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Abstract

Austropuccinia psidis a biotrophicrustfungus that affects species from the Myrtaceae family.
In Mexico, Myrtaceae isvidely distributed in temperate, tropical, and sam ecosystems, and
includes 20 genera and 192 endemic and exotic spetiegqoucciniapsidiihas been preseint

Mexico for the. lastfour decades; however, little is known about the distribution of this rust or the

vulnerability of native and exotic Myrtacet®infection In thisstudy, we used global occurrence
recordsforthe'pandemic biotype of myrtle rust to maddelurrent and future suitable habitat
using a species'distribution model, Maxaf'eidentified regions that are highly suitable for
myrtle rust establishment, now and in the future (2050). Additionally, argifced the

Myrtaceae. specidgown to be susceptible to rust infectieamd that are currently distributed in
areas with-high‘rust habitat suitabilifijhirty-six susceptible plant species and 142 untested
species are distributed within areas of suitab habitat and are considered potentially at risk
of rust infection. Current suitable habitat is mainly restricted to the east coast of Mexico, with
Veracruz, Puebla, Chiapas, Tabgsowd Oaxacéeing the most vulnerable regiciasthe rust
under currenand future climat® We encourage monitoringthin these regions bgurveying
locations where the rust occurs amithin areas with high suitable habitat determine the threat
to native'ecosystems and industries reliant on Myrtaceae. We also recosuresming to test

the susceptibility oMyrtaceaespecies with no known susceptibility rating.

Key words: fungi; habitat suitability; invasive speciddaxent; fungapathogens; species
distributionsmodel
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1. INTRODUCTION
Austropuccinia psidfformerly Puccinia psidyi(BEENKEN 2017) is known globalljor its
devastating effects as an invasive pathogen of horticultural, agricultural and native Epaoies
et al. 2007). This rust is native to Central and South America and wasgosiectin 1884 in
Brazil (COUTINHO et al. 1998GLEN et al. 2007; WNTER 1884). Outside of its native distribution,
the rust can befound in Australia, Chi@asta Ricalndonesia, Jamaica, Japan, Mexico, New
Caledoniaj*Puerto Rico, Singapore, South Africa, U.S.A. (Floridadamdhii), and most recently
Colombia andNew Zealand CARNEGIE et al. 2010pu PLESSISet al. 2017; @GLIN 2013;
KAWANISHI et al. 2009; MRLATT; KIMBROUGH 1980; MCTAGGART et al. 2016 MPI1 2017;
Roux et al..2013; GHIDA et al. 2006; BAUANG; WEI 2011). The population structure and host
specificity of‘the rust varyaccording to its distribution. While multipleotypeshave been
identifiedvia molecular analysi§GRACA et al. 2011), the pandemni@type occurs in Australia,
Costa Rica, Indonesia, Jamaica, Mexico, New Caledonia, Puerto Rico, Hawidias recently
been found. in ColombiéGRANADOS et al. 2017; MCHADO et al. 2015; SEWART et d. 2017).
Thespandemic biotypef A psidiirepresents a threat for local biodiversity because of its
rapid dissemination, wide host range and the severe damage reposaaéospecieBERTHON
et al. 2018;,BRNEGIE et al. 2016; boPE2010; EGGet al. 2017UcHIDA; LOOPE2009) Lesions
caused by.the fungus mainly appear on young, growing leaves and shoots, but also on flowers
and fruits.During earlystages of infection, chlorotic flecks on leaves and shoots can be observed,
followed by the production of masses of bright yellow urediniospomsdBt al. 2014; tMPSON
et al. 2006;WKER 1983).In later stages of infectigithe impact on individual trees and shrubs
range fromuminor leaf spots through to reduced fecundity from loss of flowers andridugyen
tree mortality(PEGG et al. 2014).
Austropuccinia psidaffects species from the Myrtaceae faniBpoTH et al. 2000).
While gengra and species within Myrtaceae vary in their susceptibility to th(BatH et al.
2000) it is_considered a serious threaHocalyptuspecie{CARNEGIE; COOPER2011;
CouUTINHO et-al 1998; IANESE et al. 1984; ERREIRA 1983) anchas causedxtirpation of native
species in‘ecosystems in AustrglGarRNEGIE et al. 2016) In Mexico, Myrtaceae is widely
distributed in temperate, tropical, and semd regions (MNROY-ORTiz; MONROY 2006), with
approximately 20 genera and 192 species—including@a/yptuspecies—distributed across
the country (Global Biodiversity Information Facility, GBIF; www.gbif.org). Thenilg is
recognized for its economic and cultural importance, providing timber, fruitgsspnd
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condiments, essential oésd nectgrandalsofor its medicinal and ornamental valusmong
others (ARRELLANO RODRIGUEZ et al. 2003; @BRERA et al. 2001; MNROY-ORTIiz; MONROY
2006; TERAN; RASMUSSEN1994).

In Mexico, the negative impact of other rust fungi on natural environments anchaops
been documented. Examples include the invasion of coffeeHastile/a vastrathq(LOPEZ
RAMIREZ 1998; 10PEZRAMIREZ; CELIS 1982); Gyrmnosporangium clavipeshich infestsspecies
of the genuCrataegugcommonly called ‘tejocote’JALVARADO-ROSALES et al. 2015); and
Cronartiumrribicolawhich causesvhite pine blister rusfLOPEZPERALTA; SANCHEZ-CABRERA
1996). Indeed, it isstimated that there aa¢ leas651rust species associated witB plant
families in Mexicq butrusts specific to Myrtaceas not included in this estima{@ERNDT
2012; FARRpR0OSSMAN 2011; MLLASENOR 2003)

Presentlythere is a paucity of published information on myrtle iusfexico. The
pathogen has been known in the countnféoir decades. However, there are only eight rust
specimengor the country (from Veracruz and Chiapésposited in herbari®@AMIREZ
GUILLEN PERS{'COMM, 2017;ROSSDAVIES PERS. COMM, 2016; GBIF). These collections
were madesframegions characterised by high altitude and precipitafamientahereafter
Pim) dioreais reported adgs first host(LEON GALLEGOS; CuMMINS 1981), but the rust has also
caused damage ®zygiumjambosleading to environmental and economic impactsoL
GALLEGOS; CUMMINS 1981; LoPEZ GARCIA 2011; SEWART et al. 2017).

The .economic, ecological and cultural importance of Myrtaceae in Mexico means that

myrtle rustymay. have serious consequences to both native ecosystems and commercial industries,

although the.magnitude of potentialpacts remaingnknown. Additionally, théack of studies
related to host susceptibility and rust occurrence siakkfficult to estimate the rust’s potential
distribution ando identify the hosispecies most vulnerable to damage. The ainasiotudy
wereto determinesuitable habitat for myrtle rust in Mexico under current and future climates
with climatic madellingand to identify Myrtaceae species present in Mexico thadtraven to be

susceptible tofinfection and likely to be highly exposed to this rust.

2. METHODS
2.1.Occurrence records data
We undertook an exhaustive search to compile globalirrence data fod ps/diifrom a variety

of sourcesSpecifically, we sought records from countrigasithave the samieiotypeof myrtle
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93 rust as Mexicpthe pandemic biotype (MHADO et al. 2015; $EWART et al. 2017)which
94 include Australia, Costa Rica, Indonesia, Jamaica, Puerto Ricblaamaii (U.S.A). For records
95 in Mexico, we searchedata fromGBIF, the Biological Collections of the National Autonomous
96  University of Mexico (UNIBIQ, the National Commission for the Knowledge and Use of
97  Biodiversity (CONABIO), the Global Biodiversity Information (REM)Biterature,and via
98 personal communications (saeknowledgments}or records outside Mexico, the sourassd
99 included databases from the Australian Government (New South \@alesnsland, Tasmania,
100  Victoria and*Nerthern Territorgovernment departments), recent litera{lile CHADO et al.
101  2015; MCTAGGART et al. 2016; BTTs et al. 2016)validated sightings from Australia’s Myrtle
102  RustEnvironmental Impactg/orking Group, and vipersonal communications. We collected a
103  total of 2385 Australian records and 50 records of natural infegtitside of Australia
104 Occurrence records were cleaned by remottioge that containedissing or incorrect
105 coordinates, or where the location could not be identified. The source of infecikch aenoss
106 records andvasclassified as nurseries, gardens, and natural environments. Felr mod
107  developmentywe used only those records corresponding to natural envirobetents¢hese
108 recordgeflectithe natural conditions in which the rust groaspeBERTHON etal. (2018).
109  2.2.Modelling habitat suitability
110  We used Maxent version 3.4.1H{BLIPS et al. 2017Jo model climatic suitability fothe
111  pandemic biotypef myrtle rust. Maxent is a commonly used machine learning approach to
112  modelling‘habitat suitability, favoured due to its high performanceiget al. 2006)This
113  model produces a relative index of suitability ranging from 0 to 1. Areas with higlesvale
114  hypothesised.to have greater suitability for the modelled speciesif3; Dubik 2008;
115 PHiLLIPS et al. 2006)
116 We_downloaded data for 19 climatic variabl8ggplemental Table S1) from
117  WorldClim_ version 1.4 (HHMANS et al. 2005), at a resolution of 30 arc-seconds (~1 km) for
118 model calibrationData wergorojected using EPSG:432B1igitude/latitude WGS84We
119 considered.these data, which describe conditions for the period 1960-1990, to reflect ithe basel
120  (or currentyclimate. To select variables for model calibrati@nevaluated correlatisramong
121 climatic variables usin§earson correlatiofi. EGENDRE LEGENDRE 2012)identifying pairwise
122 combinations of variables with a correlation coefficieiit 7. \e thenselected three subseis
123 variablesfor model calibration based on tradffs between biological significance and

124  multicollinearity constraints. Of these, we selected the set that produced a climate suitability map
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125  most consistent with previous work and expert opinion. We then assessed the respesse cur
126  and permutation importance generated by Maxent, and selected a final set of fivewvariabl
127  consisting otemperature seasonality ()l $naximum temperatarof the warmest month

128 (TmaxWM), annual precipitation (AP), precipitation of the wettest month (PVelki],

129  precipitation.seasonality (P.S)

130 Of theoccurrence records the pandemic biotyp&01 were collecteftom natural

131  environmentstaround the world, 651 of which were flAunstralia After accounting for multiple
132  records infasingle grid cell, we used 276 unique locations (at a resolution of 1 xd.fkroyr
133  model. The general backgrouaflenvironmental conditions waspresentetty a sample of

134 100,000 pointsyrandomly selected from within 200 km of occurrence records. We modified the
135 Maxent default‘settings to improve model performancee&8T et al. 2013), disabling hinge and
136 threshold features to avoid locally overfit response curves.

137 We estimated model performance by calculating the average tes{Ag&Under the
138 Receiver Operating Characteristic cur8a/eT1s 1988)derived from fivefold cross-validation.
139  This approaclentailed splittingoccurrerme and background data into five subsets (i.e., folds),
140 fitting the model to four folds and predicting to the fifth. We repeated this receb that each
141 fold was used four times for model fitting and once for model evaluatingSL974). The

142  model wadhenfit a final time using the complete set of myrtle rust occurrence(data276

143  records). his model was used for subsequent analyses.

144 Due.to the limited occurrence data of the panddnatype outside of Australiaye

145 acknowledgetthat the estimated niche for myrtle rust might presumably be toiZgetralian
146  environmental«conditions. Thus, we visually assessed our model by projeetinmbdeveloping
147  maps of suitable habitat feachcountrywith occurrence data available: Australia, Costa Rica,
148 Indonesia, Jamaica, Puerto Rico, Hawaii (U.S.A.), Med CaledonigSupplemental Figure

149  S1).

150 To assess future climate suitability, dewnloaded data from WorldClim for the time
151  period 2050(average for 20£060) at a resolution of 30 aseconds (~1 kmEPSG4326;

152  longitude/latitude WGS84) (bBMvANS et al. 2005)We used scenaridsom 17 globakirculation
153  models (GCMs)Supplemental Table S2) and for the Representative Concentration Pathway
154 (RCP) 8.5. RCPs are consistent with a wide range of possible changes in futumecayghic

155 greenhouse gas emissions. For RCP 8.5, emissions continue to rise throughctitémeu2y

156  (MEINSHAUSENet al. 2011)We projected climate suitability for myrtle rust otach of thel 7
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scenario®nd calculated the average and standard deviation offhgeetions We followed
this approach due to the variation among different GCMs in terms of projected aampand
precipitation trends. Thus, our models represent a broad range of progtsdidv in future
conditions., Additionally, we developed an agreement map across all 17 GCMs. This map
highlights areas projected to havigh habitat suitability across all possible future clirmatstil
at least 2050. For this approach, we convertedahénuous suitability predictions to binary
layers indieating suitable/unsuitable habite usedasthreshold the 1®percentile for training
presence/training omission (for our model, 0.0978), which assumes that 10% of the training (or
test) occurrences are predicted as unsuii@bsleLiPs et al. 2004) We acknowledge that #hi
threshold might oveestimatehabitat suitability, bubecausenyrtle rust is an invasive species
we consider'this approach more valuable.

We developed Multivariate Environmental Similarity Surface (MESS) maps to assess the
projectionto new climatesThese maps allowed us to identify those areas where projections were
extrapolatedELITH et al. 2010)All modelling and calculation bstatistics wergoerformed in R
version 3.L2«(REoRETEAM 2016), using customised code based on ‘dismaMANs et al.

2016)to fitMaxent models, with additionabde from ‘rmaxent{BAUMGARTNER et al. 2017).

2.3 Myrtaceae species at potential risk of myrtle rust infection in Mexico
We queried the Global Biodiversity Information Facility (GBIF, http://www.gbif)do identify

all Myrtaceae species occurring in Mexico. Occurrence records were filbereaove non-
georefereneedyrecords, as well as those observed prior to 1950. We kept rettondskwown
coordinatesiissues, and for which the basis of observation was regftatman observation”,
“observation”, “specimen”, “living specimen”, “literature occurrence”, and “material sample”.
Then,we identify speciesvhoseoccurrence records were contained within areas projected to be
suitable fomytrtle rust, andased on previous studigsee references fhable 1), identified

specieknown to be susceptible to rust infection.

3. RESULTS

We found eight records of myrtle rust from four unique locations in Mexico. Onelreesr
located at Ocozocoautla, Chiap2&MIREZ GUILLEN PERS. COMM, 2017), and seven records
in Veracruz, South of Xalapa (GBIROSSDAVIES PERS. COMM, 2016) Supplemental Table
S3). Records from Veraaoz fell within our predicted suitable habit&igure 1). We obtained an
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AUC valueof 0.934 for our final model (see full output modeAippendix 1), whichindicates
high classifier performand®&weTs 1988). Of the five variablesannual precipitatiomad the
highest permutation importance, whileximumtemperature othewarmest nonth had the
lowest(Table 1). MESS maps indicatethatregions projected to be climatically suitable for
myrtle rust under current and future conditions do not contain novel clinSafeslémental
Figure S2).. Thisfinding increases the confidence we can place in projections of suitable habitat.
Ourfindings of suitable habitat for myrtle rust are consistent with previous(BoxkrH
et al. 2000; ®ssDAvIs et al. 2013; §EWART et al. 2017)Our model fits closely to the
distribution of thepandemic biotypef myrtle rust in Hawai(ANDERSON2012)and New
Caledonia(BewARTO et al. 2017), both of which have extensive occurrence records. However,
there are currently too few published occurrence recordiafoaica, Costa RicRuerto Rico,
and Indonesia to gauge the model’'s accuracy for these couBirjgsdmental Figure S1).
3.1.Suitable habitat for myrtle rust
We estimated current suitable habitat for the pandbratgpeof myrtlerustin Mexicoto span
an area of 318442 KmAreasthatare currently mosuitable fortherust are mainly restricted to
the east coastof Mexicandinclude regions fronNuevo Leon,Tamaulipas, Veracruz, east of
San Luis'Potosi,arth of Puebla and Hidalg@axaca Tabasco, Chiapas, south of Campeche,
Quintana.Ro0, and Yucatan. From thetses, the highest suitability is projected in Veracruz,
PueblaChiapas, TabascandOaxacaOn the vest coastareas of higher vulnerabiligre
predicted in thevest ofDurango, south of Sinaloa, NayadgliscoMichoacan, Mexico, and
Guerrero(Figure 1 and Supplemental Figure S3).
An area©0f334,798m? of future suitable habitataspredicted undeat least onef the
17 climate/scenar® This resultrepresentan increase of 5% inthe area projected to contain
suitable habitafor the rustmainly inVeracruz, Puebla, Chiapas, Tabasco, and Oaxae850.
Converselysuitableareasn the Yucatan Peninsuéae predicted to decrease by 2050. Regions in
Tamaulipas, Nuevo Leon, Jalisco, and central Meareopredicted to maintain similar areas of
suitable rust:habitat at leasttil 2050 {Hgure 2). Importantly, regions from Veracrumprth of
Puebla Oaxaca, Chiapas, and Tabaace predicted toeemainsuitable until at leas2050across
all climate scenarios used in this stuBgr other regions inentral and west Mexi¢cguitable
habitat was projected undatfr leastenclimate scenariofFigure 3).

3.2.Myrtaceae species at potential risk of myrtle rust infection in Mexico
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220  According to GBIF data, there at82Myrtaceae species in MexicOf these 36 species—

221 including 13Eucalyptuspecies have been previously tested for rust susceptibéitgonly
222  threeof these species are native to MexieoP/m. dioica, Psidiun{hereafterPsid) guajavaand
223 Syzygiummegacarpunienspeciehave a high proportion of thedccurrence records

224  overlapping.areasf high suitability for myrtle rust undeurrent and futurelimates Melaleuca
225  citrinus(syn. Callistemon citring M. salignugsyn. C. salicing, EucalyptughereafterEuc)
226  camalduolesisEuc cinerea Euc. gunniiEugenia(hereafterEug) unifiora, Pim. dioica, Psid
227  cattlelanumSrmalaccenseandS. megacarpufTable 2).

228 Additionally, another 42 species—including 17Eucalyptuspecies are distributedn
229 areas containinguitable habitator myrtle rustbut have not yet been tested for susceptibilty.
230 these specieS9areintroduced and 1®arenative. Fouiof these native specie&qg. colipensis
231  Eug.mozomboensiEug salamensignd Eug. uxpanapengiare listed as

232 endangered/vulnerabl8JCN 2017).Calyptranthes pallens. schiedeanaug. capuliEug.
233 oerstedianand Myrcianthes fragrarare the most widespread species occuthingughout
234  areas containing suitable habitat floe rust §upplemental Figure S3; Supplemental Table
235 $4).

236 Ofithehighisk states, Chiapas, Veraciand Oaxaca have the highest number of
237  Myrtaceaespecies (93, 75, and 44 respectiveBil{le 2 and Supplemental Table S4) and the
238  greatest extent @urrent and predicted future suitable habitat for the Rigufes 1 and 2). For
239 these states, the exotWt citrinus Euc. camaldulensi€uc, globulusEuc. gunnij Euc.

240  tereticornigS~yambosand the native€/m. dioicaare known to be susceptible to rust infection
241 (MORIN et al2012; BcGet al. 2014; BTTset al. 2016; SNDHU; PARK 2013). Conversely,
242  Durango and Michoacan have the lowest numbeMyrtaceae speciewith one and two

243  species respectivelfTable 2 and Supplemental Table S4).

244

245 4. DISCUSSION

246  The east coast of Mexico is predicted to hiénegreatest expanse siiitable habitat for myrtle
247  rustundereurrent and future scenarios, with Veracruz and Chiapas being the most \ailnerabl
248  states. This finding is consistent with the known presence of the rust in Masibe only

249  records reported for the rust are in thetates. We found 36 Myrtaceae spekresvn to be
250  susceptible to rust infection distributed in artre havehigh habitat suitabilityor the rust.

251 Hence, we considepeciessuchPim. dioica, S. jJambosand M. citrinusto behighly vulnerable
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252  tomyrtle rust We also found 142 species with unknown susceptilalgiributed within the

253  rusts suitable habitatOur findings highlight the potential rigk native ecosystems and

254  commercial industrieBom the rustpandemic. Surveys are essential to itworthe spread of the
255 disease in Mexico and to find the true extent of the host range.

256  4.1. Suitable habitat for myrtle rust

257  Only eightrustcollections ofA psidiifrom Mexico have been lodged in herbaria. This finding
258 highlights the'need to improve tbecurence datdor the country. Recordg@located at

259  Ocozocoautla;"Chiapas, and Veracruz, South of Xalapa, within the Region of the Great
260 Mountaing(RGM). Both locations in Chiapas and Veracruz are characterised by their steep
261 elevation gradients and high precipitation. Annual precipitation in RGM ranges from 600 to 1200
262  mm, with asmaximum of 3000 mm in the wetter regions, whereas annual @taipin

263  Ocozocoautla ranges from 420 to 950 mm, with a maximum of 1770 mmeffiperature in

264 these regionsanges from 10 to 29 °C in Veracruz, and 19 to 26 °C in Chiapag£BAs et al.
265  2010;INEGI 2003). Previous workasshownthat myrtle rust presence is associated with areas
266  of temperatestemperatures, and high precipitation and eleyBiimTH et al. 2000; BANADOS
267 etal. 2017): We found precipitation to the most important variable delimiting the presence of
268 suitable habitat for the ruéTable 1).

269 Future changes iprecipitation andemperaturavill alter the distribution of suitable

270 habitat formyrtle rust. The increase in suitability in Veracruz may be driven byptidicted

271 increase of precipitation and cooler temperatures®me regions (EPERONRODRIGUEZ et al.

272  2016) Conversely,he projecteddecrease ifuturesuitable habitat in the Yucatan Peninsuiay
273  be driven by.predicted declines in precipitatiowf ; HAYHOE 2015).However simulations
274  show that/somdrierregions of Mexicdprecipitation below 450 mmpay bevulnerable to rust
275 invasion providedemperatures arnot too high (BoTH et al. 2000)Because temperature affect
276  the life cycle of the rusduring differentspore stage@-IQUEIREDO et al. 1984; RA; RIBEIRO

277  1989; Ruiz et al. 1987)more research is needed to understand how a future warmer climate
278  might affectinfection and germination rates and how different spore typesheidgatoured by
279  warmer conditions.

280 It is also possible that a differelibtypeof myrtle rust, with a dierent climatic niche,
281 may be introduced to Mexico {BWART et al. 2017). For example, other biotgmé myrtlerust
282  are known to severely inagt eucalypt plantations Brazil (FERREIRA 1983).Similarly, A psidii

283  had been known from Jamaica for some ypas tothe introduction of a new biotypkat
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caused severe disease in allsgieén. dioicg plantations in the 1930s (MLACHLAN 1938).If
the rust extends its distribution, or a new biotype is introduced into Mexico via coiainperts,
Myrtaceae specianay be severely affecteBor futureclimate areaswith suitable habitat for the
rust n Veracruzand Nayarit might be pécularly vulnerable due to their commercial activities

4.2 .Myrtaceae'species at potential risk of myrtle rust infection in Mexico

We found'36-species of Myrtaceadncluding endemic species and species of commercial
importance— potentially threatened by the pandemic biotype of myrtle rust based on our model
of suitable_ habitat for the rust and overlap with spédissributions.We considerr/im. dioica
and S. jamboss the most vulnerable species to myrtle rust in MeBoth species are knowa
hostA psidii (LEON GALLEGOS; CUMMINS 1981;LOPEZ GARCIA 2011;PEGGet al. 2014 SANDHU;
PARK 2013;STEWART et al. 2017, are reported to beeverely affe@d by the rust (8RNEGIE;
CoopPER2011; LEON GALLEGOS; CUMMINS 1981; MACLACHLAN 1938; MoRIN et al. 2012; RO
et al. 2012;:i@HIDA; LOOPE2009), a high proportion difieir distributionsoverlaps areawith
high rust suitability and havesconomic value, cultural and environmental importanees@s|
et al. 2002;,L10GIER; MARTORELL 2000; ©TO-PINTO et al. 2007).

Other'species, such &4 citrinus M. rigidus andM. salignusare aso susceptible to
myrtle rust(MoRIN et al. 2012; BcG et al. 2014; SNDHU; PARK 2013)and are used in
cultivation, landscaping, and gardening throughout Mexico. Given that a high number of rust
occurrencesreeords in Australigere reported from gardense highlight the value of monitoring
the MyrtaceaesSpecies in Mexicgardens, particularlgf specieknown to be susceptible to the
rust (Table 2).

Presentlyit is difficult to account for the potential riskyrtle rust poses to members of
the Myrtaceae familjn Mexico, asew species ithe country (19%) have been tested for
susceptibility Tables 2 and Supplemental Table S4). Testing species susceptibility was beyond
the scope ofthis studiput we highlight hat hepresencef 142 nontested species-including
species listed.as endangered or vulnerdbl€N 2017)— throughoudreas with high rust habitat
suitability represent potentialrisk. For these specigae recommend field surveys and
screening to determine their susceptibility to myrtle rust. In regards feudw)pluspecies,
Mexico has an estimatexd eleven million hectares of eucalypt plantatigRsiz et al. 2006).

There are 3E&ucalyptuspecies in areas containing current and &uswitable habitat for the
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316  rust, but at present, only 13 have been screened for rust susceptiaiity 2). Without

317 assessing susceptibility via inoculations, the risk to these species remains utlearesearch
318 should be direetdto testwhether these speciesuldhost myrtle rust.

319 4.3. What are the limitations of our sudy?

320 We acknowledge some extrinsic limitations of our study. These include uncertaintyren

321 climate scenarios, host range susceptibility across all Myrtaceae species, our understanding of
322 current and'potential changes in the genetics of the pathogen, and thetivaprapeated yeao

323 year moderatetinfectiomsay have on the responsdsosts. Future research might be directed
324  to model thepotential distributiorof the host speciasnder climate changand assess

325 overlapping areas of current and future suitable habitat for both pathogen and host. However, this
326  step will requirearigorous collection obccurrence data for Myrtaceae in Mexiadhich to date

327 has beerhallenging.

328 We also point out that our model is only suitable for the pandemic biotypgrtle rust,

329 and included limited number of occurrence records in Mexi€@dditional observations are

330 uncovered.during surveys, recalibrating models will help to develop more rigoroestiomg of

331 suitable habitat. This is particularly relevant if a f@atype is found, considering that different
332  biotypeshave different climatic preferencésLiTH et al. 2013). Nonethelesse reiterate that

333  our modelprojection is mostly consistent with previous work modellinguists’global

334  distribution (BoOTH et al. 2000; EWART et al. 2017) The key departure from previous work is
335 that airr modelprojecs greatersuitable habitat in ChiapaSabascandsome regions in central

336  Mexico (Figureyd fromSTEWART et al. 2017) antbwer suitability in the Yucatan Peninsula

337 (Figure 1 fremBOOTH et al. 2000)Discrepancies may aristle to theuseof differentSDMsand

338 thar input/dataFor instanceBooTH et al. (2000used a simple model to assess only temperature
339 and precipitation conditions in areas of South East Asia where the rust thesusojected this

340 onto the resbf the world. For thie pandemic biotype model;T8wWART et al. (2017 used 137

341 records, including nursery occurrencesiereas our model was fit wiBY6 records with nursey

342 data removed:"A higher number of records can provide a better approxitodtierpotential

343  distribution“ef.the species fiRLIPS; DuDIK 2008) and byemoving nurseries, we aimed to

344  eliminate a possible bias to microclimates affectechbpagement and water supply tivaty

345 cause the pjection of suitable habitat in areas with unsuitable natural rainfall conditions

346  Further, unlike SEWART et al. (2017)we used a subset @forldClim’s 19 bioclimaticvariables

This article is protected by copyright. All rights reserved



347 Despite these limitationgye considered that our model has the most updated and

348 complete occurrence data of the panddntypefrom acrosshe world, and provides the best
349 representation of the potential distribution of myrtle rust in Mexico based on thelatpu

350  (occurrence records and climate data).

351

352 5. CONCLUSIONS

353  The potentialfimpact of myrtle rustp®orly understood in Mexicd.hirty-six specief

354 Myrtaceaeare"potentially at risk of myrtle rustfection, including species with economic and
355 ecological importanceand endangered species. Additionally, 142 species remain untested for
356  rust susceptibility andccur within thepotential rustistribuion. The east cast of Mexico is

357  mostsuitablefor'the rust under current and future scenarios. However, due to the ability of the
358 rust to disperse; regions of thest coast, such as Nayarit and Sinaloa are also vulnerable.
359 Veracru, PueblaChiapasTabascoandOaxacaare the most vulnerable states undarentand
360 all future climate scenarioBecause the occurrence records of the rust are located in Veracruz
361 and Chiapaspwe encourage on-going monitarrtgeseregiors for myrtle rust We also suggest
362  screening to test the species with no known rust susceptibildgtermine the threat to native
363 ecosystems and industries reliant on Myrtaceae. This work can be used as a basis to prioritise
364  surveillanceefforts in native ecosystems acoimmercial plantations or conduct screening to
365 determine the susceptibility of threatened, endemiaccantmercial species.
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TABLES
TABLE 1. Permutation importance for the climatic variables used to model habitat suitability for

myrtle rust in Mexicousing Maxent. Higher values indicate higher contribution to the model.

Climatic variable Permutation importance
\ Annual Precipitation 41.1
Temperature Seasonality 33.8
"% Precipitation of Wettest Month 14.5
Precipitation Seasonality 7.5
)\/Iax Temperature of Warmest Montl 3.1

This article is protected by copyright. All rights reserved



TABLE 2. Myrtaceae species present within the current and future suitable habiteg f@ndemic biotypef myrtle rustfor which

rust susceptibility ratings are known. Susceptibility is based on the reactionhafsthgecies to myrtle rust exposueported in
previous'studies. The susceptibility score is given as follaarpeBERTHON et al. 2018)R = resistant, species are not infected; L =
low susceptibility, infection but no sporulation; M = medium susceptibility, irdacind minimal sporulation; H = high susceptibility,
infection,and abundant sporulation on leaves, twigs and/or fruits; S* = susceptibévérity not recordedSpecies that have a high

proportion ofitheir distribution overlapping the higbk areas.

Reference for

Species Origin Presence Uses/Importance Susceptibility
Susceptibility
) Garden plant anfiuiting
Acca sellowiana Introduced Veracruz . R (MORIN et al. 2012)
ree
) o Cultivation and
Callistemon rigidus  Introduced Morelos _ S* (GIBLIN; CARNEGIE 2014)
landscaping
Corymbia calephylla Introduced Michoacan Timber, construction R-L (MORIN et al. 2012)
Essential oil used in
Corymbia_citriodora  Introduced Mexico perfumery and insect R-H (MORIN et al. 2012)
repellents
) - _ Ornamental, used in (MORIN et al. 2012;
Corymbia~ficifolia Introduced Mexico R-H
gardens, parks and stree SANDHU; PARK 2013)
Corymbia-tessellaris Introduced Mexico For tool manufacturing R-M (MORIN et al. 2012)
Light construction, fuel
Eucalyptus.amygdalin: Introduced Mexico City for open fires, oils used R-H (PoTTset al. 2016)
for aromatherapy
Eucalyptus Introduced Campeche, Chiapas, Important role in L-H (SANDHU; PARK 2013)
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camaldulensfs

Eucalyptus-cinerea

Eucalyptugdunnii

Eucalyptus globulus

Eucalyptus

gomphocephala

Eucalyptts gunrfi

Eucalyptus papuinea

Eucalyptus punctata

Eucalyptus resinifera

Eucalyptus robusta

Introduced

Introduced

Introduced

Introduced

Introduced

Introduced

Introduced

Introduced

Introduced

Morelos, Mexico, Oaxaca,

Mexico City, Jalisco, stabilising many

Australian river banks

Puebla, Tlaxcala, Veracruz

Mexico City, Mexico,
Ornamental garden plan
Veracruz
_ For erosion and dune
Mexico ) ]
control, timber, fire wood
Chiapas, Mexico City, Used for pulpwood,
Morelos, Mexico, Nuevo  timber, and herbal tea.
Leon, Oaxaca, Puebla, Important source of
Tlaxcala, Veracruz pollen and nectar for bee

Timber and furniture

Mexico _
construction
_ Very tolerant of cold.
Chiapas
Ornamental
Timber, windbreak,
Mexico flowers produce high
quality honey
_ Timber, multicoloured
Mexico

bark

Mexico City, Morelos, . o
_ High quality timber
Mexico, Puebla

Mexico City, Mexico, Street tree. Fast growth

Puebla, Veracruz high flower yield, can

M-H

R-M

R-H

R-H

R-H

R-H

S*

R-M

S*

(SANDHU; PARK 2013)

(MORIN et al. 2012;
SANDHU; PARK 2013)

(PoTTset al. 2016)

(PoTTset al. 2016)

(MORIN et al. 2012)

(GIBLIN ; CARNEGIE 2014)

(MoRIN et al. 2012)

(GIBLIN ; CARNEGIE 2014)
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. Rich honey. Coloured
Euca/y@'gna Introduced Mexico timber especially popular R-M (MORIN et al. 2012)
 — for flooring and furniture

Chiapas, Mexico City, ) _ (MORIN et al. 2012PEGGet
. . _ _ Edible fruits and used for
Eugeni ord Introduced  Morelos, San Luis Potosi, ] M al. 2014;SANDHU; PARK
insect repellent
Veracruz 2013)

Cultivated as a fast
Introduced growing screening or (GIBLIN; CARNEGIE 2014)

\! windbreak plant

Melaleu adendr Introduced Mexico, Morelos Timber M-H (PEGGet al. 2014)

Melaleuca salignus* Introduced Tabasco Landscaping M (PEGGet al. 2014)
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(syn. Callistermon
salicing

Myrtus €ommunis — Introduced Sinaloa Garden plant (PEGGet al. 2014)

Commonly referred to as

C i . strawberry guava or
Nayarit, Quintana Roo,

Psidium anum* Introduced cherry guava, produces R-L (MORIN et al. 2012)
Veracruz _ ] ]
edible fruits. Highly

invasive in Hawaii

Syzygium australe  Introduced Mexico City Common garden. Edible R-M (PEGGet al. 2014)
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sour fruits

Chiapas, Guerrero, Hidalgt

iy (LoPEZ GARCIA 2011,
Fruiting tree. Wood used

. — Jalisco Nayarit, Oaxaca, ) MORIN et al. 2012PEGG et
Mg/ug ‘ambos* Introduced ) ) for charcoal. Used in R-H
Puebla, San Luis Potosi, N o al. 2014;SANDHU; PARK
traditional medicine
Tabasco, Veracruz 2013)

. Native Veracruz Fruiting tree S* (GIBLIN ; CARNEGIE 2014)
megamm

p -
O
L
)
D)
<
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FIGUREX. Current suitable habitat fthe pandemibiotype ofmyrtle rustin Mexico. Areas
with higher values, close to 1, are hypothesised to have greater suitability for tles. spset:
The regiomef.highest habitat suitability with the knovaturrence records (black dots) of myrtle

rust.

This article is protected by copyright. All rights reserved



{

11 ;E
[
L5T

14
i

Cr

ar
3
&
g

22 24

20

18

allUS

14

24

r M
:
'_E.
8

05
o) 04
L]
i0:3
L i 0.2
O;'E =+ gl
0y 00
L
H B T T T
1|:I5 =100 -0 -5
FIGURE re suitable habitat for the pandemic biotypmyrtle rust. Areas with higher
values, to 1, are hypothesised to have greater suitability for the speciess¢arnarms

represent the avera@®) + standard deviation (B, and &spectively of projections made onto
17 climate scenariobased on RCB.5 (see details in Metho@sd full list of GCMs in
Supplemental Table $2
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FIGURE 3. Agreement map across climate scenarios fro@lobal Circulation Models (GCM)
based on RCP 8.5 (see details in Methods) for 206Mur scale indicatedhe number of

scenarios'in whicBuitable habitator the pandemic biotypef myrtle rustis projected
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