderson and Gottlieb, (1952); McManus et al.,

62  (2002)), aguaculture (e.g. Cabello, (2006); Chen et a., (2020)), and animal husbandry (e.g.
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63 Hong et a., (2013); Busch et al., (2020); Karwowska, (2024)). Such extensive, and at times
64 inappropriate, use of antibiotics has led to the proliferation of ARGs and ARG-carrying
65 bacteria in both natural and anthropogenic ecosystems. The World Health Organization has
66 identified antibiotic resistance as one of the top public health threats of the 21% century. In
67 2019 alone, over 4.95 million deaths were linked to antibiotic resistance, with approximately
68 1.27 million directly attributed to infections caused by antibiotic-resistant bacteria (Murray et
69 al. 2022). At the national level, antimicrobia resistance was responsible for the deaths of
70 approximately 5,400 Canadians in 2018. If current trends continue, resistance rates are
71  projected to increase from 26% in 2018 to 40% and potentially up to 396,000 cumulative
72  deaths by 2050, with economic losses ranging from 13 to 21 hillion CAD (Council of
73  Canadian Academies 2019).

74 The spread of ARGs in the environment occurs not only through local contamination
75  near anthropogenic sources, such as the direct release of ARG-carrying bacteria via wastewater
76  discharge or agricultural runoff (Almakki et al. 2019; Junaid et al. 2022), but aso by
77  amospheric processes that enable their dispersal over much greater distances. Bioaerosols,
78  which are airborne particles of biologica origin encompassing bacteria, viruses, and fungi, can
79  carry ARGs over distances ranging from meters to hundreds of kilometers (Brunet et al. 2017;
80  Griffin et al. 2017). Bioaerosols are transported by atmospheric currents (Jin et al. 2022;
81 Wang et al. 2022), before settling out of the air through dry deposition (gravity-driven settling
82 onto surfaces) or precipitation into terrestrial or aguatic environments (Di Cesare et al. 2017,;
83 O'Malley et al. 2023). For example, clouds are increasingly recognized as dynamic microbial
84  ecosystems, rich in viable microorganisms and genetic material, including ARGs (Ross et al.
85  2022). Wildfires, while less studied as a vector of ARG dispersion, represent an additional
86  mechanism by which large quantities of soil and plant-associated microorganisms can be

87 aerosolized and transported through smoke (Moore et al. 2021). Despite the intense heat
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88  associated with wildfires, studies have shown that up to 80% of DNA-containing cellsin smoke
89 remain viable and metabolically active (Moore et al. 2021).
90 Lichen woodlands (LWSs) provide a particularly valuable system for investigating the
91  presence and distribution of ARGs. Characterized by open forests with minimal tree canopy,
92  LWs offer little physical obstruction to airborne particles, allowing microorganisms suspended
93 in the amosphere to settle directly onto the ground layer. This ground layer is dominated by a
94  continuous and exposed cover of lichens (Payette et al. 2001; Girard et al. 2017), which
95 renowned for their ability to absorb and accumulate substances from their surrounding
96 environment, including airborne particles. Interestingly, LWs also provide an opportunity to
97  explore endogenous mechanisms of antibiotic resistance development. Lichens are known to
98 produce a variety of antimicrobial compounds (Burkholder et al. 1944; Yilmaz et al. 2004,
99 Rankovi¢ et al. 2010; Shrestha and St. Clair 2013), which exert selective pressure on their
100  associated bacterial communities (Grube et al. 2009; Grimm et al. 2021), and may promote the
101  development of resistance, as proposed for the lichen species Rhizocarpon geographicum (Miral
102 etal.2022).
103 Across Canada, LWs cover approximately 2 million km? of which, nearly 300,000
104 km? can be found in the province of Quebec (Payette and Delwaide 2018), with Cladonia
105 stellaris (Opiz) Pouzar & V&zda being the dominant and most representative lichen species.
106 LWs are situated north of the closed-crown forest zone and south of the forest-tundra zone,
107 between 52.00°N and 55.00°N, in remote regions characterized by low human population
108 density and limited anthropogenic activities (Bhiry et al. 2011). An exception to the typical
109  distribution of LWSs occurs in Parc National des Grands-Jardins, Quebec (PNGJ; 47.68°N,
110  70.85°W), where a LW is found 500 km south of its usual range (Jasinski and Payette 2005).
111  In 2023, the southern boundary between LWSs and the closed-crown forest was severely

112  affected by extreme wildfires (Gaboriau et al. 2023; Boulanger et al. 2024), during the most
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113  severe wildfire season on record, with over 4.5 million hectares of forest burned across
114  Quebec (SOPFEU 2023). Although wildfires have long been a natural disturbance in boreal
115 regions (Serge Payette 1992), the exceptional intensity of the 2023 fire season (Jain et al.
116  2024) raises new questions about their potential role in atmospheric dissemination of ARGs
117 (Mooreet al. 2021).

118 Considering the potential contribution of multiple atmospheric processes, including
119  wildfire smoke, prevailing winds, precipitation and cloud dynamics, to the deposition of
120 ARGs in LWs, and the lichens' ability to accumulate airborne substances, we propose that
121  lichens may act as reservoirs for ARGs. This capacity could also be reinforced by possible
122  coevolutionary dynamics between lichen-associated bacteria and their host under selective
123  pressures. To investigate this, we conducted the first targeted assessment of ARGs in lichen
124 samples using high-throughput quantitative PCR (HT-gPCR). The objectives of this study are
125 toi) test the presence of ARGs in lichens from both northern and southern LWSs, ii) quantify
126  their abundance, iii) compare the diversity and abundance of ARGs between northern and
127  southern LWSs, and iv) explore the relationship between their ARG profiles and constituent
128  bacterial communities. To frame our investigation, we consider two main hypotheses to
129 explain the origins of bacteria-carrying ARGs in C. stellaris: first, that long-distance dispersal
130 by bioaerosols introduces ARGs to LWs (Kormos et al. 2022; George et al. 2022), by
131 transporting bacteria-carrying ARGs from urban and agricultural environments where
132  antibiotics are frequently used; and second, that ARGs in lichen-associated communities may
133  beindigenous, developing as a response to selective pressures imposed by the antimicrobial
134  compounds produced by lichens (Francolini et al. 2004; Goga et al. 2021; Zorrilla et al.
135 2022). This latter scenario, consistent with the arms-shields race hypothesis, suggests that the
136  evolutionary interplay between the lichen host and its associated bacteria may have driven the

137  development of ARGs as an adaptive strategy.
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133 Materia and methods

139  Study areas and sampling
140  This study builds upon previous data collected by Alonso-Garcia et al. (2021) and Alonso-

141 Garcia and Villarreal A. (2022), which investigated the factors shaping the bacterial
142  community composition of lichens across Quebec, Canada. Cladonia stellaris samples were
143  collected from two location: the first near Kuujjuarapik-Whapmagoostui (55.28, -77.75) in
144  the north and the second from PNGJ (47.68, -70.85) in the south. Kuujjuarapik-
145  Whapmagoostui has a mean annual temperature of -3.6°C and a mean annual precipitation of
146 640 mm (Prairie Climate Centre University of Winnipeg 2022). In this region, LWs develop
147  on sandy terraces and wind-affected areas, where Picea glauca (Moench) Voss and Picea
148 mariana (Mill.) Britton, Sterns & Poggenb. coexist with a ground cover dominated by C.
149 dellaris and ericaceous shrubs such Betula glandulosa Michx., Rhododendron
150 groenlandicum Retzius, and Salix glauca L. (Bhiry et al. 2011). These open forests grow on
151  acidic, nutrient-poor, well-drained soils (Payette 1993; Payette et al. 2001).

152 The PNGJ has a mean annual temperature of 2°C, and an annual precipitation of
153  approximately 1200 mm (Payette et al. 2000; Prairie Climate Centre University of Winnipeg
154  2022). The park features a mosaic of closed-crown spruce-moss forests and open-crown
155 lichen woodlands dominated by P. mariana, Ericaceae species and C. stellaris (Jasinski and
156  Payette 2005), thriving on acidic, nutrient-depleted moraine-derived soils and granitic
157  outcrops (S. Payette 1992; Payette and Morneau 1993). Although both regions are relatively
158 remote compared to urban centers, potential sources of anthropogenic contamination exist
159 near the study sites. In Kuujjuarapik-Whapmagoostui, there is a possibility that domestic
160 waste, healthcare services, and potential wastewater seepage may introduce antibiotics into
161 nearby ecosystems. The PNGJ, has protected status, restricting human activities. However, it
162 is located within the Charlevoix region, where agriculture and livestock farming are

8


https://doi.org/10.1101/2025.05.28.656581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.28.656581; this version posted June 1, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

163  widespread (MRC de Charlevoix 2022), and its proximity to the town of Baie-Saint-Paul
164  (lessthan 30 km away), could expose the park to anthropogenic contaminants.

165 Sampling was performed in 2018 using sterilized steel forceps, targeting thalli of C.
166  stellaris, which were immediately stored at -20°C. Further methodological details are
167 availablein Alonso-Garcia et al., (2021); and Alonso-Garcia and Villarreal A., (2022). In the
168 present study, 42 samples were selected for analyses: 18 from seven sites around
169  Kuujjuarapik-Whapmagoostui (northern LW), and 24 from PNGJ (southern LW) (Table S1).

170

171 Data processing and analysis of 16SrRNA genes
172  To profile bacterial community composition, we used amplicons of V3-V4 region of the 16S

173 rRNA gene generated by Alonso-Garcia and Villarrea A., (2022). These data were passed
174  through an established DADAZ2 pipdline (Callahan et al. 2016) in the R environment (R Core
175 Team 2021) for processing amplicon sequence variants (ASVs, Callahan et a. (2017)). We
176  transformed ASV counts to relative abundances using the phyloseq package (McMurdie and
177  Holmes 2013) for comparisons of biodiversity between northern and southern LWSs. To calculate
178 the Shannon diversity index, we first normalized the ASV table using the DESeg2 package
179 (Love et al. 2014), applying the poscounts method. This approach estimates size factors using
180 the median-of-ratios method while excluding zero counts, making it particularly suitable for
181  sparse amplicon data typical of microbial community profiles. We tested for differences in
182  Dbacterial aphadiversity between LWSs using an unpaired t-tests, after confirming normality and
183  homogeneity of variances using the Shapiro-Wilk and Levene's tests, respectively. To andyze
184  beta diversity, we built a Bray-Curtis distance matrix based on relative abundances and
185 performed a PCoA (Principa Coordinates Analyses). We assessed differences in bacterial
186 community composition between LWs with PERMANOVA (Permutational Multivariate

187 Anayss of Variance) test, preceded by a check of the homogeneity of dispersions using the
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188  betadisper function from the vegan package (Oksanen et al. 2024). We used the Bray-Curtis
189  distance matrix from the relative abundance data to perform db-RDA to evaluate the influence
190 of the latitude of LW on the bacterial community composition, fitting the model with the
191 capscale function in vegan package (Oksanen et al. 2024), with LW as explanatory variable.
192  Thesignificance of the db-RDA model was assessed using permutation tests.

193

194 SmartChip high-throughput quantitative PCR

195 Bacterial biomass was assessed via gPCR using the 16S rRNA marker gene (primers and
196 probe as described in Bach et a. (2002). The gPCR was conducted on a Bio-Rad CFX-384
197 Touch™ Real-Time PCR Detection System (Bio-Rad, Montreal, CA) under the following
198 thermoprotocol: 95 °C for 3 min; followed by 40 cycles of 95 °C for 20 s and 62 °C for 1
199 min. Results were validated only if the accompanying standard curves showed efficiency
200  values between 90% and 110%.

201 We employed the SmartChip Real-Time PCR System (Takara Bio USA, Inc.) to
202  screen for the presence of ARGs and MRGs. The HT-gPCR was performed following the
203 manufacturer’s protocol. Each 250 ul reaction contained the appropriate primers for the
204  targeted ARGs, along with the lichen DNA extracted previously in Alonso-Garcia and
205 Villarrea A. (2022).The selection of ARGs was guided by the framework established George
206 et al. (2022), ensuring comparability with previous global studies. We targeted 33 ARGs and
207 three MGEs (Table 1). We included positive controls consisting of synthetic target gene
208  seguences at concentrations of 1001, 103, and 10* copies per microliter, along with negative
209 controls (no-template controls), to verify specificity and the absence of contamination. Each
210 sample was analyzed in triplicate. A gene was considered present if detected in at least two
211 out of the three technical replicates. The Ct values from these replicates were averaged for

212  further analysis.

10
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213 The relative abundance of each ARG/MGE compared with 16S rRNA was calculated
214 using the 274¢* method, where ACt = Ct(ARG or MGE) — Ct(16S TRNA); hereafter
215 referred to as ARG relative abundance. To visualize the variation of ARGs across the lichen
216 samples, we created a heat map using the relative abundance values. A logarithmic
217 transformation (logl 1) was applied to the abundance values to better represent the wide
218 range of abundances in the heat map. We compared ARG relative abundance between
219 northern and southern LWs using exclusively ARGs with a prevalence greater than 50%
220 acrossal samples. To test for statistical differencesin ARG abundance between northern and
221  southern LWSs, we performed Wilcoxon rank-sum tests with Benjamini-Hochberg (BH)
222  correction due to non-normal distribution of the data revealed by Shapiro-Wilk test. Prior to
223  testing, abundance values of zero were excluded from the dataset to avoid skewing the
224 results. Additionally, we assessed the overall ARG abundance in each lichen sample, by
225 summing the relative abundances of all ARGs for each sample, and we applied a Wilcoxon
226  rank-sum test to compare it between the two LWs. We assessed the influence of the latitude
227  of LW on the relative abundance of the eleven ARGs detected in C. stellaris performing a db-
228 RDA onthe Bray-Curtis distance matrix of ARG relative abundance as described above.

229

230 Comparison of ARGs and bacterial communities in lichens

231  We assessed how much of the variance in the relative abundance of ARGs could be explained by
232  the relative abundance of bacterial families. The relative abundances of ARGs served as the
233 response varidbles, while the relative abundances of bacterial families were the explanatory
234  variables. To check for multicollinearity among the explanatory variables, we calculated
235  Spearman's correlation coefficients. We used a threshold of 0.4 for correlations to identify and
236  remove highly co-correlated bacterial families from the analysis. The removed families were:

237  Bdédlovibrionaceae, Sphingomonadacese, |sosphaeraceae, SM2D12, Caulobacteracese, and

11
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238  Microbacteriaceae. Given that the linearity assumption between ARGs and bacteria families was
239  not confirmed, we opted to use Canonical Correspondence Analysis (CCA), which can handle
240 non-linear relationships. The significance of the CCA modd was tested using ANOVA with
241  permutation.

242 To explore potential relationships between ARGs and bacterial taxa associated, we
243  conducted network analyses. First, we prepared a dataset combined ARG relative abundances
244 with bacterial genera abundances, transformed using centered log-ratio to standardize the data.
245 We calculated Spearman correlation coefficients (Jp[) and corresponding p-values using the
246  rcorr function from the Hmisc packagein R (Harrell J. 2024). We set significance thresholds at
247  acorrelation coefficient greater than 0.2 and an adjusted p-value below 0.05. To control for
248 multiple testing, we applied BH correction to the p-values. Significant correlations were
249  retained, and their values were used to construct the network, where nodes represent ARGs or
250 bacterial taxa, and edges represent significant correlations between them. The network was
251 generated using the igraph package in R (Csardi and Nepusz 2006), with edge weights
252  corresponding to the absolute values of the Spearman correlation coefficients. The direction of
253  thecorrelation (positive or negative) was annotated, and correlation strength was categorized as
254  weak, moderate, strong or very strong based on the absolute value of the correlation coefficient
255  (ranges: 0.2-0.4, 0.4-0.6, 0.6-0.8, 0.8-1.0, respectively). For further visualization and editing,
256  we exported the network data, including node attributes and edges with adjusted p-values, to a
257  CSV file compatible with Cytoscape software (Shannon et al. 2003).

258

12
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»0  Results

260 Bacterial community differs between LW
261 A tota of 481 unigue ASV's were retained after quality and prevaence filters from 48 lichen

262 samples. The ASVs were assembled into ten phyla. Proteobacteria was the maost abundant,
263  accounting for 242 ASVs. The next most abundant phyla were Acidobacteriota (86 ASVS),
264  Planctomycetota (78 ASVs), followed by Verrucomicrobiota (42 ASVs) (Figure S1A). Among
265 the ASVsassigned to genera, Tundrisphaera (65 ASVs), Granulicdla (41 ASVs), and LD29 (33
266 ASVs) were the most abundant, while genera such as Conexibacter, Terriglobus, and
267  Novosphingobium were represented by only one or two ASVs each (Figure S1B, Table S2).
268 Unpaired t-test revealed that alpha diversity was higher in northern than in southern LWs (p =
269 0.0001) (Figure 1A). The Bray-Curtis distance based PCoA showed that bacterial
270 communities of C. stellaris differ between LWs, with no overlap, with axes 1 and 2
271 explaning 22% and 10.5% of the total variance, respectively (Figure 1. A 1B).
272 PERMANOVA results confirmed that the separation between LWs was statistically
273  sgnificant (R = 0.143, p = 0.001). The db-RDA model reveded that the latitude of LW
274  explained 14.23% of the variance in the bacterial community composition. The global
275  permutation test confirmed that the model was statistically significant (F = 6.634, p = 0.001).

276

277 Characterisation of ARGs present in lichens
278  Among the 33 ARGs and three MGEs tested, ten ARGs and one MGE were detected in C.

279 sellaris samples, corresponding to resistance to aminoglycosides (aac(6')-1b and aac(3')),
280 Dbetalactams (blaCTX-M-1, blaMOX/CMY, blaTEM and blaVIM), quinolones (gepA, and
281 gnrB), and sulfonamides (sull and sul2), as well as one MGE (intl-a-marko). The relative
282  abundances of the detected ARGs and MGE are shown in Figure 2 and Table S3. While most

283  ARGs and the MGEs exhibited lower abundance compared to the 16S rRNA gene, gepA was
13
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284  an exception, displaying higher relative abundance in most samples (Figure 2). Three ARGs,
285 blaCTX-M-1, gnrB and gepA, were the most prevalent, each occurring in more than 50% of
286 the samples. The blaCTX-M-1 gene, conferring beta-lactamase resistance, was found in 35
287  samples (16 from the northern LW and 19 from the southern LW). The quinolone resistance
288  genes gnrB and gepA were detected in 34 (14 northern LW, 20 southern LW) and 23 (14
289 northern LW, 9 southern LW) samples, respectively (Figure 2, Table S3). Comparisons of
290 relative abundance of the three prevalent ARGs between northern and southern LWs (Figure 3)
291 revealed a significant difference for gnrB (adjusted p = 0.027), with higher abundance in
292  southern LW. However, when considering the total relative abundance of all detected ARGs
293  combined (Figure S2), no significant differences were found between the two regions (adjusted
294  p=0.37). Findly, the db-RDA analysis revealed that the latitude of LW explained 12.61% of
295 the variance in the relative abundance of ARGs associated with C. stellaris. The global
296 permutation test confirmed that the model was statistically significant (F = 5.696, p-value =
297  0.005).

298

299  Relationship between ARGs and bacterial communitiesin lichens
300 The CCA did not yield statistically significant results (F = 1.7, p = 0.139), indicating that the

301 relative abundances of bacterial families did not account for a significant proportion of the
302  variance observed in ARG relative abundances. Network analysis displayed the relationships
303  between bacterial genera and the two quinolone ARGs (gnrB and gepA), with no connexions
304 observed for blaCTX-M-1. The overall network comprised 32 nodes and 147 edges, with an
305 average of 9.19 neighbors per node, a clustering coefficient of 0.527, and a network density
306 of 0.296 (Table 2). These metrics indicate a moderately interconnected network with a

307  cohesive structure, where no bacterial genera or ARGs were isolated (Figure 4).
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308 Among the genera identified, Conexibacter (represented by 2 ASVs) emerged as a
309 key node within the bacterial community of C. stellaris. It exhibited the highest number of
310 connections (20) and high centrality indices (closeness centrality = 0.67, betweenness
311  centrality = 0.219) (Figure 4, Table $4). This genus was positively correlated with gnrB (Jp| =
312 0.54). Granulicella (41 ASVs) and Novosphingobium (1 ASV), though differing in
313  abundance, showed similar patterns in the network. Both genera showed moderate positive
314  correlations with gnrB (Jp| = 0.54 for Granulicella and |p| = 0.43 for Novosphingobium) and
315 had relatively low betweenness centrality (0.010 for Granulicella and 0.027 for
316  Novosphingobium). Additionally, Granulicella contributed eight connections to the network,
317 indicating a moderate role in the network structure, while Novosphingobium had 16
318  connections, reflecting a stronger presence in the network (Figure 4, Table S4). Two different
319 generawere positively correlated with gepA: Tundrisphaera (|p| = 0.43) and Terriglobus (|p|
320 = 0.45). While Tundrisphaera (65 ASVs) had 11 connections, Terriglobus (1 ASV) had only
321 three. Both genera displayed relatively low betweenness centraity (0.089 for Tundrisphaera
322 and 0.007 for Terriglobus) (Figure 4, Table $4), suggesting a more localized role in linking
323 different parts of the network. A weak but significant negative correlation was observed
324  between gnrB and gepA (|p| = -0.40) (Figure 4, Table $4), which may indicate that these two
325 resistance genes do not co-occur frequently in the same bacterial community. However, given
326 that gepA exhibits much higher relative abundance across samples compared to gnrB, this
327 negative correlation may also reflect the influence of their relative abundance differences,
328  which could affect their co-occurrence patterns.

329
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330 DISCUSSION

331 Bacteria associated with C. stellaris from southern and northern LWs in Quebec harbored ten
332 genes conferring resistance to four classes of antibiotics: aminoglycosides (aac(6')-1b and
333 aac(3)), beta-lactams (blaCTX-M-1, blaMOX/CMY, blaTEM and blaVIM), quinolones (gepA,
334  and gnrB), and sulfonamides (sull and sul2), as well as one MGE (int1-a-marko). One beta-
335 lactam resistance gene (blaCTX-M-1) and two quinolones (gepA, and gnrB) were detected in
336 over 50% of the samples, with gepA showing a particularly high relative abundance,
337 aurpassing the abundance of 16S rRNA gene in most samples. Comparisons between
338 northern and southern LWs indicated a trend toward higher ARG relative abundance in
339  southern samples; however, only the gnrB gene showed a statistically significant difference.
340 Redundancy analyses revealed that LW latitude explained almost 13% of the variance in
341 ARG profiles, suggesting a spatial effect. In contrast, no significant influence of bacterial
342 family composition on ARG abundance was detected. Additionally, we identified the
343  bacteria genera Granulicella, Connexibacter, and Novosphingobium as potential hosts for
344 gnrB, and Tundrisphaera and Terriglobus for gepA. Although our data confirmed the
345 presence of ARGs in C. stellaris across both northern and southern LWs, the mechanisms
346  underlying the arrival and persistence of ARG in these ecosystems remain unclear. In the
347 following sections, we explore two main hypotheses. i) long-distance dispersa via
348  bioaerosols, and ii) endogenous development driven by coevolutionary dynamics between the
349 lichen host and its associated bacteria (arms-shields race hypothesis). These interpretations
350 remain preliminary, and further research will be essential to address the unresolved questions
351 raised by our findings.

352
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353 Influence of LW latitude on bacterial community and ARGs

354  distribution
355  Consistent with the findings of Alonso-Garcia and Villarreal A., (2022), our results reveded

356 sgnificant differences in the diversity and composition of bacterial communities associated
357 with C. stellaris between northern and southern LWSs, with northern LWs exhibiting higher
358 Dbacterial diversity. Latitude accounted for around 14% of the variation in the bacterial
359  community of lichen samples and about 13% of the variation in ARG relative abundance,
360 suggesting that local factors specific to each LW influence both bacterial community and
361 ARG abundance. While the impact of the local abiotic factors on bacterial community
362 composition is well established (Cardinale et al. 2012; Klarenberg et al. 2020; Paulsen et al.
363 2024), recent studies have also demonstrated its influence shaping ARGs abundance and
364 distribution. Soil physicochemical properties have been shown to structure soil ARG profiles
365 (Song et al. 2021; Wang et al. 2024). In addition to abiotic factors, biotic drivers such as
366  microbial community composition can also influence ARGs abundance (Bahram et al. 2018;
367 Yan et al. 2021), although the strength and direction of this effect vary by habitat type. For
368 instance, bacterial community structure influences ARG abundance in soils, whereas no such
369 effect was observed in the phyllosphere of plants (Xiang et al. 2020). Our results are
370  consistent with this complexity: while LW latitude explained a small but significant portion
371 of thevariation in ARG abundance, bacterial community composition itself had no detectable
372 influence on abundance of those genes, suggesting that additional, yet unidentified, factors
373 arealsodriving ARG abundancein LWs.

374

17


https://doi.org/10.1101/2025.05.28.656581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.28.656581; this version posted June 1, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

375 Frequent and abundant ARGS: beta-lactams and quinolones resistance

376 Beta-lactam resistance in lichen-associated bacteria

377 Beta-lactams antibiotics are among the most widely used antimicrobial agents and are
378 naturally produced by certain microorganisms, such as the fungi Penicillium chrysogenum or
379 the bacteria Agrobacterium radiobacter (Sykes et al. 1981). In this study, we detected four
380 betalactamase resistance genes (blaMOX/CMY, blaTEM, blaVIM and blaCTX-M-1) in C.
381 stellaris samples. Three of these genes were sporadically detected, exclusively in the southern
382 LW. This sporadic detection may be related to nearby anthropogenic activities, such as
383 agriculture and livestock farming, as beta-lactam ARGs are frequently enriched in
384  agricultural and urban environments (Chen et al. 2018; Yan et al. 2019; Xiang et al. 2020).
385  Bioaerosol transport from these areas could contribute to their subsequent deposition in PNGJ
386 (Bai et al. 2022; George et al. 2022; Yang et al. 2023).

387 Conversely, blaCTX-M-1 was by far the most prevalent ARG, found in 83% of the C.
388 dtellaris samples. We suggest that blaCTX-M-1 may be stably integrated within the lichen-
389 associated microbiome. Although lichens are not known to produce beta-lactams, they
390 synthesize a wide array of antimicrobial compounds (Burkholder et al. 1944; Aslan et al.
391 2006; Rankovi¢ et al. 2010; Mitrovi¢ et al. 2011; Shrestha and St. Clair 2013; Kosani¢ €t al.
392 2014; Kosani¢ and Rankovic 2015), which could exert selective pressures favoring ARG
393 retention over evolutionary timescales. Noél et al. (2021) demonstrated that |ichen-associated
394  Dbacteria developed mechanisms to survive in the presence of antibacteria compounds
395 produced by lichens. Similarly, Agerse et a. (2019) suggested that some ARGs may be
396 intrinsic to bacteria and originated from ancient resistomes rather than recent contamination.
397 Beyond these ecological pressures, the widespread occurrence of blaCTX-M-1 may also
398 reflect its ability to persist independently of specific bacterial hosts. Indeed, no significant

399 correlations were observed between this ARG and specific bacterial genera, a pattern also
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400 reported for other ARGs such as blaTEM (Jang et al. 2022) and aac-(6)-Ib (Yan et al. 2017).
401  This lack of association could be explained by the frequent linkage of blaCTX-M-1 to MGESs
402  (Canton et al. 2012; Partridge et al. 2018; Cormier et al. 2022), which promote HGT among
403  diverse bacterial taxa. These mechanisms may allow blaCTX-M-1 to disseminate broadly
404  within microbial communities, independently of host identity, and to persist even as bacterial
405 community composition shifts (Zhu et al. 2017; Li et al. 2023), as observed here between
406 northern and southern LWSs. Thus, the sporadic detection of beta-lactam blaMOX/CMY,
407 blaTEM and blavVIM ARGs may reflect recent introductions through bioaerosols, while
408 blaCTX-M-1 presence might be explained by a combination of historical coevolutionary
409  dynamics and the role of MGE, which facilitate its transfer across diverse bacterial hosts.

410
411 Quinolones resistance in lichen-associated bacteria

412  Quinolone are synthetic antibiotics introduced in the 1960s, with widespread use established
413 by the 1980s (Hooper and Jacoby 2015). They are extensively employed in human and
414  veterinary medicine, as well as in food production (World Health Organization 2018),
415  contributing to growing contamination of natural environments (Cattoir et al. 2008; Ben et al.
416 2019; Zha et al. 2024). In this study, we detected two quinolone resistance genes in C.
417  sellaris samples: gnrB and gepA.

418 The gnrB gene exhibited a particularly high prevalence, being present in 81% of the
419 lichen samples. It showed significantly higher relative abundance in southern lichens,
420 pointing toward potential introductions via long-distance bioaerosol dispersal (Pilote et al.
421 2019; George et al. 2022) from anthropogenicaly influenced areas such as nearby
422  agricultural and urban centers from the south. Our results further revealed that gnrB was
423  positively associated with Connexibacter, a bacterial genus known for its resistance to
424 quinolones (Monciardini et al. 2003), which exhibited the highest connectivity within the

425  lichen bacterial network. Connexibacter may therefore act as an active reservoir of gnrB,
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426 facilitating its dissemination among other bacterial taxa. In addition, Granulicella and
427  Novosphingobium, although less central within the network, were also identified as potential
428 bacterial hosts for gnrB, consistent with previous reports linking Novosphingobium to other
429 gnr genes (Yan et al. 2017). These findings suggest that multiple bacterial lineages may
430 contribute to the persistence and circulation of gnrB within the C. stellaris microbiome.
431 Furthermore, consistent with its potential mobility, gnrB frequently co-occurred with
432  blaCTX-M-1, with both genes detected together in 77% of the C. stellaris samples, supporting
433  previous reports of their potential genetic linkage on MGEs (Juraschek et al. 2022). While
434  blaCTX-M-1 may represent a historically embedded component of the lichen resistome (as
435  proposed above), its association with MGEs could promote horizontal transfer. Such linkage
436 could facilitate the simultaneous spread of resistance to beta-lactams and quinolones within
437  bacterial communities associated with lichens. According to these findings, we suggest that
438 the higher relative abundance of gnrB in southern lichens may reflect introductions through
439 bioaerosol dispersal from anthropogenically influenced areas. Once introduced, the frequent
440  co-occurrence of gnrB with blaCTX-M-1 on MGEs (Juraschek et al. 2022) and its association
441  with the central bacteria genus Connexibacter could facilitate its persistence within the lichen
442  microbiome.

443 The gepA gene, encoding a quinolone efflux pump, was detected in 57% of the C.
444  sellaris samples, with no significant differences in relative abundance between northern and
445  southern LWs. Notably, gepA exhibited high relative abundance, often exceeding that of the
446  16S rRNA gene. We propose that the high abundance of gepA may reflect its ecological
447  importance for the lichen-associated bacterial community. Efflux pumps serve diverse
448 physiological roles for bacteria, particularly detoxification of potentially harmful compounds
449  (Piddock 2006; Martinez et al. 2009; Garcia-Ledn et al. 2014). For instance, Alonso et al.

450  (1999) demonstrated that environmental isolates of Pseudomonas aeruginosa collected prior
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451 to the widespread use of synthetic antibiotics could already actively expel quinolones,
452  suggesting these mechanisms originaly evolved against naturally occurring compounds. In
453 the context of lichen symbioses, efflux pumps like gepA may provide a dual advantage:
454  specific resistance against quinolones or quinolone-like compounds that might be present in
455 the broader environment, as well as genera protection against the diverse array of
456  antimicrobial metabolites known to be produced by lichens (Rankovi¢ et al. 2007;
457  Studzinska-Srokaet al. 2015; Taylor et al. 2023). While there is currently no evidence that C.
458  stellaris specifically synthesizes quinolone-type compounds, the selective pressure exerted by
459 its secondary metabolite profile could favor the retention of versatile detoxification
460 mechanisms like gepA in the lichen-associated bacteria. This evolutionary retention would
461 explain both the prevalence and exceptional abundance of gepA in C. stellaris. Network
462  analysis revedled that Tundrisphaera and Terriglobus were positively associated with gepA,
463  athough both genera exhibited low betweenness centrality within the bacterial network. This
464  suggests that despite being carried on MGEs (Jacoby et al. 2006; Périchon et al. 2007), gepA
465 may not disseminate widely across the lichen microbiome due to the limited ecological
466  centrality of its primary bacterial hosts.

467

468 Occasional ARGs: aminoglycosides, sulfonamides, and intl-a-marko
469 In addition to the dominant ARGs discussed above, we detected the occasional presence of

470  other resistance genes and the integron marker gene intl-a-marko in C. stellaris. Specifically,
471  the aminoglycoside resistance genes aac(6')-1b and aac(3'), the sulfonamide resistance gene
472  sull, and the integron marker gene intl-a-marko were identified a low frequencies,
473  predominantly in samples from the southern LW. Aminoglycosides are natural compounds
474  produced by soil bacteria (Schatz et al. 1944), and resistance to these compounds is

475  widespread across diverse natural environments (Li et al. 2015; Yan et al. 2017; Zhuang et
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476  al. 2021; Urban-Chmiel et al. 2022). In contrast, sulfonamides are synthetic antibiotics first
477  introduced in the 1930s, widely used in both human and veterinary medicine (Landers et al.
478  2012), with resistance genes now also broadly disseminated in the environment (Nunes et al.
479  2020). The geographic clustering of these ARGs in southern LW samples suggests that
480 anthropogenic influence from nearby urban areas, potentially mediated by bioaerosol
481  dispersal, could have introduced them into the PNGJ. However, the very limited number of
482  positive detections makes it difficult to support this hypothesis alone, and alternative
483  explanations, such as co-evolution, cannot be excluded. Additionally, we detected sul2 in
484  more than 40% of samples from both northern and southern regions. The frequent detection
485  of sul2 may indicate widespread resistance. Resistance to sulfonamides has been documented
486 in bioaerosols (Zhang et al. 2018; Han and Yoo 2020; Qu et al. 2024). However, it has aso
487  been detected in forest soils with no history of exposure to these synthetic drugs (Willms et
488 al. 2019). This suggests that, although sulfonamides may not naturally occur in these
489  environments, the genetic mechanisms for resistance can still persist within microbial
490 communities. Such persistence indicates an adaptive capacity that may explain sul2
491 persistence within the C. stellaris, despite limited exposure to antibiotics from anthropogenic
492 uses.

493

w4 Conclusion

495 To our knowledge, this is the first study to directly quantify and confirm the presence of
496 ARGs in lichens using high-throughput quantitative PCR. We detected ten ARGs and one
497 MGE in the lichen C. stellaris from northern and southern LWSs in eastern Canada, with
498 predominance of beta-lactam and quinolone resistance genes. Our results revealed differences
499 in ARG relative abundances between northern and southern sites, although only gnrB showed

500 dgnificant variation. Furthermore, the bacterial community composition, while distinct
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501  between LWs, did not appear to drive ARG distribution. Two hypotheses were proposed to
502 explain the presence and distribution of the most prevalent ARGs detected in C. stellaris
503 (blaCTX-M-1, gnrB, and gepA): long-distance dispersal via bioaerosols and, endogenous
504  development through co-evolutionary dynamics between lichens and their associated
505 bacteria. We hypothesize that blaCTX-M-1 and gepA may reflect ancient co-evolutionary
506  processes, while the higher abundance of gnrB in southern samples may suggest a more
507  recent introduction linked to anthropogenic influence. However, given the exploratory nature
508 of this study and the complexity of ARG dynamics in natural systems, these interpretations
509 remain to be tested. Moreover, the specific atmospheric processes potentially contributing to
510 ARG dispersal, such as wildfire smoke, prevailing winds, precipitation, or cloud dynamics,
511 were not assessed and remain to be investigated in future research. As antibiotic resistance
512  continues to pose a major global health challenge, understanding how resistance genes persist
513 and spread even in isolated environments such as LWs represents an open and relevant
514  scientific question.

515

s16  Author contributions

517 Marta Alonso-Garcia: Conceptualization; Funding acquisition; Investigation; Methodology;
518 Data analysis; Writing — original draft; Writing — review & editing. Paul George: Funding
519 acquisition (supporting); Data analysis (supporting); Writing — review & editing. Samantha
520 Leclerc: Investigation (supporting); Methodology (supporting). Marc Veillette: Supervision
521 (laboratory coordination); Methodology (advice on experimental procedures). Caroline
522  Duchaine: Funding acquisition (supporting), Supervision; Writing — review & editing. Juan
523  Carlos Villarreal: Conceptualization; Funding acquisition, Supervision; Writing — review &

524  editing.

23


https://doi.org/10.1101/2025.05.28.656581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.28.656581; this version posted June 1, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

available under aCC-BY-NC-ND 4.0 International license.

Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or

financia relationships that could be construed as a potential conflict of interest.

Data availability

The 16S rRNA sequencing data analyzed in this study were generated in a previous project
and are publicly available in the NCBI Sequence Read Archive under BioProject accession
numbers PRINA593044. Detailed sample metadata, including BioSample accession numbers,

geographic coordinates, and collection details, are provided in Table S1.

Acknowledgements

This research was supported by the Sentinel North Research Acceleration Fund (Laval
University), the CRNSG-RGPIN/05967-2016, and the Fondation canadienne pour
I’innovation. The original sample collection was made possible thanks to the Centre d’ é&ude
nordique, which provided research infrastructure and logistical support in Kuujjuarapik-
Whapmagoostui, and to the authorities of Parc national des Grands-Jardins (SEPAQ) for
granting permission. We are grateful to the staff of Herbier Louis-Marie for their
collaboration. We also thank the Plateforme d’ analyse génomique and the Platefor me de bio-
informatique of the Institut de biologie intégrative et des systemes (Université Laval) for their

assistance during the initial stages of data acquisition and analysis.

24


https://doi.org/10.1101/2025.05.28.656581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.28.656581; this version posted June 1, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

sa7  Literature cited

548 Agersg Y, Bjerre K, Brockmann E, et al. 2019. Putative antibiotic resistance genes present
549 in extant Bacillus licheniformis and Bacillus paralicheniformis strains are probably intrinsic
550 and part of the ancient resistome. PLoS ONE 14: €0210363.

551 Almakki A, Jumas-Bilak E, Marchandin H, Licznar-Fajardo P. 2019. Antibiotic
552  resistance in urban runoff. Science of The Total Environment 667: 64—76.

553 Alonso A, Rojo F, Martinez JL. 1999. Environmental and clinical isolates of Pseudomonas
554  aeruginosa show pathogenic and biodegradative properties irrespective of their origin.
555  Environmental microbiology 1: 421-430.

556  Alonso-Garcia M, Grewe F, Payette S, Villarreal A. JC. 2021. Population genomics of a
557  reindeer lichen species from North-American lichen woodlands. American Journal of Botany
558  108: 159-171.

559  Alonso-Garcia M, Villarreal A. JC. 2022. Bacterial community of reindeer lichens differs
560  between northern and southern lichen woodlands. Canadian Journal of Forest Research 52:
561 662-673.

562  Anderson HW, Gottlieb D. 1952. Plant disease control with antibiotics. Economic Botany 6:
563  294-308.

564 Aslan A, Giillice M, Sokmen M, Adigiizel A, Sahin F, Ozkan H. 2006. Antioxidant and
565 antimicrobial properties of the lichens Cladonia foliacea, Dermatocarpon miniatum, Everinia
566 divaricata, Evernia prunastri, and Neofuscella pulla. Pharmaceutical Biology 44: 247-252.
567 Bach HJ, Tomanova J, Schloter M, Munch JC. 2002. Enumeration of total bacteria and
568  bacteria with genes for proteolytic activity in pure cultures and in environmental samples by
569 quantitative PCR mediated amplification. Journal of Microbiological Methods 49: 235-245.
570 Bahram M, Hildebrand F, Forslund SK, et al. 2018. Structure and function of the global
571  topsoil microbiome. Nature 560: 233-237.

572 Bai H, He LY, Wu DL, et al. 2022. Spread of airborne antibiotic resistance from animal
573 farms to the environment: Dispersal pattern and exposure risk. Environment International
574  158: 106927.

575 Balcazar JL. 2014. Bacteriophages as Vehicles for Antibiotic Resistance Genes in the
576  Environment. PLoS Pathogens 10: €1004219.

577 Barlow M. 2009. What Antimicrobial Resistance Has Taught Us About Horizontal Gene
578  Transfer In: Methods in Molecular Biology. Clifton, N.J.: Humana Press, 397-411.

579 BenY, Fu C, Hu M, Liu L, Wong MH, Zheng C. 2019. Human health risk assessment of
580 antibiotic resistance associated with antibiotic residues in the environment: A review.
581 Environmental Research 169: 483-493.

582 Bhiry N, Delwaide A, Allard M, et al. 2011. Environmental change in the Great Whale
583 River region, Hudson Bay: Five decades of multidisciplinary research by Centre d’ études
584  nordiques (CEN). Ecoscience 18: 182—203.

585 Boulanger Y, Arseneault D, Annie Claude Bélisle YB, et al. 2024. The 2023 wildfire
586 season in Québec: an overview of extreme conditions, impacts, lessons learned and
587  considerations for the future. Canadian Journal of Forest Research: 1-55.

588 Brunet Y, Wéry N, Galés A. 2017. Short-Scale Transport of Bioaerosols. Microbiology of
589  Aerosols: 137-154.

590 Burkholder PR, Evans AW, McVeigh I, Thornton HK. 1944. Antibiotic Activity of
591 Lichens. Proceedings of the National Academy of Sciences 30: 250-255.

592 Busch G, Kassas B, Palma MA, Risius A. 2020. Perceptions of antibiotic use in livestock
593 farming in Germany, Italy and the United States. Livestock Science 241: 104251.

25


https://doi.org/10.1101/2025.05.28.656581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.28.656581; this version posted June 1, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

594  Cabello FC. 2006. Heavy use of prophylactic antibiotics in aguaculture: a growing problem
595  for human and animal health and for the environment. Environmental Microbiology 8: 1137—
506 1144.

597 Callahan BJ, McMurdie PJ, Holmes SP. 2017. Exact sequence variants should replace
598  operational taxonomic unitsin marker-gene data analysis. ISME Journal 11: 2639-2643.

599 Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 2016.
600 DADAZ2: High-resolution sample inference from Il1lumina amplicon data. Nature Methods 13:
601 581-583.

602 Cantdn R, Gonzélez-Alba JM, Galan JC. 2012. CTX-M Enzymes: Origin and Diffusion.
603  Frontiersin Microbiology 3: 110.

604 Cardinale M, Steinova J, Rabensteiner J, Berg G, Grube M. 2012. Age, sun and
605 substrate: Triggers of bacterial communities in lichens. Environmental Microbiology Reports
606 4:23-28.

607  Cattoir V, Poirel L, Aubert C, Soussy CJ, Nordmann P. 2008. Unexpected Occurrence of
608 Plasmid-Mediated Quinolone Resistance Determinants in Environmental Aeromonas spp.
609 Emerging Infectious Diseases 14: 231-237.

610 Di Cesare A, Eckert EM, Rogora M, Corno G. 2017. Rainfall increases the abundance of
611 antibiotic resistance genes within a riverine microbial community. Environmental Pollution
612  226: 473-478.

613 Chen QL, An XL, Zheng BX, Ma YB, Su JQ. 2018. Long-term organic fertilization
614 increased antibiotic resistome in phyllosphere of maize. Science of the Total Environment
615  645: 1230-1237.

616 Chen J, Sun R, Pan C, Sun Y, Mai B, Li QX. 2020. Antibiotics and food safety in
617  aquaculture. Journal of Agricultural and Food Chemistry 68: 11908-11919.

618 Cormier AC, Chalmers G, Zamudio R, Mulvey MR, Mather AE, Boerlin P. 2022.
619 Diversity of blaCTX-M-1-carrying plasmids recovered from Escherichia coli isolated from
620 Canadian domestic animals. PLOS ONE 17: e0264439.

621 Council of Canadian Academies. 2019. When Antibiotics Fail The Expert Panel on the
622  Potential Socio-Economic Impacts of Antimicrobial Resistancein Canada. Ottawa (ON).

623 Csardi G, Nepusz T. 2006. The igraph software package for complex network research.
624  InterJournal Complex Sy: 1695.

625 D’costa VM, King CE, Kalan L, et al. 2011. Antibiotic resistance is ancient. Nature 477:
626  457-461.

627 Demain AL, Sanchez S. 2009. Microbial drug discovery: 80 years of progress. The Journal
628  of Antibiotics 62: 5-16.

629 Francolini I, Norris P, Piozzi A, Donelli G, Stoodley P. 2004. Usnic acid, a natural
630 antimicrobial agent able to inhibit bacterial biofilm formation on polymer surfaces.
631 Antimicrobial Agents and Chemotherapy 48: 4360—4365.

632 Gaboriau DM, Lesven J, Danneyrolles V, Bergeron Y. 2023. Québec’'s summer 2023
633  wildfires were the most devastating in 50 years. Is the worst yet to come? The Conversation.
634  Garcia-Ledn G, Hernandez A, Hernando-Amado S, Alavi P, Berg G, Martinez JL. 2014.
635 A function of SmeDEF, the major quinolone resistance determinant of Stenotrophomonas
636 maltophilia, is the colonization of plant roots. Applied and Environmental Microbiology 80:
637  4559-4565.

638 George PBL, Rossi F, St-Germain MW, et al. 2022. Antimicrobial Resistance in the
639 Environment: Towards Elucidating the Roles of Bioaerosols in Transmission and Detection
640 of Antibacterial Resistance Genes. Antibiotics 11: 974.

641 Girard F, Payette S, Delwaide A. 2017. Patterns of early postfire succession of alpine,
642  subalpine and lichen-woodland vegetation: 21 years of monitoring from permanent plots.
643 Forests8: 1-14.

26


https://doi.org/10.1101/2025.05.28.656581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.28.656581; this version posted June 1, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

644 Goga M, Baladz M, Daneu N, et al. 2021. Biological activity of selected lichens and lichen-
645 based Ag nanoparticles prepared by a green solid-state mechanochemical approach.
646 Materials Science and Engineering: C 119: 111640.

647  Griffin DW, Gonzalez-Martin C, Hoose C, Smith DJ. 2017. Global-Scale Atmospheric
648  Dispersion of Microorganisms. Microbiology of Aerosols: 155-194.

649 Grimm M, Grube M, Schiefelbein U, Zihlke D, Bernhardt J, Riedel K. 2021. The
650 Lichens Microbiota, Still a Mystery? Frontiersin Microbiology 12: 623839.

651 Grube M, Cardinale M, De Castro JV, Miller H, Berg G. 2009. Species-specific
652 structural and functional diversity of bacterial communities in lichen symbioses. ISME
653 Journal 3: 1105-1115.

654 Hall BG, Barlow M. 2004. Evolution of the serine -lactamases: past, present and future.
655 Drug Resistance Updates 7: 111-123.

656 Han B, Mal, YuQ, et al. 2022. The source, fate and prospect of antibiotic resistance genes
657 insoil: A review. Frontiersin Microbiology 13.

658 Han I, Yoo K. 2020. Metagenomic Profiles of Antibiotic Resistance Genes in Activated
659  Sludge, Dewatered Sludge and Bioaerosols. Water 12: 1516.

660 Harrell J. FE. 2024. Hmisc: Harrell Miscellaneous. R package version 5.1-3.

661 Henke JM, Bassler BL. 2004. Bacterial social engagements. Trends in Cell Biology 14:
662 648-656.

663 Hong PY, Yannarell AC, Dai Q, Ekizoglu M, Mackie RI. 2013. Monitoring the
664  perturbation of soil and groundwater microbial communities due to pig production activities.
665 Applied and Environmental Microbiology 79: 2620-2629.

666 Hooper DC, Jacoby GA. 2015. Mechanisms of drug resistance: quinolone resistance. Annals
667  of the New York Academy of Sciences 1354: 12-31.

668 Jacoby GA, Walsh KE, Mills DM, et al. 2006. gnrB, another plasmid-mediated gene for
669  quinolone resistance. Antimicrobial Agents and Chemotherapy 50: 1178-1182.

670 Jain P, Barber QE, Taylor S, et al. 2024. Canada under fire — Drivers and impacts of the
671  record-breaking 2023 wildfire season. ESS Open Archive.

672 Jang J, Park J, Hwang CY, et al. 2022. Abundance and diversity of antibiotic resistance
673  genes and bacterial communities in the western Pacific and Southern Oceans. Science of The
674  Total Environment 822: 153360.

675 Jasinski JPP, Payette S. 2005. The creation of aternative stable states in the southern boreal
676 forest, Québec, Canada. Ecological Monographs 75: 561-583.

677 JinL, Xie J, He T, Wu D, Li X. 2022. Airborne transmission as an integral environmental
678 dimension of antimicrobia resistance through the “One Health” lens. Critical Reviews in
679 Environmental Science and Technology 52: 4172-4193.

680 Junaid M, Zainab SM, Xu N, Sadaf M, Malik RN, Wang J. 2022. Antibiotics and
681 antibiotic resistant genes in urban aquifers. Current Opinion in Environmental Science &
682 Health 26: 100324.

683 Juraschek K, Malekzadah J, Malorny B, et al. 2022. Characterization of gnrB-carrying
684  plasmids from ESBL- and non-ESBL-producing Escherichia coli. BMC Genomics 23: 1-16.
685 Karwowska E. 2024. Antibiotic Resistance in the Farming Environment. Applied Sciences
686 14:5776.

687 Klarenberg 1J, Keuschnig C, Warshan D, Jonsdottir IS, Vilhelmsson O. 2020. The Total
688 and Active Bacterial Community of the Chlorolichen Cetraria islandica and Its Response to
689 Long-Term Warming in Sub-Arctic Tundra. Frontiersin Microbiology 11: 1-13.

690 Kormos D, Lin K, Pruden A, Marr LC. 2022. Critical review of antibiotic resistance genes
691 inthe atmosphere. Environmental Science: Processes and |mpacts 24: 870-883.

27


https://doi.org/10.1101/2025.05.28.656581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.28.656581; this version posted June 1, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

692 Kosani¢ M, Rankovic B. 2015. Lichen Secondary Metabolites as Potential Antibiotic
693  Agents. Lichen Secondary Metabolites: Bioactive Properties and Pharmaceutical Potential:
694 81-104.

695 Kosani¢ M, Rankovi¢ B, Stanojkovié¢ T, Ran¢i¢ A, Manojlovi¢ N. 2014. Cladonia lichens
696 and their major metabolites as possible natural antioxidant, antimicrobial and anticancer
697  agents. LWT - Food Science and Technology 59: 518-525.

698 Landers TF, Cohen B, Wittum TE, Larson EL. 2012. A review of antibiotic use in food
699 animals: Perspective, policy, and potential. Public Health Reports 127: 4-22.

700 LiJ, Daniell TJ, Jin MK et al. 2023. Phyllosphere antibiotic resistome in a natural primary
701 vegetation across a successional sequence after glacier retreat. Environment International
702  174:107903.

703 Li B, Yang Y, Ma L, et al. 2015. Metagenomic and network anaysis revea wide
704  digtribution and co-occurrence of environmental antibiotic resistance genes. The ISME
705  Journal 9: 2490-2502.

706  Linares JF, Gustafsson I, Baquero F, Martinez JL. 2006. Antibiotics as intermicrobial
707  signaling agents instead of weapons. Proceedings of the National Academy of Sciences 103:
708  19484-19489.

709  Love MI, Huber W, Anders S. 2014. Moderated estimation of fold change and dispersion
710 for RNA-seq data with DESeg2. Genome Biology 15: 550.

711  Martinez JL. 2008. Antibiotics and antibiotic resistance genes in natural environments.
712  Science 321: 365-367.

713 Martinez JL, Sanchez MB, Martinez-Solano L, et al. 2009. Functional role of bacteria
714  multidrug efflux pumps in microbial natural ecosystems. FEMS Microbiology Reviews 33:
715  430-449.

716 McManus PS, Stockwell VO, Sundin GW, Jones AL. 2002. Antibiotic use in plant
717  agriculture. Annual Review of Phytopathology 40: 443-465.

718 McMurdie PJ, Holmes S. 2013. phyloseq: An R Package for Reproducible Interactive
719  Anaysis and Graphics of Microbiome Census Data (M Watson, Ed.). PLOSONE 8: e61217.
720 Miral A, Jargeat P, Mambu L, Rouaud I, Tranchimand S, Tomasi S. 2022. Microbial
721  community associated with the crustose lichen Rhizocarpon geographicum L . ( DC ) living
722  on oceanic seashorell: A large source of diversity revealed by using multiple isolation
723  methods. Environmental Microbiology Reports published 14: 856-872.

724 Mitrovié T, Stamenkovié S, Cvetkovi¢ V, et al. 2011. Antioxidant, Antimicrobial and
725 Antiproliferative Activities of Five Lichen Species. International Journal of Molecular
726  Sciences 2011, Vol. 12, Pages 5428-5448 12: 5428-5448.

727  Monciardini P, Cavaletti L, Schumann P, Rohde M, Donadio S. 2003. Conexibacter
728 woese gen. nov., sp. hov., a hovel representative of a deep evolutionary line of descent
729  within the class Actinobacteria. International Journal of Systematic and Evolutionary
730 Microbiology 53: 569-576.

731 Moore RA, Bomar C, Kobziar LN, Christner BC. 2021. Wildland fire as an atmospheric
732  source of viable microbial aerosols and biological ice nucleating particles. The ISME Journal
733 15:461-472.

734 MRC de Charlevoix. 2022. Plan de développement de la zone agricol.
735  https:.//www.mrccharlevoix.ca/mrc/amenagement-du-territoire-et-urbanisme/plan-de-

736  developpement-de-la-zone-agricole-2/. 21 Apr. 2025.

737  Murray CJ, lkuta KS, Sharara F, et al. 2022. Global burden of bacterial antimicrobial
738  resistancein 2019: a systematic analysis. The Lancet 399: 629-655.

739 Ni X-B, Cui X-M, Liu J-Y, et al. 2023. Metavirome of 31 tick species provides a
740  compendium of 1,801 RNA virus genomes. Nature Microbiology 8: 162—173.

28


https://doi.org/10.1101/2025.05.28.656581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.28.656581; this version posted June 1, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

741 Noél A, Garnier A, Clément M, et al. 2021. Lichen-associated bacteria transform
742  antibacterial usnic acid to products of lower antibiotic activity. Phytochemistry 181: 112535.
743  Nunes OC, Manaia CM, Kolvenbach BA, Corvini PFX. 2020. Living with sulfonamides: a
744  diverse range of mechanisms observed in bacteria. Applied Microbiology and Biotechnology
745 2020 104:24 104: 10389-10408.

746  Oksanen J, Simpson GL, Blanchet FG, et al. 2024. Community Ecology Package [R
747  package vegan version 2.6-6.1].

748 O’Malley K, McDonald W, McNamara P. 2023. Antibiotic resistance in urban stormwater:
749 a review of the dissemination of resistance elements, their impact, and management
750  opportunities. Environmental Science: Water Research & Technology 9: 2188-2212.

751 Partridge SR, Kwong SM, Firth N, Jensen SO. 2018. Mobile genetic elements associated
752  with antimicrobial resistance. Clinical Microbiology Reviews 31: e00088-17.

753 Paulsen J, Allen JL, Morris N, Dorey J, Walke JB. 2024. Geography, Climate, and Habitat
754  Shape the Microbiome of the Endangered Rock Gnome Lichen (Cetradonia linearis).
755 Diversity 16: 178.

756  Payette Serge. 1992. Fire in the North American boreal forest In: Shugart HH, Leemans R,
757 Bonan GB, eds. Systems analysis of the global boreal forest. Cambridge, U.K.: Cambridge
758  University Press, 144-169.

759 Payette S. 1992. Fire as a controlling process in the North American boreal forest In:
760 Herman H. S, Rik L, Gordon B. B, eds. A systems analysis of the global boreal forest.
761  Cambrige, NY: Cambridge University Press, 144-1609.

762  Payette S. 1993. The range limit of boreal tree species in Québec-Labrador: an ecological
763  and palaeoecological interpretation. Review of Palaeobotany and Palynology 79: 7-30.

764  Payette S, Bhiry N, Delwaide A, Simard M. 2000. Origin of the lichen woodland at its
765  southern range limit in eastern Canada: The catastrophic impact of insect defoliators and fire
766  on the spruce-moss forest. Canadian Journal of Forest Research 30: 288-305.

767  Payette S, Delwaide A. 2018. Tamm review: The North-American lichen woodland. Forest
768  Ecology and Management 417: 167-183.

769  Payette S, Fortin M, Gamache I. 2001. The subarctic forest-tundra: the structure of abiome
770 inachanging climate. BioScience 51: 709-718.

771  Payette S, Morneau C. 1993. Holocene Relict Woodlands at the Eastern Canadian Treeline.
772  Quaternary Research 39: 84-89.

773 Penadés JR, Chen J, Quiles-Puchalt N, Carpena N, Novick RP. 2015. Bacteriophage-
774  mediated spread of bacterial virulence genes. Current Opinion in Microbiology 23: 171-178.
775  Périchon B, Courvalin P, Galimand M. 2007. Transferable Resistance to Aminoglycosides
776 by Methylation of G1405 in 16S rRNA and to Hydrophilic Fluoroquinolones by QepA-
777  Mediated Efflux in Escherichia coli. Antimicrobial Agents and Chemotherapy 51: 2464.

778  Piddock LJV. 2006. Multidrug-resistance efflux pumpsl ? not just for resistance. Nature
779  Reviews Microbiology 4: 629-636.

780 Pilote J, Létourneau V, Girard M, Duchaine C. 2019. Quantification of airborne dust,
781  endotoxins, human pathogens and antibiotic and metal resistance genes in Eastern Canadian
782  swine confinement buildings. Aerobiologia 35: 283-296.

783  Prairie Climate Centre University of Winnipeg. 2022. Climate Atlas of Canada. Mean
784  Temp. (Annual). Munic. Kuujjuarapik.
785 https://climateatlas.ca/map/canada/annual_meantemp_ 2030 _85#. 17 Apr. 2025.

786 Qu L, Chai T, Guo Z, Zhang Z, Huang Z, Li N. 2024. Studies on the airborne bacterial
787 communities and antimicrobial resistance genes in duck houses based on metagenome and
788 PCR analysis. Poultry Science 103: 103365.

789 R Core TEAM. 2021. R: A language and environment for statistical computing. R
790 Foundation for Statistical Computing, Vienna, Austria.

29


https://doi.org/10.1101/2025.05.28.656581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.28.656581; this version posted June 1, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

791 Rankovi¢ B, MiSi¢ M, Sukdolak S. 2007. Antimicrobial activity of extracts of the lichens
792 Cladonia furcata, Parmelia caperata, Parmelia pertusa, Hypogymnia physodes and
793  Umbilicaria polyphylla. British Journal of Biomedical Science 64: 143-148.

794  Rankovi¢ B, Rankovic D, Maric D. 2010. Antioxidant and antimicrobial activity of some
795  lichen species. Microbiology 79: 809-815.

796 Razavi M, Kristiansson E, Flach C-F, Larsson DGJ. 2020. The Association between
797  Insertion Sequences and Antibiotic Resistance Genes. mphere 5: e00418-20.

798 Rossi F, Péguilhan R, Turgeon N, et al. 2022. Quantification of Antibiotic Resistance
799  Genes (Args) in Clouds at a Mountain Site (Puy De Dome, Central France). SSRN Electronic
800  Journal.

801 Schatz A, Bugle E, Waksman SA. 1944. Streptomycin, a Substance Exhibiting Antibiotic
802  Activity Against Gram-Positive and Gram-Negative Bacteria. Proceedings of the Society for
803  Experimental Biology and Medicine 55: 66—609.

804  Schertzer JW, Boulette ML, Whiteley M. 2009. More than a signal: non-signaling
805  properties of quorum sensing molecules. Trends in Microbiology 17: 189-195.

806 Shannon P, Markiel A, Ozier O, et al. 2003. Cytoscape: A Software Environment for
807 Integrated Models of Biomolecular Interaction Networks. Genome Research 13: 2498-2504.
808 Shrestha G, St. Clair LL. 2013. Lichens: A promising source of antibiotic and anticancer
809  drugs. Phytochemistry Reviews 12: 229-244.

810 Song M, Song D, Jiang L, et al. 2021. Large-scale biogeographical patterns of antibiotic
811 resistome in the forest soils across China. Journal of Hazardous Materials 403: 123990.

812 SOPFEU. 2023. Société de protection des for éts contre le feu.

813  Studzinska-Sroka E, Hotderna-Kedzia E, Galanty A, Bylka W, Kacprzak K, Cwiklinska
814 K. 2015. In vitro antimicrobial activity of extracts and compounds isolated from Cladonia
815 uncialis. Natural Product Research 29: 2302-2307.

816 Sykes RB, Cimarusti CM, Bonner DP, et al. 1981. Monocyclic B-lactam antibiotics
817  produced by bacteria. Nature 291: 489-491.

818 Taylor JA, Fourie T, Powell M, Chianella 1. 2023. Evidence for some antimicrobial
819  properties of English churchyard lichens. Access Microbiology 5: 000536.v4.

820 Thomas CM, Nielsen KM. 2005. Mechanisms of, and Barriers to, Horizontal Gene Transfer
821  between Bacteria. Nature Reviews Microbiology 3: 711-721.

822 Urban-Chmiel R, Marek A, Stepien-Pysniak D, et al. 2022. Antibiotic Resistance in
823 Bacteria—A Review. Antibiotics 11: 1079.

824  Waksman SA, Woodruff HB. 1940. The Soil as a Source of Microorganisms Antagonistic
825  to Disease-Producing Bacteria. Journal of Bacteriology 40: 581-600.

826 Wang Q, Hou Z, Li L, et al. 2022. Seasonal disparities and source tracking of airborne
827  antibiotic resistance genesin Handan, China. Journal of Hazardous Materials 422: 126844.
828 Wang J, Li H, Yang Q, Lu X, Zheng X, Xu Y. 2024. Environmenta factors dominate
829 microbial community puppet-like driving the distribution of antibiotic resistance genes in
830 different utilization lands. Environmental Technology & Innovation 34: 103553.

831 Willms IM, Kamran A, ABmann NF, et al. 2019. Discovery of novel antibiotic resistance
832 determinants in forest and grassland soil metagenomes. Frontiers in Microbiology 10:
833 441731

834  World Health Organization. 2018. World health statistics 2018: monitoring health for the
835 IDGs, sustainable development goals.

836  Wright GD. 2007. The antibiotic resistome: the nexus of chemical and genetic diversity.
837 Nature Reviews Microbiology 5: 175-186.

838 Xiang Q, Zhu D, Giles M, et al. 2020. Agricultural activities affect the pattern of the
839 resistome within the phyllosphere microbiome in peri-urban environments. Journal of
840 Hazardous Materials 382: 121068.

30


https://doi.org/10.1101/2025.05.28.656581
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.05.28.656581; this version posted June 1, 2025. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

841 Yan Z-Z, Chen Q-L, Li C-Y, et al. 2021. Biotic and abiotic factors distinctly drive
842  contrasting biogeographic patterns between phyllosphere and soil resistomes in natural
843  ecosystems. ISME Communications 1.

844 Yan ZZ, Chen QL, Zhang YJ, He JZ, Hu HW. 2019. Antibiotic resistance in urban green
845  spaces mirrors the pattern of industria distribution. Environment International 132: 105106.
846 Yan L, Liu D, Wang XH, et al. 2017. Bacterial plasmid-mediated quinolone resistance
847  genesin aguatic environmentsin China. Scientific Reports 7: 1-12.

848 Yang T, Wang X, Hui X, et al. 2023. Antibiotic resistome associated with inhalable
849  bioaerosols from wastewater to atmosphere: Mobility, bacterial hosts, source contributions
850  and resistome risk. Water Research 243: 120403.

851 Yilmaz M, Turk AO, Kivang M, Tay T. 2004. The Antimicrobial Activity of Extracts of
852 the Lichen Cladonia foliacea and Its (-)-Usnic Acid, Atranorin, and Fumarprotocetraric Acid
853  Constituents. Zeitschrift fir Naturforschung C 59: 249-254.

854 Zhai J, Wang Y, Tang B, et al. 2024. A comparison of antibiotic resistance genes and
855 mobile genetic elementsin wild and captive Himalayan vultures. PeerJ 12: e17710.

856 Zhang M, Zuo J, Yu X, Shi X, Chen L, Li Z. 2018. Quantification of multi-antibiotic
857  resistant opportunistic pathogenic bacteria in bioaerosols in and around a pharmaceutical
858  wastewater treatment plant. Journal of Environmental Sciences 72: 53-63.

859 Zhu YG, Zhao Y, Li B, et al. 2017. Continental-scale pollution of estuaries with antibiotic
860 resistance genes. Nature Microbiology 2: 1-7.

861 Zhuang M, Achmon Y, Cao Y, et al. 2021. Distribution of antibiotic resistance genesin the
862  environment. Environmental Pollution 285: 117402.

863 Zorrilla JG, D’Addabbo T, Roscetto E, et al. 2022. Antibiotic and Nematocidal
864 Metabolites from Two Lichen Species Collected on the Island of Lampedusa (Sicily).
865 International Journal of Molecular Sciences 23: 8471.

866

867

868

869

870

sn |ables

872  Table 1. List of gene targets used for HT-gPCR analyses.

Gene name Gene type
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blaCTX-M-1, blaGES, blaIMP, blaMOX/blaCMY, blaOXA, Beta-lactam resistance
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mer1 Colistin resistance

ermB, ermF, ermT, ermX, erm(35) Macrolide resistance

gnrB, gepA Quinolone resistance

sull, sul2 Sulfonamides resistance

tet32, tetA, tetC, tetl, tetM, tetO, tetQ, tetS, tetW, tetX Tetracyclines red stance

vanA, vanB Vancomycin resistance

126 Mobile genetic element (transposase gene)

tnpA Mobile genetic element (transposase gene)

intl-a-marko Mobile genetic element (integrase gene)
873
874

875 Table 2. Summary of key network metrics of bacterial communities and antibiotic resistance
876  genes (ARGs) associated with Cladonia stellaris.
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Summary Statistics All samples
Number of nodes 32
Number of edges 147
Avg. number of neighbors 9.188
Network diameter 5
Network radius 3
Characteristic path length 2.109
Clustering coefficient 0.527
Network density 0.296
Network heterogeneity 0.66
Network centralization 0.372
Connected components 1

877

gzs  Figure captions

879  Figure 1. A Alpha diversity Shannon index of bacteria associated with Cladonia stellaris
880 from northern and southern lichen woodlands (LW). The median (horizontal line), quartiles
881 (edges of the box) and 1.5X the interquartile range of (whiskers) are displayed. Points
882  represent individual observations. Student's t-test results indicated a significant difference in
883 apha diversity between the two LWs (p-value < 0.05). B. Principal coordinates analysis
884 (PCoA) of bacteria associated with Cladonia stellaris from northern and southern LW.
885  Samples are colored according to LW latitude. PERMANOVA results indicated a significant
886 difference in the bacterial community composition between the two LWs (R = 0.14303, p-
887 value<0.01).

888

889 Figure 2. Heat Map of ten antibiotic resistance genes (ARGs) and one mobile genetic
890 eement (MGE) found in Cladonia stellaris samples. Each tile represents the logarithmic
891 (logLi ) abundanceof a specific ARG/MGE in eachlichen sample, with darker
892 colorsindicating higher abundance and white tiles indicating an absence of the gene. Samples
893 are grouped by lichen woodland (LW) latitude, on the y-axis, while the ARGSYMGE are
894  displayed on the x-axis.

895

896 Figure 3. Relative abundance of three prevalent antibiotic resistancegenes (ARGS) in
897 Cladonia stellaris from northern and southern lichen woodlands (LWSs). The median
898 (horizontal line), quartiles (edges of the box) and 1.5X the interquartile range of (whiskers)
899 are displayed. Points represent individual observations. A dashed red horizontal lineaty = 1
900 indicates the reference value, where values equal to 1 represent abundance equivalent to the
901 16SrRNA gene. Values greater than 1 indicate higher abundance compared to the 16S rRNA
902 gene, while values less than 1 indicate lower abundance. Wilcoxon rank-sum results indicated
903 dignificant differences in the relative abundance of gnrB between the northern and southern
904 LWs (adjusted p-value = 0.0274).

905

906 Figure 4. Network analysis of correlations between antibiotic resistance genes (ARGs) and
907 bacterial genera associated with Cladonia stellaris. The network was constructed using
908 Spearman correlation coefficients, displaying significant correlations (Jp| > 0.2 and adjusted
909 p-vaue < 0.05) between ARGs and bacterial genera. Nodes represent ARGs (diamonds) or
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910 bacterial genera (rectangles), with edges depict significant correlations. Edge color indicates
911 correlation strength, categorized as weak (0.2 < [p| < 0.4), moderate (0.4 < |p| < 0.6), or strong
912 (Jp|] > 0.6). Solid edges indicate positive correlation, and dotted edges represent negative
913  correlations.

914

as Supplementary data

916 Supplementary data are available at Annals of Botany online and consist of the following:
917

918 Table S 1. Detailed information on the Cladonia stellaris samples analyzed in this study and
919 collected from northern lichen woodlands in Kuujjuarapik-Whapmagoostui and southern
920 lichen woodlands in Parc Nationa des Grands-Jardins (PNGJ). Each entry includes the
921  voucher number, collector's name, collection number, geographic position, specific collection
922  dites, dtitude range, and precise latitude and longitude coordinates. Additionally, for each
923 sample, the BioSample accession number (Accession) and associated BioProject code
924  (BioProject) registered in the NCBI database are provided.

925

926 Table S 2. List of bacterial genera identified in Cladonia stellaris samples with their
927  respective ASV counts.

928

929 Table S 3. Relative abundance of antibiotic resistance genes (ARGs) and a mobile genetic
930 eement (MGE) in Cladonia stellaris from northern and southern lichen woodlands (LWSs).
931 The columns list the specific ARGs detected, and the rows represent individual lichen
932 samples. The LW from which each sample originates is indicated. The numeric values
933 indicate the abundance of each ARG/MGE relative to the 16S rRNA gene, with values
934 greater than 1 signifying a higher abundance than 16S rRNA, and vaues less than 1
935 indicating a lower abundance. "NA" denotes that the gene was not detected in the
936  corresponding sample.

937

938 Table S 4. Summary of network metrics for bacterial genera and antibiotic resistance genes
939 (ARGsS) in Cladonia stellaris from northern and southern lichen woodlands (LWs). The table
940 presents detailed network statistics, including degree, closeness centrality, betweenness
941  centraity, clustering coefficient, average shortest path length, eccentricity, neighborhood
942  connectivity, number of directed and undirected edges, stress, radiality and topological
943  coefficient. Metrics are shown for all samples. For bacterial genera, additional columns
944  include the phylum, class, order, family and genus information, while ARGs are listed with
945  their specific resistance mechanisms. When the genus is unknown, the bacteria are identified
946 by thefamily name followed by ‘Unclassified'.

947

948 Figure S 1. Relative abundance per phylum (A) and genera (B) of bacteria associated to
949 Cladonia stellaris. Samples are grouped by latitude of lichen woodland (LW), northern or
950 southern, asindicated at the top of the bar plot. Each vertical bar represents a single sample,
951 and colors reflect different phyla (A) or genera (B). In panel B, unassigned taxa were
952  removed prior to plotting, which may result in bar heights summing to less than one.

953

954  Figure S 2. Tota relative abundance of ten antibiotic resistance genes (ARGs) and a mobile
955 genetic element (MGE) in Cladonia stellaris from northern and southern lichen woodlands
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956 (LWSs). The boxplots depict the median (line in the box), quartiles (edges of the box), and
957 range of values within 1.5 times the interquartile range (whiskers) of the 11 ARGSYMGE
958  within each LW. Individual points represent individual observations. The y-axis is on a
959 logarithmic scale to better visualize differences. Wilcoxon rank-sum results indicate no
960 significant differences between the northern and southern LWs (adjusted p-value = 0.3669).
961
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A. Alpha diversity of bacterial communities in northern vs southern lichen woodlands (LW)
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Antibiotic resistance genes (ARGs) and mobile genetic element (MGE) detected in Cladonia stellaris
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Comparison of relative abundance of prevalent antibiotic resistance genes (ARGs) from northern
and southern lichen woodlands (LW)
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Correlation network between antibiotic resistance genes (ARGs) and
bacterial genera in Cladonia stellaris

ARGs
gnrB : quinolone resistance
gepA : quinolone resistance

Bacterial phyla
" Acidobacteriota
[ Actinobacteriota
M Bdellovibrionota
B Myxococcota
M Planctomycetota
[ Proteobacteria
I Verrucomicrobiota
M Unclassified genus
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