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Abstract A frequently ignored but critical aspect of microbial dispersal is survival inthe
atmosphere. We exposed spores of two closely related, morphologically dissimilar, and
economically important fungal pathogens to typical atmospheric environments and modeled their
movement in the troposphere. We first measured the mortality of Alternaria solani and A.
alternata conidia exposed to ranges of solar radiation, relative humidity, and temperature. We
then measured survival in an advantageous environment over 12 days. A. solani conidiaare
nearly 10 times larger than A. alternata conidia and most die after 24 hours. By contrast, over
half of A. alternata conidiaremained viable at 12 days. The greater viability of the smaller
spores is counterintuitive as larger spores are assumed to be more durable. To elucidate the
consequences of survival rates for dispersal, we deployed models of atmospheric spore
movement across North American. We predict 99% of the larger A. solani conidia settle within
24 hours, with amaximum dispersal distance of 100 km. By contrast, most A. alternata conidia
remain airborne for more than 12 days and long-distance dispersal is possible, e.g., from
Wisconsin to the Atlantic Ocean. We observe that the larger conidia of A. solani survive poorly
but also land sooner and move over shorter distances as compared to the smaller conidia of A.
alternata. Our data relating larger spore size to poorer survival in the atmosphere and shorter
distancestravelled likely trandate to other fungal species and highlight the potential for starkly

different dispersal dynamics among even closely related fungi.

INTRODUCTION
A frequently ignored but critical aspect of microbial dispersal is survival during travel.
Fungal dispersal is mediated by spores, and in some species, spores are reported to cross

continents or oceansin air currents (1; 2; 3). But whether spores remain viable after continental
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or oceanic crossingsis unclear (4). As aresult, an understanding of effective dispersal (defined
as the fraction of spores returning to ground alive) remains elusive (4; 5). Measuring not only
how far sporestravel (i.e., their dispersal kernel) but also how long spores remain viable in the
atmosphere (i.e., their “survival kernel”) is crucial. Tracking spores and measuring germination
in natureis difficult (4; 6; 7) but measuring survival in the laboratory and connecting survival
data to realistic models of movement offers one path to estimate effective dispersal.

Spore survival is often measured in terms of “germinability,” defined as the proportion of
spores germinating after exposure to environmental or experimental conditions (8). Studies
measuring germinability in contexts relevant to the atmosphere suggest survival is most impacted
by water loss and damage from solar radiation (8; 9; 10; 11; 12). Desiccation sengitivity varies
among species (13; 14) and appearsto be determined by spore wall thickness, spore surface area,
and relative water content within aspore (12; 15; 16; 17). High humidity is generally associated
with increased germinability (8) but some species’ spores—including smut teliospores, and
Aspergillus fumigatus and Penicillium spp. conidia—are released when environments are dry
(10; 18; 19), perhaps to postpone germination until after deposition.

Temperature also influences germination, but temperature’ s influence is not the same for
every species: while colder temperatures (between 12.5 and 15.8°C) appear to maintain the
germinability of Pseudogymnoascus destructans conidia (20), between 90-99% of Phakopsora
pachyrhiz urediniospores fail to germinate after exposure to smilarly cold temperatures (21; 22;
23). Temperature appears to be a minor influence for other species; A. fumigatus ascospores
survive a broad range of temperatures, including heating at 70°C for 30 minutes (24). Some
species can withstand extreme temperatures, e.g., 15% of Cladosporium cladosporioides conidia

germinate after transient exposure to 300°C (25).
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81 High-frequency solar radiation also influences spores’ survival (26; 27). Light in the
82 ultraviolet (UV) spectrum (400-100nm) damages the DNA of many organisms, including fungi
83  (9; 10; 28). Spores traveling in the troposphere are exposed exclusively to UV A (400-315nm)
84 and UVB (315-280nm) because ozone filters shorter wavel engths (below 280nm; 29; 30). UV
85 radiation varies significantly by latitude and atitude, and exposure changes according to cloud
86  cover, timeof day, season, and the integrity of the ozone layer at any given location (31). A
87  gporein the atmosphere encounters variability in terms of both wavelength and dosage rate (or
88 irradiance: W/m?). Some species are less resilient to UV damage (e.g., Cladosporium herbarum;
89  32) than others (e.g., Mycosphaerellafijiensis; 33), and other species have adapted to avoid
90 damage, e.g., through spore melanization (Aspergillus niger; 34) or spore clumping (Phakopsora
91 pachyrhiz; 35; 36).
92 A spore’ s exposure to adverse humidity, temperature and solar radiation during aerial
93 dispersal is shaped primarily by the interplay between air turbulence and gravity; these forces
94  keep spores aoft for different times as a function of spore shape, size, or other aspects of
95  morphology (5; 37; 38; 39; 40). Natural selection can affect potential flight times, e.g., by
96  altering spore aerodynamics or the timing of spore release (5; 41). Fungi have also evolved traits
97  to minimize damage from water loss or UV exposure and to navigate myriad other constraints
98 related to movement (4; 12; 23; 38; 42; 43).
99 To elucidate how patterns of spore survival define the distances reached by living spores, we
100 tested how laboratory environments relevant to atmospheric travel impact germinability.
101  Experiments were conducted using conidia of two economically important plant pathogens:
102  Alternaria alternata and A. solani, whose conidia and natural histories are strikingly different.

103  While A. alternata is a ubiquitous, cosmopolitan species with small spores (forming chains of
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104  obovate-obtuse conidia, 10-15um in length), A. solani spores are large (forming solitary,

105 obovate-oblong conidia 75-100um in length) and the species is primarily associated with

106  solanaceous (especially potato and tomato) crops (44; 45; 46; 47). Both species pose serious
107 threatsto solanaceous crops and conidia often co-infect the same plant (47; 48).

108 In afirst experiment (Experiment 1), we exposed conidia of A. alternata and A. solani to a
109 range of relative humidities (RH), temperatures (T), and UV wavelengths and intensities (UV)
110 for 96 hours. Data were used to identify combinations of RH, T and UV favorable to the

111  retention of germinability. In a second experiment (Experiment 2), we exposed approximately
112 10.0° and 10.5° spores of A. alternata and A. solani to a favorable environment for over 12 days
113 (288 hours), atimescale relevant to continental or oceanic dispersal (1; 2; 49; 50). We next used
114  simulations of particle transport in atmospheres to model the dispersal of spores (51; 52).

115 Ultimately, patterns of effective dispersal emerge as strikingly different between these two

116  closdaly related species.

117

118 MATERIALS& METHODS

119 Overview

120 In Experiment 1 we exposed conidia of A. alternata and A. solani to open air with different

121  combinations of ultraviolet wavelengths and irradiance (UV), relative humidities (RH), and

122  temperatures (T). We chose RH and T ranges relevant to spores dispersing in the troposphere and
123  tested ten combinations (1-10, Table S1) typical of central Wisconsin in summer (53; 54). We
124 conducted experimentsin a single controlled environmental chamber at the University of

125  Wisconsin Biotron (Madison, WI, USA) and the ten combinations of RH-T were tested

126  sequentialy in thissingle chamber. For each RH-T combination, wetested 21 UV strengths,
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127  including both realistic and unrealistic irradiances (56; 57; 58; Table S2) for atotal of 10 RH-T
128 conditionsx 21 UV strengths = 210 treatments per species. We ran each iteration of Experiment
129 1 for 96 hours. We measured germinability at 24, 48, 72, and 96 hours. Next, we sought to

130 understand how long conidia could livein anearly ideal environment, an experiment designed to
131  test the maximum potential reach of each species. In Experiment 2 we used a combination of
132  UV-RH-T favorable to the retention of germinability as a single environment in two

133  experimental runs, onefor A. alternata (2A) and a second for A. solani (2S). We conducted

134  Experiment 2 for 288 hours (12 days) and measured germinability at 0, 24, 48, 72, 144, 216, and
135 288 hours(or daysO, 1, 3, 6, 9, and 12). Methods used to collect and generate A. alternata and A.

136  solani conidiaare found in Supporting Information 1.

137
138 Exposing sporesto different combinations of UV-RH-T (Experiments 1 and 2)
139 Physical setup: For Experiment 1, a series of plexiglass platforms were cut and fit as steps

140 into aframe made of PV C pipes (Figure 1). Becauseirradiance isinversely proportional to the
141  sguared distance between a light source and a surface, each graduated step was exposed to a

142  different intensity of UV (compare Figure 1 and Table S2). Each plexiglass step measured 20.32
143 cmwide by 66.04 cm long; six steps were placed under 40 Wyya, Six under 40 Wyyg, four under
144 15 Wyya, four under 15 Wyyg, and onein 0 W (i.e., complete darkness); atotal of 21 steps or
145  surfaces.

146 For Experiment 2, asingle 121.92 cm (48 in) long by 66.04 cm (26 in) wide plexiglass step
147  or platform was placed under alight source at a strength consistent with the single treatment

148  chosen from Experiment 1.
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149 Conidial manipulation: Experiment 1 conidia were first placed on microscope coverslips.
150 Coverdips were prepared by spreading 50 pL of a gently mixed, concentrated conidial

151  suspension onto the upper surface of a sterile 19x19 mm ultra-thin (0.25mm) quartz cover slip
152 (Chemglass Life Sciences, Vineand, New Jersey, USA). Coverslips were left to dry in darkness
153 for afew minutes before being placed in the environmental chamber. For each of Experiment 1's
154 10 conditions, coverslips were placed as two rows of 16 on each step (32 coverslips per UV-RH-
155 T treatment; 16 for each species, Figure 1); coverslips were arranged according to a randomized
156  block design. As each of the 10 conditionsincluded atotal of 32 coverdlips for each of 21

157 treatmentsthe total number of coverslipsfor each experimental run was 672 (336 coverdlips per
158  gpecies). In total, the 10 conditions involved 6,720 coverslips.

159 Experiment 2 conidia were spread onto glass slides instead of coverdips. A total of 238

160  25x75 mm glass microscope slides (Globe Scientific, Mahwah, New Jersey, USA) per species
161 werecoated in 200 pL of conidia suspensions and left to dry in darkness for a few minutes

162 before being placed in the environmental chamber. For each of the two runs (2A and 2S), atotal
163  of 217 dides were randomly placed as a grid across the single plexiglass platform. The

164 remaining 21 slides were kept in complete darkness.

165 Light treatments: In Experiment 1, UVP XX-Series UV Bench Lamps (Analytikjena, Jena,
166  Germany) were suspended above the plexiglass steps (Figure 1) to generate different intensities
167 of UV (Table S2). Irradiances were measured for each step with a UV Light Meter (Sper

168 Scientific Direct, Scottsdale, Arizona, USA) at the start of each experimental run (Table S2). To
169 prevent leakage of UV light from one module to another, black plastic fabric was placed between
170  modules, and the UV Light Meter was used to confirm both that no light was leaking between

171  modules and that the step kept in darkness was dark. In Experiment 2, fixtures emitting only
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172 UVA (6.29+0.17 W/m? for both species) were placed above the single treatment surface. In both
173  experiments, day-night cycles were approximated by alternating 12 hours of continuous UV

174  irradiation with 12 hours of darkness.

175 Relative humidity and temperature: In Experiment 1, the environmental chamber was

176  calibrated to one of the 10 RH-T conditions (Table S1). These RH and T values are typical of
177  central Wisconsin during the peak seasonal concentrations of airborne conidia of A. alternata and
178  A. solani (54; 55). In Experiment 2, asingle RH and T found to favor the retention of

179  germinability for A. alternata (RH=90%, T= 15°C) and A. solani (RH=90%, T= 20°C) was held
180  for 288 hours. In both Experiments 1 and 2, RH and T were monitored every five minutes to

181  ensure conidiawere consistently exposed to a given treatment.

182
183 M easuring ger minability
184 Imaging: Conidia were germinated according to methods provided in Supporting

185 Information. After 24 hours conidia were counted (Niota). The slide holder on an Olympus CX31
186  compound microscope (Olympus, Tokyo, Japan) was removed so that conidia could be observed
187  directly from agar plates. All conidiawere visualized using an Olympus PlanApo N 2x objective
188 lens (Olympus, Tokyo, Japan). To increase light penetration through agar, the microscope light
189  condenser was removed. Digital images were captured using a Canon EOS Rebel |1 (Canon,

190 Tokyo, Japan) with a Martin Widefield 1.38x DSLR adapter for Olympus BX and SZX with 51
191 mm dovetail photoport (Easley, South Carolina, USA), resulting in atotal magnification of

192  2.76x. In Experiment 1, ten non-overlapping images of conidia were randomly captured from
193 each plate at each condition and time, and the number of germinated spores was counted

194 (Nger mi nate) .
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195 In Experiment 2 the same protocols were followed but five images were captured per plate
196 for A. alternata and 20 images were captured per plate for A solani. Image numbers differ to

197  account for differencesin the density of conidia observed between species.

198 Image processing: Custom algorithms developed by MIPAR v3.2 (Worthington, Ohio, USA)
199  were used to count germinated and ungerminated conidia. Conidia Size and germ tube

200 development are different for the two Alternaria species, and as a result, species-tailored

201  counting algorithms were used. A full description of image processing protocolsisfoundin

202  Supporting Information 2. In brief: out-of-focus features of each image were removed, as were
203  features outside of the size range of conidia. Thresholding substantially reduced noise caused by
204  debris and uncountable clusters of conidia (Figure 2). Remaining features were then classified as
205 either germinated or ungerminated conidia. To ground truth the counting algorithms, 50 images
206 of A. alternata and A. solani were randomly selected and germinated and ungerminated conidia
207  counted by eye. Manual counts of live and dead conidia were compared to results generated from

208  our custom software (Supporting Information 1; Figure S1).

209
210 Statistical analyses
211 Mixed effect models. We used the R package gimmTMB (59; 60) to test for significant

212  differences among the numbers of germinated conidia across treatments in Experiments 1 and 2.
213  Thenumber of germinated and ungerminated conidiawas calculated per coverslip and modeled
214  using alog link function and log-transformed mean total number of conidia as an offset (59).
215 Experiment 1 data: variables included days of exposure, UV wavelength (including

216  darkness), distance from a UV light source, RH and T; each species was analyzed separately.

217 Random effects were included to account for any deviationsin environmental chamber
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218 performance or for fluctuationsin UV intensity across a step (Figure 1). We computed full

219 models and then simplified models by removing uninformative variables using the corrected

220  Akaike Information Criterion (AICc) (Table 1). In addition, we performed Tukey’s post-hoc tests
221  to correct for multiple comparisons of means (Table S3(B); 60).

222 An additional analysis. In a separate analysis of Experiment 1 data, we tested for significant
223  effectsof UV, RH and T on conidia germination using Kruskal—-Wallis tests followed by post-
224 hoc assessments of significance usng Dunn’s multiple comparisons with a Benjamini-Hochberg
225 adjustment (Table $4; R Core Team 2020). Germination at hour 96 only was compared across
226 (@) UV wavelengths (UVA, UVB, and darkness), (b) RHs per UV waveength (e.g., UVA-50%
227 RH vs. UVA-90% RH), (c) Tsper UV wavelength (e.g., UVB-20°C vs. UVB-15°C), and (d)

228  conditions (e.g., Experiment 1 condition 1 vs. Experiment 1 condition 2, etc.).

229
230 Using models of atmospheric transport to smulate disper sal across space over time
231 To understand how patterns of germinability affect the movement of both Alternaria species

232  across North America, we modelled the transport of A. alternata and A. solani conidiain the
233  atmosphere. A full description of model parameters and methodsisfound in (5). Briefly:

234  numerical simulations tracked many representative trajectories of sporesin the atmosphere using
235 meteorological data available from the National Oceanic and Atmospheric Administration

236 (NOAA) and the Hybrid Single-Particle Lagrangian Integrated Trgjectory (HY SPLIT) model
237  (61). Specifically, we used the North American Regional Reanalysis described in (62), as it

238  combines numerical simulations with observational data.

239 The movement of conidia through the atmosphere was modeled vertically and horizontally,

240  with gravitational settling velocities proportionate to conidial dimensions. 20x7.5um for A.

10
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241  alternata and 100x10um for A. solani (spore density approximated as 1 g/cm®; 63). Models

242  simulate dry deposition by randomly removing spores that travel close to the ground using a
243  constant rate proportional to the deposition velocity. Turbulent eddy diffusivity was estimated
244  following Beljaars & Holtslag (“BH”; 64).

245 In each simulation, atotal of 500 000 conidia of each species were released from central

246 Wisconsin (44.119N, -89.536W) at an atitude of 10 m. Simulations were run per species with
247  thefollowing initial conditions: July 15, August 1, August 15, and September 1 at 0:00, 10:00,
248  and 14:00 hours for the years 2009-2018 (atotal of 240 combinations of parameters). Dates and
249  times were chosen based on historical data of peak conidial concentrations (54). Simulations
250 lasted 288 hours, at which point the latitude, longitude, maximum height, and time of deposition
251  wererecorded for each of the 500 000 conidiareleased at time zero per each of the 240

252  parameter sets.

253 The output of each simulation was imported into R v3.6.2 (R Core Team). The distance

254  travelled by each spore from take-off to deposition was calculated using the WGS84 terrestrial
255  reference system with geosphere v. 1.5-10 (65). To visualize the geographic spread of conidia,
256  datawere aggregated by date of release and year. Landing times were grouped into six-hour

257 intervals from zero to 266 hours. The centroid of the spatial range traveled by all conidiawithin
258  each six-hour interval was calculated and an ellipse was drawn around each centroid, with the
259 magjor axisoriented in the direction of maximum spread from the centroid. The major axisradius
260 isequal to the standard deviation of the distance travelled along the direction of the mgjor axis
261 by sporesthat sediment within the six-hour interval. Similarly, the minor axis represents one
262  standard deviation of the distance travelled in the direction perpendicular to the major axis by all

263  gporesthat sediment within the 6-hour interval. Ellipses were calculated using aspace v3.2 and

11
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264  custom in-house scripts (https://github.com/jacobgolan/Alternaria_Dispersal.git; 66). To

265 minimizetwo dimensional distortions of spore trajectories across Earth’s curved surface, the R
266  package sp v.1.4-0 was used to correct the latitude and longitude of each spore from an

267 EPSG:2288 coordinate system to EPGS:4326 (67).

268

269 RESULTS

270 Counting ger minated spores

271 Germinability was successfully quantified for A. alternata and A. solani conidiausing

272  automated counting algorithms: automated and manual counts are strongly correlated (Figure

273 ).

274

275 | dentifying par ameter s most likely to maximize spor e ger mination (Experiment 1)

276 Fitting models: Experiment 1 data enabled identification of the combinations of UV, RH and

277 T resulting in greatest numbers of germinated conidia (Table 1). Full models were computed
278  using time, wavelength (UVA, UVB or darkness), RH, T, and irradiance (W/m? Figure 1) and
279 smplified final models were chosen by comparing models' Akaike Information Criterion (AIC).
280 The number of germinated conidia on each coverslip was modeled as arandom variable

281  distributed according to a negative binomial distribution. The expected value of the distribution,

282  conditioned on each treatment, took the form:

E(N,

germinate |t, RH: UV' T, surface, Ntotal) = Ntotaleﬁo+ﬁt+YRH+TT+/1UV+Ssurface

283  where Nya isthe total number of conidia on acoverdip (alive and dead); g is a parameter

284  quantifying how quickly germination decreases and t istime of exposure to a specific condition

12
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(in days); yru, 7 and A,y are parameters quantifying the effects of RH, T and exposure to UV
light. esurtace represents the random effects on each surface (a random variable distributed
according to a Gaussian centered at zero and with a standard deviation o). Thefit produces
estimates for our nine coefficients of interest (8, ye0v%, 775% Yo%, Tiscc, Tooes Toscy Auva @Nd Auvs)
and we choose RH = 50%, T = 10°C and no UV exposure as a reference condition, hence ysoo, =
T = Agark= 0. Exponentiated coefficients greater than 1 tranglate to an increase in germinability
with respect to the reference condition, and exponentiated coefficients less than 1 trandlateto a
decrease in germinability with respect to the reference condition (Figure 4). B, isthe intercept
accounting for dead spores in the reference condition at t = 0.

We next compared models' AlC to identify the minimum number of parameters needed to
explain experimental data without overfitting. The best-fitting model of A. solani conidia
germination did not include T, but to enable comparisons between A. solani and A. alternata, we
selected the second-best A. solani model, which included T and was identical to the best fit A.
alternata model (Table 1).

Models identify both UV wavelengths as detrimental to germination (€'Y = 0.89 and 0.82,
and VB = 0.16 and 0.37, for A. alternata and A. solani respectively, Figure 4). Conidiakept in
darkness germinated most readily and UV B exposure resulted in the smallest numbers of
germinated conidia (Figure 3). While we observed differencesin conidial germinability among
different wavelengths (Figure 3), selected models did not include irradiance (W/m?) as a
parameter (Table 1). Kruskal-Wallis followed by post-hoc Dunn tests confirm this result (Table
4).

Relative humidities of 90% maximized germination at all temperatures and UV wavelengths

(€% =1.25 and 1.75 for A. alternata and A. solani respectively, Figure 4). Kruskal-Wallis
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308 followed by post-hoc Dunn tests confirm this result (Kruskal-Wallis y* = 225.05, 77.664, 28.624,
309  respectively, all with df = 3, p-value < 0.0001 for each; Table $4).

310 Resultsfor T were less consistent than results for RH or UV. Models suggest 15°C

311 maximized germination for both species (Figure 4), but A. alternata conidia kept at 90% RH

312  appear to germinate equally well at both 15°C and 20°C (p-value < 0.05; Table S3, Figure 3).
313  Kruskal-Wallis followed by post-hoc Dunn tests were also inconclusive (% = 11.28-55.14, df =
314  3,0.01 < p-value< 6.40x10*% Table S4). Because 90% RH clearly maximized the germination
315 of both species’ conidia, temperature was reinvestigated using only the four conditions (7-10)
316 involving 90% RH (Table 1, Figure 4):

E(N erminatelRH = 90%' t' T, Surface, UV' Ntotal) = Ntotaleﬁ0+'8t+TT+/1UV+Ssurface

)
317 Results were more consistent; according to both model effect sizes (Figure 4, Table 3, Table S3),
318 and Kruskal-Wallis and post-hoc Dunn tests (Table $4), 15°C isthe most favorable temperature
319 for A. alternata germinability, and 20°C is the most favorable for A. solani germinability.

320 Based on these results, parameters chosen for Experiment 2 included an RH of 90% and T of
321 15°Cfor A. alternata (2A), and 90% RH and 20°C for A. solani (2S). We exposed conidiato
322  dternating periods of 12 hours UV A light and 12 hours darkness at an irradiance of 6.29+0.17
323  W/m? equivalent to the lowest UV A-40W dosage administered in Experiment 1 and a UV

324  environment typical of the troposphere (Table S2; 29).

325

326 M easuring spor e ger mination over timescales consistent with long distance disper sal
327 (Experiment 2):

328 The two Alternaria species demonstrated markedly different germination patterns over 288

329  hours. A greater total number of conidia and proportion (i.e., fraction of total conidia) of A.
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330 alternata conidia germinated at all sampling points (hours0, 24, 72, 144, 214 and 288),

331 compared to A. solani conidia (Figure 5). Germinability of A. alternata conidia decreased

332 linearly over time, but germinability of A. solani conidiafell sharply within 24 hours and

333  subsequently plateaued. Germinability remained at approximately 12-20% after 24 hoursand a
334  visua inspection of A. solani conidiasuggests most conidia germinating after 24 hours develop
335 atypical germ tubes, compared to conidia germinating at O hours (Figure S5). These abnormally
336  growing conidia could not be measured by custom MIPAR algorithms because they were

337 designed to provide a binary classification (germinated/ungerminated). Atypical conidia grew
338  germ tubes reaching alength of approximately 100-150pum (compared to ~200um or more at O
339 hours) and germ tube growth was delayed (Golan pers. obs.). Differences between A. alternata
340 and A. solani germination are corroborated by Experiment 1 data: the germinability of A.

341 alternata conidia decreases linearly over time, but germinability of A. solani conidiafalls sharply
342  within 24 hours of the start of the experiment (Figure S6). In Experiment 2, the half-life of

343 germinability for A. alternata is approximately 35 hours (i.e., ~2% lossin germinability per hour
344  under UVA). In stark contrast, the half-life of germinability for A. solani is approximately 1.5
345  hours (i.e., ~47% loss in germinability within the first 24 hours).

346

347 Effective Dispersal: The HY SPLIT simulations of conidia dispersing from central Wisconsin
348 show the smaller conidia of A. alternata as travelling over greater ranges than the larger conidia
349 of A. solani (Figure 5; Figure 6). But spore size does not affect the speed of movement, instead,
350 it affectsthe altitude of spores and controls how long a spore will remain aloft. The number of A.
351 solani conidiain the air decreases two to three times faster than the number of A. alternata

352 conidiaintheair (Figure 6). By 144 hours (day 6) no A. solani conidiaremain aloft (in any
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353 simulation). By contrast, at 288 hours (day 12) significant numbers of A. alternata conidiaare
354  ill found in the atmosphere (in al simulations). Before all A. solani conidia settle, they can
355 travel asfar asA. alternata (more than ~3,000 km, Figure 6), but the number of conidiareaching
356 theselong distancesis less than 1% of thetotal released, as compared to A. alternata.

357 Similarities are greatest for the two species at release times 10:00 CST and 14:00 CST, during
358 midday when wind turbulence is greatest. At arelease time of 0:00 CST, A. solani conidia settle
359 tothe ground before day three, while A. alternaria conidia are reaching Greenland on day nine.
360 But even at release times 10:00 CST and 14:00 CST, dispersal dynamics are very different for
361 thetwo species (Figure 5). Ranges for A. solani are elongate and rather narrow, compared to the
362 morecircular, broader ranges of A. alternata, and the edges of A. solani’ s rangeswill involve
363 many fewer conidia, as compared to the edges of A. alternata’s ranges (Figure 6). Because the

364  germinability of A. solani conidia declines rapidly most or all spores at itsranges edges will be

365 inviable.

366

367 DISCUSSION

368 We tested how temperature, relative humidity, UV light exposure, and their combinations

369 affect the germinability of A. alternata and A. solani (8; 12). Next, we measured survival in a
370 favorable environment over atimescale consistent with continental dispersal. We combined the
371  survival data with models of spore movement to offer arealistic bound on the effective (as

372  opposed to potential) dispersal of sporesin the atmosphere (4; 5). We specifically chose to

373  measure longer-timescale survival in afavorable and redlistic, but unnaturaly static,

374  tropospheric environment to probe the edges of the potential reach of spores, asking, “how far

375 would the ‘luckiest’ spores of either speciestravel”?
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376 The effective dispersal of thetwo speciesisvery different. As an illustration, consider the
377  ahility of A. solani and A. alternata to reach Maine (a potato growing state) when both are

378  released at 10:00 CST: less than 1% of A. solani reach Maine and most are inviable; by contrast,
379 upwards of 25% of A. alternata reach Maine and 75% of them are still viable (Figure 5; Figure
380 6). The combination of more time aloft and greater longevity resultsin alarger number of A.
381 alternata conidiatravelling hundreds to thousands of kilometers and landing still able to cause
382 infection (Figure 5). Lessthan 1% of A. solani conidia are still in the atmosphere after 24 hours
383  and because these spores either cannot germinate or germinate abnormally, they are unlikely to
384  causedisease.

385 The conidia of A. alternata are both small enough to travel over 1 500 kilometers and

386 physiologically equipped to survive the journey (3; 68; 69; 70). We can find no data addressing
387 theglobal population biology of A. alternata, but based on our experiments we hypothesize it
388 may function asasingle, global population, similar to Aspergillus fumigatus (71).

389 Thelarger conidiaof A. solani are more vulnerable to atmospheric hazards than the smaller
390 gporesof A. alternata. A shorter lifespan of larger sporesis unintuitive, as larger spores are often
391 assumed to be moreresilient than smaller spores (12; 43; 72; 73). Other species of Alternaria
392  with large conidia also experience rapid declines in germinability when exposed to atmospheric
393 conditions: in one experiment, 95% of A. macrocarpa conidia were unable to germinate after
394  four days (10; 39). Alternaria fungi with large conidia are clustered in the monophyletic section
395  Porri (see Figure 19 in 45). Perhaps species with large conidia are not under selective pressures
396 toendurelong-haul atmospheric travel because they settle out of the atmosphere quickly. At
397 least among fungal spores that disperse in the atmosphere, we hypothesi ze a negative correlation

398  between spore size and survival time in the atmosphere.

17


https://doi.org/10.1101/2023.02.08.527725
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.02.08.527725; this version posted February 9, 2023. 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.

399 The timing of spore liberation will also influence effective dispersal. Lagomarsino Oneto et
400 4. (5) establish the timing of spore gection as playing amajor role in determining how long
401  spores dwell in the atmosphere before returning to the ground. For example, solar heat transfer
402  causes atmospheric mixing, and consequently, all else being equal, spores released during the
403 day settlelessreadily and will undergo longer journeys than spores released at night (5). Thus,
404  we hypothesize that spore size, longevity, and the timing of spore release evolve and influence
405  each other dynamically: spores undergoing long journeys facilitated by their small size and/or
406 release patterns are selected for increased atmospheric survival, whereas spores traveling short
407  distances resulting from their large size and/or release times in calm atmospheric conditions
408 (eg., at night), are under less selective pressure for longer-term atmospheric survival.

409 Our survival data are in broad agreement with data generated by other studies (11; 74; 75; 76;
410 77). For example, Magan et al. (68) also found RH as crucial to determining A.

411  alternata germinability. Rotem et al. (10) found the germinability of A. solani conidiato

412  decrease by 20% after eight hours' exposure to sunlight. While UVB is clearly detrimental to
413  germinability (Figure 3; Figure S2; Figure S3) in our experiments, interestingly, a small number
414  of conidiaexposed to UVB till germinated. We hypothesi ze these spores were shielded within
415 clusters of spores. The clumping of dispersing sporesis ararely investigated phenomenon but it
416  may be an important strategy used by fungi to survive harsh environments (4; 35; 78; 79; 80).
417 Tests of our hypotheses should include multiple large sets of closely related species with
418  distinct spore morphologies and dispersal strategies. Because the genus Alternaria encompasses
419 adiversity of spore shapes and sizes, it emerges as amodel for studying the biophysical

420  constraints and evolutionary tradeoffs of fungal dispersal within a phylogenetic framework.

421
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422  Supporting Information can be found here
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631 FigurelLegends:

632

633  Figure 1. Experiment 1 experimental setup. Clear plexiglass surfaces (or “steps’) were arranged
634 at different heights beneath a UVA or UVB light source. Quartz cover dlips coated in spore
635 suspensions of either A. alternata or A. solani were placed on each plexiglass step using a
636  randomized block design. UV bulbs were suspended above the 20 steps (an additional step was
637  kept in complete darkness, labelled “Dark”). A module encompasses all surfaces underneath one
638 of the four UV bulbs of a given wavelength (UVA or UVB) and power (Watts). There are four
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639 modules. The experimental apparatus was placed in an environmental chamber and a single
640 relative humidity (RH) and temperature (T) specific to one of ten environments (conditions 1-10)
641 was maintained and monitored every five minutes by an automated system during each of the
642 experimental runs (1-10). Experimental runs took place in series, one after the other, using the
643  same chamber. Lights cycled through a 12-hour on, 12-hour off schedule for the 96 hours of each
644  experimental run and four cover slips were sampled from each step at 24-hour intervals. Black
645 plastic tarp was placed between each module to prevent leakage of UV light between modules.
646  Conidiadid not germinate on cover dlips.
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647
648 Figure 2: Example images of germinating conidia of A. alternata (blue) and A. solani (red) on

649 water agar plates. Boxes 1 and 2 show germinated and ungerminated conidia, respectively.
650 Boxes 3-5 illustrate debris, out-of-focus conidia, and uncountable clusters of conidia,
651  respectively.
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25um

Figure 3: Experiment 1: Proportion of conidia relative to initial number of conidia germinating
after 96 hours for al tested relative humidities (RH %), temperatures (T °C), and UV dosages.
Data of A. alternata are blue and data of A. solani red. Tones of blue and red mark different RH

environments.
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657
658 Figure 4: Summary of effect sizes for parameters included in best-fit generalized linear mixed

659 models. Effect sizes shown in exponentiated form. Panels A) and B) show estimates for models
660 including all ten Experiment 1 conditions, and (C) and (D) show effect sizes from models fitting
661 only conditions 7-10, or the conditions for which RH was held at 90%. Values for A. alternata
662 and A. solani shown in blue and red, respectively.
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663
664 Figure5: (A-C, E-G) Spatial visualization of HY SPLIT models. Maps show release times 0:00,

665 10:00 and 14:00 CST averaged over ten years. Simulations for A. alternata and A. solani are
666  shown in blue and red, respectively, with colors becoming less intense as time increases. Data for
667  each six-hour interval are summarized as ellipses with major axesisin the direction of maximum
668 spread, and lengths as one standard deviation of the mean distance travelled in each 24-hour
669 period (ranges marked with dotted outlines). (D & H) Proportion of germinated spores averaged
670 per block (dide), Experiment 2. Datain blue and red for A. alternata and A. solani, respectively.
671 Datafor spores kept in darkness shown in grey inset.
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673 Figure 6: Results of HY SPLIT modéels of spore dispersal showing spores remaining airborne as
674 afunction of time after take-off. Small insets show the same data for the first 12 hours. Spores
675 remaining aoft over time shown in blue and red for A. alternata and A. solani, respectively.
676  Traectories were simulated for three release times: 0:00 (solid line), 10:00 (dotted line), and
677 14:00 (dashed line). All conidia of A. solani settle before the end of the 288-hour simulation.
678  Shades correspond to the number of standard errors from the mean, means represented by black
679 trend lines.
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Table 1: A. Best model summaries for Experiment [
conditions 1-10. B. Summary of multiple
comparisons of means using Tukey contrasts for best
fit mixed models. Contrasts are shown for A.
alternata (blue), and A. solani (red) for relative
humidity (lower triangle) and temperature (upper
triangle). Main values are pairwise estimates and
values in parenthesis are p-values.

K @
: J
BSestml\:lII)drels . % )QK/&
MY TS Aalce
X X -
A. alternata X X 4.000808
X X 7.139997
X X X -
A. solani X X X X 1.453145
X X X 18.875176
A. alternata KX X -
(RH=90%) X X 10.64697
X X X 71.2029
A. solani X X X X .
(RH=90%) X X X 10.94995
X X 14.6156
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