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RESUMO

Nichos climaticos e amplitudes geograficas de parentes selvagens de cana-de-acticar: um enfoque

comparativo e evolutivo

A distribuicdo das espécies é resultado da interagao entre seus atributos ecolégicos e for-
cas evolutivas, aspectos que sdo estudados pelas biogeografia ecolégica e histérica, respectivamente.
Apesar de haver uma separagdo histérica entre essas duas dreas, a aplicacdo do conceito de nicho
ecolégico na modelagem de nichos ecoldgicos e distribuicdo de espécies tem permitido uma uma maior
integracdo entre ambas. Os resultados dessa integragdo tém permitido o preenchimento de diversas
lacunas no conhecimento cientifico sobre a biodiversidade. Essas lacunas sdo especialmente relevantes
para um grupo de plantas conhecido como parentes selvagens de plantas cultivadas (PSPCs), que sdo
um recurso genético valioso com um papel crucial na garantia da seguranca alimentar. Nesta disserta-
¢ao, nés usamos dados de ocorréncia e varidveis biocliméticas para modelar a distribuicdo geografica
potencial de 15 espécies de parentes selvagens da cana-de-agicar, assim como para caracterizar seus
nichos climéticos em um espaco ambiental bidimensional. Uma filogenia, recentemente publicada,
foi reconstruida e utilizada para investigar os mecanismos evolutivos que moldaram a geografia da
especiagio e a evolugdo dos nichos climaticos nesse grupo. A modelagem da distribui¢do potencial das
espécies mostrou que os parentes selvagens da cana-de-agicar sdo potencialmente distribuidos pelo
globo. Adicionalmente, os modelos produzidos podem ser utilizados para informar futuras expedic¢des
de coleta, ja que os parentes da cana sdo um dos menos representados em bancos de germoplasma.
Espécies mais préximas filogeneticamente exibiram um alto grau de simpatria e assimetria de dis-
tribuig¢oes, enquanto espécies mais distantes ocorrem em total alopatria. Além disso, foi encontrada
uma correlagdo negativa, e estatisticamente significante, entre o tempo de divergéncia dos clados e o
nivel de simpatria, sugerindo que a atual distribuicdo geogréfica dessas espécies pode ter resultado de
dispersao de longa distancia seguido por eventos de especiacdo simpatrica recentes. A caracterizagao
dos nichos mostrou que variaveis relacionadas a temperatura minima e aridez sdo aquelas que mais
contribuem para a variagdo entre od nichos climaticos das espécies. A maioria das espécies possuem
nichos climaticos restritos, enquanto duas apresentam nichos climéticos amplos. Em geral, os nichos
climéticos de parentes selvagens da cana-de-agticar ndo sdo idénticos e o nivel de similaridade entre
eles é o mesmo que o esperado ao acaso, apesar de espécies mais proximas apresentarem os maiores
niveis de sobreposi¢do de nicho. Adicionalmente, os modelos evolutivos sugerem que diferentes pro-
cessos atuaram para moldar as tolerancias climaticas dessas espécies, a dimensdo do nicho climatico
relacionado & temperatura foi melhor modelada pelo modelo Ornstein-Uhlenbeck com dois étimos e
a dimenséo relacionada & aridez foi melhor modelada por um modelo de movimento Browniano. Por-
tanto, nosso estudo mostra a importancia de utilizar dados ja disponiveis para analisar os atributos
ecolégicos e aspectos da evolugdo de PSPCs, que podem ser utilizados para fomentar iniciativas de

conservacgao e para o uso mais eficiente destas espécies no melhoramento de plantas.

Palavras-chave: Parentes Selvagens da Cana-de-agtcar, Nicho Climatico, Distribuicdo Geografica



ABSTRACT

Climatic niches and geographical ranges of sugarcane wild relatives: a comparative and
evolutionary approach

Species distributions are the result of the interplay between ecological requirements and
evolutionary mechanisms, which are studied by ecological and historical biogeography, respectively.
Although these fields have been historically separate, the concept of ecological niche has allowed their
integration. The modelling of ecological niches and species distributions in light of the evolutionary
processes has allowed the filling of considerable gaps of scientific knowledge about biodiversity. These
gaps are especially relevant for a group of plants known as crop wild relatives (CWR), which are a
valuable genetic resource with a crucial role in guaranteeing food security. In this dissertation, we
used available occurrence data and bioclimatic variables to model the potential geographic distri-
bution of 15 species of the sugarcane relatives and to characterize their niches in a bidimensional
environmental space. We also reconstructed a recently published phylogeny and used it to investi-
gate the predominant mechanism of speciation and the mechanisms shaping niche evolution in the
group. The results showed that sugarcane relatives are potentially distributed worldwide and that
range models can be used to inform future collection expeditions, considering that the relatives of this
crop is one of the most underrepresented in genebanks. Closely related species show a high degree of
sympatry with asymmetrical ranges, whilst species from different clades occur in total allopatry. We
found a significant negative correlation between age of divergence between clades and pairwise level of
sympatry, which suggests that the current geographical distribution may be a result of long-distance
dispersion followed by recent events of sympatric speciation. Characterization of niches showed that
climatic variables related to minimum temperatures and aridity were the ones that most contributed
to variation among climatic niches of theses species. Whilst most species show narrow climatic niches,
two show a very broad niche. In general, sugarcane relatives’ climatic niches are not identical and
are just similar as expected by chance, even though closely related species showed the highest levels
of niche overlap. Additionally, models of evolution suggests that different processes acted to shape
the climatic tolerances of sugarcane wild relatives, the first dimension of climatic niches related to
minimum temperature was best modelled by a Ornstein-Uhlenbeck model with two optima and the
dimension related to aridity is best modelled by a Brownian Motion model. Therefore, our study
shows the importance of using already available data to analyse the ecological attributes and evolu-
tionary aspects of CWR, which can be used to foment conservation initiatives and a more efficient

use of these species in breeding.

Keywords: Sugarcane Wild Relatives, Climatic Niches, Geographical Ranges






1 INTRODUCTION

The geographical distribution of species has been a subject of interest for a long time. For
example, the non random distribution of species that leads to clear patterns of biodiversity distribution
in the planet has been investigated for animals by Wallace (1860) and for plants by Von Humboldt e
Bonpland (2009). The field of biology that is concerned with the spatial distribution of biodiversity is
biogeography. Historically, this field can be subdivided in two realms: historical biogeography, concerned
with the evolutionary processes that have shaped species distributions; and ecological biogeography, which
investigates, amongst others, the current distribution of species and their relationships with the physical
and biotic variables of the environment (Lomolino et al., 2006). However, these two areas of biogeography
have been put together by recent advances in the concept of ecological niches (Peterson et al., 2011).

The ecological niche is a concept with a long history in ecology and it is a term that has been
attributed several meanings (Chase e Leibold, 2003). In the Grinellian definition, the ecological niche
is defined by the group of environmental conditions that are needed in order for a species to survive
(Grinnell, 1924). Additionally, in his work, Grinnell (1924) points out that species distributions are very
marked and rarely a species has a global distribution and that occurs because of the limitations imposed
by environmental conditions.

In line with the Grinellian concept of niche, Hutchinson (1957) defined the niche as a hyper-
dimensional volume with n-dimensions, in which each axis that define this volume is a relevant environ-
mental condition for the survival of the species of interest. In his seminal paper, Hutchinson defines the
n-dimensional niche in the context of two competing species. In this context, he subdivides the concept
of niche in the fundamental niche and the realized niche. The first is the volume defined by the environ-
mental conditions that influence the survival of populations of a species, whilst the later is a subset of
the fundamental niche that encompass the conditions in which a species can survive in the presence of a
competitor.

Currently, there are two main approaches to measure the ecological niche of a species: a me-
chanistic approach and a correlative approach. The first one involves the measurement of the survival
ability of individuals in a different set of conditions of a variable of interest by experimentation under
controlled conditions, which provides an estimate of the fundamental niche (Kearney e Porter, 2009).
Alternatively, correlative approaches measure the niches based on correlations between occurrence data
and sets of environmental variables. The digitization of biodiversity data, making occurrences available at
data banks easily available, and the availability of worldwide environmental data in fine scale resolution
(especially climate data) made the correlative approaches a burgeoning field in ecological research (Elith
e Leathwick, 2009).

It is important to highlight that correlative approaches are based on the occurrence records
collected within the actual geographical distribution of the species, which is delimited by three require-
ments:: i) favourable abiotic conditions; ii) biotic interactions, positive and negative, are appropriate; iii)
the geographical region has been accessible to the species via dispersion. Therefore, correlative approaches
often measure the realized niche rather than the fundamental niche (Soberon e Peterson, 2005).

Correlative approaches for niche estimation can be divided in two main categories: the ones
based on direct observations and the ones based in ecological niche models (ENMs). Measurements of
ecological niche models based on direct observations are not based on the predictions of a particular
model, instead, they often rely on ordination methods (e.g. principal component analysis) to measure
the ecological niches in a multivariate environmental space. In order to avoid bias due to sampling effort,
they can be improved by the use of smoothed densities of species occurrences and available environmental
conditions (Guisan et al., 2014). On the other hand, measurement of niches that rely on model predictions

use the observational data as an input for modelling algorithms, which will estimate the ecological niche
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as a function of a set of environmental variables, the output of the algorithm is projected back on the
geographical space in order to predict the areas that are suitable for the species occurrence (the potential
distribution) (Peterson et al., 2011).

The theoretical and methodological development in niche modelling by correlative approaches
has allowed the emergence of methods to compare niches between species and to test hypotheses about
niche evolution, such as the tendency that closely related species tend to be more ecologically similar than
expected, phylogenetic niche conservation or PNC (Wiens e Donoghue, 2004), or to be more divergent than
expected by chance, known as phylogenetic niche divergence or PND (Pyron et al., 2015). Furthermore,
these processes are deeply related to the geographical aspect of speciation, since PNC is expected to arise
under allopatric speciation and PND in sympatric and parapatric speciation (Peterson et al., 1999).

In this context, Warren et al. (2008) proposed a method that relied on the comparison of
the geographical projection of ENMs to quantify the niche overlap between two species. Additionally,
Warren et al. (2008) also introduced the use of null model tests to assess the statistical significance
of the similarities and differences among niches. This statistical framework was then adapted to a
niche comparison method based on a direct observations approach proposed by Broennimann et al.
(2012), which compares ecological niches in a gridded bi-dimensional environmental space defined by a
PCA. Simulations with virtual species, show that this approach measures more accurately the overlap
between niches than the one based on ENMs (Broennimann et al., 2012). Other methods based on direct
observations have been proposed to quantify niche differences between taxa, such as the n-hypervolume
(Blonder et al., 2014; Blonder, 2018) and the random translocation and rotation method (RTR) (Nunes
e Pearson, 2017). However, the n-hypervolume method does not provide a statistical framework to test
the significance of its results and the RTR can only be used to compare species that share a common
accessible area.

Hence, methods based on ENMs and direct observations are useful for generating about abiotic
tolerances and potential geographical ranges of species. Additionally, methods that compare niches dif-
ferences and similarities are able to improve our understanding about the processes and mechanisms that
generate biodiversity. Knowledge about ecological niches and the underlying evolutionary mechanisms
that shape them is especially important for groups that contain economically relevant species, such as
the crop wild relatives (CWR). CWRs are a valuable genetic resource to guarantee food security in the
future since they are potential donors of alleles associated with important traits for crops, mainly abiotic
stress tolerance and disease resistance (McCouch et al., 2013). However, there is an important lack of
information about CWRs geographical distribution and potential uses leading to underrepresentation of
this species in genebanks and hindering their use in crop breeding programs (Castaﬁeda—Alvarez et al.,
2016; Dempewolf et al., 2017).

In this study, we gathered data of occurrence of sugarcane wild relatives available on major
biodiversity databases and by field expeditions. This occurrence data were then used to estimate and
compare the climatic niche of 15 species related to the sugarcane. Additionally, taking into account a
newly published phylogeny of the group, we investigate the geography of speciation and the mechanisms

that underlie the evolution of climatic tolerances in this group.
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2 CLIMATIC NICHES AND GEOGRAPHICAL RANGES OF SUGARCANE WILD
RELATIVES: A COMPARATIVE AND EVOLUTIONARY APPROACH

Abstract

Crop wild relatives (CWR) are a potential source of alleles related to abiotic and biotic stress,
thus, valuable for plant breeding. Despite their importance, CWR use in plant breeding research pro-
grams is hindered by the lack of knowledge of their distribution, abiotic tolerances and the mechanisms
underlying their diversification. Sugarcane is one of the most important sources of carbohydrates for
human consumption and one of the most relevant bioenergy crops; however, knowledge about their wild
relatives is still scarce. In this context, we used occurrence data of 15 sugarcane wild relatives along
with 19 bioclimatic variables to model their potential geographic distribution and characterize their cli-
matic niches, in a bidimensional environmental space. We also used a recently published phylogeny to
investigate the geography of speciation and the macroevolutionary forces shaping the diversification of
climatic niches in this group. Our ecological niche models showed that sugarcane relatives are distributed
worldwide and that closely related species tend to occur in sympatry and present asymmetrical ranges
and that more distantly related species occur in allopatry. We found that the level of sympatry in this
group is negatively correlated with divergence events, suggesting that speciation probably occurred by
sympatric mechanisms. Characterization of niches showed that minimum temperatures and aridity are
the main climatic variables influencing the abiotic tolerances of these species. Several species close to
sugarcane show niche optima in cold climates and are prospective candidates to future research for bre-
eding cold tolerant cultivars. Additionally, we found that most species of sugarcane wild relatives are
able to endure a narrow set of climatic conditions with two notable exceptions, S. spontaneum and M.
floridulus, which present a very broad niche. Comparison of niches in environmental space showed that
although niches are not identical, it is not possible to support neither hypotheses of niche divergence or
conservatism. Finally, we found evidence that selection and neutral processes acted on the evolution of
the two dimensions of these species’ climatic niche. Thus, using an ecological and evolutionary compara-
tive approach, we were able to decrease the extent of knowledge gaps about the geographical distribution,
abiotic tolerances and the evolution of species related to sugarcane, contributing to future conservation

of genetic resources and breeding efforts.
Keywords: Sugarcane Crop Wild Relatives; Climatic Niches; Geographical Ranges; Niche Evolution.

2.1 Introduction

Yield projections show that, given current increase rates, food production will not attend the
demands of the growing human population (Ray et al., 2013). Also, arable land, already under pressure
by degradation and urbanization, will diminish in tropical areas due to climate change (Zabel et al., 2014).
Also, an increase in the occurrence of extreme climatic events, such as droughts, heat waves and floods
is expected (Cai et al., 2014; Cook et al., 2014).Therefore, in order to promote sustainable increase in
food production, crop breeding will have to produce not only more productive varieties but also varieties
more resilient to biotic and abiotic stress and with increased input efficiency (Godfray et al., 2010).

Although crop breeding has been extremely successful in increasing productivity of agriculture
in the last century, the challenges laid out above demand the advent of new approaches to this scien-
tific field (Wallace et al., 2018). In this regard, it is of paramount importance to explore the diversity
stored in crop wild relatives (CWR), as well as landraces and undomesticated wild species, since they
can be potential donors of alleles associated with important traits for crops, such as abiotic stress tole-

rance and disease resistance (McCouch et al., 2013). The domestication process of a crop is normally
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characterized by strong selection and genetic bottlenecks - although the frequency and intensity of those
demographic processes varies among different species - which leads to reduced genetic diversity within
crops as compared to their wild relatives (Meyer e Purugganan, 2013).

Despite their importance, several biological and technical difficulties hinder the use of CWR in
plant breeding (e.g., interspecific crossing barriers, linkage drag and difficulties in gene transfer), however,
the most important barrier to the use of CWR is the lack of data on these species (taxonomic, genotypic,
potential uses) (Dempewolf et al., 2017). In fact, a recent comprehensive study used bioclimatic variables
and occurrence records to model the geographical distribution of the 1,076 wild relatives of 81 crops,
showed that 72% of the crop gene pools were poorly represented in genebanks and were classified as
high priority for collecting. Additionally, 95% of CWR are underrepresented when considered their full
geographical range and their ecological variation (Castaﬁeda—Alvarez et al., 2016).

Therefore, information on CWR climatic niches, geographical distribution and the processes
and mechanisms underlying their evolution are crucial to their conservation and effective use in crop
breeding. Studies of this nature have been done for CWR of some crops, such as: tomato (Nakazato
et al., 2010), sunflower (Kantar et al., 2015), strawberry (Johnson et al., 2014), brinjal eggplant (Syfert
et al., 2016) and pigeon pea (Khoury et al., 2015). However, there is a significant lack of information about
crops of major economic and social importance such as cassava, maize and sugarcane (Castaﬁeda-Alvarez
et al., 2016).

Sugarcane is one of the most economically important crops worldwide in terms of tons harvested
and planted area (FAOSTAT, 2017).It is also the third plant source of calories in human consumption,
only surpassed by rice and wheat (Moore e Botha, 2013). Modern sugarcane cultivars are hybrids from
species of the genus Saccharum L., that belongs to the tribe Andropogoneae and subtribe Saccharinae,
which comprises other genera (Soreng et al., 2017). Besides Saccharum, this subtribe also includes the
genus Miscanthus Andersson, that contains species used as a source of biofuels and cellulose (Brosse et al.,
2012) and as ornamental species (Meyer, 2004).

The delimitation of species and genera related to sugarcane has been historically difficult due
to the high frequency of natural hybridization events between sympatric species, different modes of
chromosomal transmission in these events and high intraspecific chromosome number variation (Amalraj
e Balasundaram, 2006). This high frequency of hybridization led to the creation of the concept of
the “Saccharum Complex”, a group of interbreeding species that were supposed to be involved in the
sugarcane origin and included the genera Saccharum, Narenga Bor, Sclerostachya (Andersson ex Hack.)
A. Camus and Frianthus Michx. (Mukherjee, 1957).

In the literature it is possible to identify two main currents of thought about the systematics
of the sugarcane relatives: one understands latu sensu (I. s.) the genera Saccharum and Miscanthus,
in which the first includes all the species of Erianthus and the second includes Narenga, Sclerostachya
and the genus Miscanthidium Stapf (Clayton et al., 1986; Kellogg, 2015), an hypothesis that has pre-
vailed; and another, a stricto sensu (s.s.) view that supports the separation between Saccharum and
Erianthus, restricting the former to the six species highly related to the sugarcane (Saccharum officina-
rum L., Saccharum spontaneum L., Saccharum robustum E.W.Brandes & Jeswiet ex Grass, Saccharum
barberi Jeswiet, Saccharum sinense Roxb. and Saccharum edule Hassk.) and proposes the separation of
Miscanthus, Narenga and Miscanthidium (Watson et al., 1992).

Molecular systematics approaches have been recently used in order to address these questions.
Hodkinson et al. (2002) showed that Saccharum . s. and Miscanthus l. s. were not monophyletic, since
species of Erianthus from the Old World (section Ripidium ) should be allocated in a different genus
Tripidium H. Scholz (under Ripidium), and that Miscanthidium species were placed outside Miscanthus.
However, the authors did not find enough evidence to support the separation of Saccharum [. s. in

Saccharum s. s.,Erianthus and Narenga.
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A more complete molecular phylogeny of the tribe Andropogoneae, based on the sequencing
of five low copy nuclear genes and considering more species, also supported the polyphyly of Erianthus
and confirmed the existence of Tripidium as a clade separated from Saccharum and Miscanthus (Welker
et al., 2015). They found that the Erianthus from the New World form a clade with the Miscanthidium
(represented by Miscanthus ecklonii (Nees) Mabb.), and they are related to the Saccharum s. s. (re-
presented by S. officinarum). At last, they propose that Narenga (under Saccharum narenga (Nees ex
Steud.) Hack.) is a hybrid between Saccharum s. s. and Miscanthidium.

Evans et al. (2019) published the most complete molecular phylogeny to date of the Andropo-
goneae, based on whole chloroplast genome and low copy nuclear genes. The authors confirmed previous
evidence that the species from the former Erianthus sect. Ripidum belong to a different genus, Tripi-
dium, distantly related to Saccharinae. They proposed the “core Saccharinae” clade, that comprises:
Miscanthus, Miscanthidium, composed of species that were classified as belonging to Miscanthus; New
World Erianthus and Saccharum s. s..

Despite having made the systematics and taxonomy of sugarcane CWR complex, the high
frequency of natural hybridization among these species has possibilitated the extensive use of wild relatives
in sugarcane breeding. For instance, modern sugarcane cultivars are the result of crosses between S.
officinarum and S. spontaneum, the latter of which was utilized in sugarcane breeding because of its high
ratooning capacity and its known adaptation to several environmental stresses (Daniels et al., 1987). It
is estimated that approximately 20% of the genome of modern sugarcane cultivars is derived from S.
spontaneum (Piperidis et al., 2010).

Further attempts to use wild relatives in sugarcane breeding have been recorded, especially
using species from the former genus Erianthus from the Old World, in detriment of other groups, such
as: Saccharum arundinaceum Retz. (Piperidis et al., 2010; Ram et al., 2001), Saccharum longisetum
(currently Melinis longiseta (A.Rich.) Zizka) (Cai et al., 2005), and Saccharum rufipilium Steud. (Wang
et al., 2009). However, studies have shown that crosses between sugarcane hybrids and S. arundinaceum
results in a small number of true hybrids with aberrant chromosome behaviour (aneuploidy, chromosome
loss and duplication, interspecific recombination) (Wu et al., 2014; Huang et al., 2015). The clarification
of the phylogenetic relationship may help us understand the difference of effectiveness in using genetic
resources from Saccharum s.s. and Tripidium in sugarcane breeding , since the latter one is evolutionarily
distant.

Therefore, the effective use of these genetic resources effectively demands a thorough unders-
tanding of the phylogenetic relationships and the evolution of the sugarcane wild relatives to be able
to access their potential as trait donors. In this context, although the results from Castaiieda-Alvarez
et al. (2016) showcase the important gap in our knowledge about sugarcane CWRs, it is necessary to
highlight that, from the eleven species analyzed, four belong to the ‘core Saccharinae’ (three subspecies
of S. spontaneum and S. robustum) and the remaining seven species belong to Tripidium, which are not
considered sugarcane wild relatives in light of the most recent phylogeny of the group.

Hence, given the importance of sugarcane and Miscanthus as economically relevant crops and
the knowledge gap about the ecology and evolution of their wild relatives, this study aimed to: i)to
use Ecological Niche Models (ENMs) to model the potential geographical distribution of wild “core
Saccharinae” species; ii) to use ordination techniques to characterize their climatic ecological niches and
identify species that are potential trait donors to sugarcane and commercial accessions of Miscanthus; iii)
to compare the climatic niches of the species under study in search of ecological patterns in the group; iv)
to use phylogenetic information in conjunction with the ecological data produced in order to understand
the geographical mode of speciation of the group and the evolutionary forces driving the diversification

of sugarcane wild relatives climatic niches.
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2.2 Materials and Methods

2.2.1 Study species and occurrence data

We limited our analysis to the group of species closely related to sugarcane, referred to by Evans
et al. (2019) as the “core Saccharineae”, which includes species from four groups: Miscanthus, Miscanthi-
dium, Saccharum sensu stricto and Erianthus (excluding the Old World species, that should be allocated
in Tripidium, outside of the Saccharineae). We searched The Plant List database (www.theplantlist.org;
accessed in May of 2019) in order to identify the currently accepted species of Miscanthus and Sac-
charum, which currently include species from the four groups mentioned above. Occurrence data for
these species were downloaded from GBIF (Global Biodiversity Information Facility, www.gbif.org) and
BIEN (Botanical Information and Ecology Network - www.biendata.org). Records from BIEN that were
already present in the GBIF dataset were removed. Occurrence data of species native from Brazil (S.
angustifolium, S. asperum and S. villosum) were complemented by data collected by the authors. Oc-
currence records with coordinates were submitted to an automated cleaning proceeding in the R package
CoordinateCleaner (Zizka et al., 2019) in order to remove records that were duplicated, outliers, located
in scientific institutions, inside capital and countries centroids, in seas and urban areas. When available,
metadata was used to remove records with low precision and records previous to the 1970s, in order
to include records compatible with climate measurements, or with no year of collection. Additionally,
records outside the known native area of the species were removed, in order to avoid occurrence records
of specimens under cultivation or anthropogenic introgressions. In order to have a reliable estimate of
their climate niches, we only considered species that had at least 30 occurrence records for subsequent

analyses.

2.2.2 Background area delimitation

The estimation of the geographic area that has been available to a species during a relevant
period through dispersal is crucial when estimating ecological niches with correlative methods, since it
may strongly influence the final results. One of the approaches utilized to do this estimation is to utilize
biotic regions occupied by the target species, since their delimitation may be a reflection of dispersal
limitations shared by multiple species (Barve et al., 2011). For that reason, we defined the species-specific
background areas using the ecorregions delimited by Word Wide Fund For Nature (WWF) (Olson et al.,
2001) that were enclosed by the minimum convex polygon that contained all the occurrence records

considered for the climatic niche estimation.

2.2.3 Environmental data

We used climatic variables as predictors of the species’ abiotic niche. We utilized 19 standard
bioclimatic variables available at the CHELSA database (Climatologies at high resolution for the Earth’s
land surface areas - chelsa-climate.org): biol-Annual Mean Temperature; bio2 - Mean Diurnal Range;
bio3 - Isothermality; biod- Temperature Seasonality; bio5- Max Temperature of Warmest Month; bio6-
Min Temperature of Coldest Month; bio7 - Temperature Annual Range; bio8 - Mean Temperature of
Wettest Quarter; bio9- Mean Temperature of Driest Quarter; biol0 - Mean Temperature of Warmest
Quarter; bioll -Mean Temperature of Coldest Quarter; biol2 - Annual Precipitation; biol3 - Precipita-
tion of Wettest Month; biol4 - Precipitation of Driest Month; biol5 - Precipitation Seasonality; biol6
- Precipitation of Wettest Quarter; biol7 - Precipitation of Driest Quarter; biol8 - Precipitation of
Warmest Quarter; biol9 - Precipitation of Coldest Quarter. These variables are analogous to the ones
available at the WorldClim database (Hijmans et al., 2005), widely used in ecological studies. Howe-
ver, CHELSA data is based on the monthly temperatures and precipitation from 1976 - 2013 obtained
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from statistical downscaling of the ERA interim global circulation model, rather than by interpolation
of data from climatic stations (Karger et al., 2017). Additionally, we used the aridity index (AI) and
the potential evapo-transpiration (PET) from the Global Aridity and PET Database (Trabucco e Zomer,
2009). All climatic variables utilized in this study are georeferenced layers at 30 arc-seconds resolution
(approximately 1 km? along the Equator). The values of these variables were extracted for all occurrence

points and for random points plotted in the background area of each species.

2.2.4 Ecological Niche Models (ENMs) and range metrics

ENMs of all analyzed species were generated with the software Maxent 3.4.1 (Phillips et al.,
2006). The utized parameters were: convergence treshold of 1e®, 500 iterations e 10.000 background
points. Every model consisted of the average over 10 replicates and it were validated by the bootstrap
method. The occurrence dataset was partitioned into a training set (70% of the points) and a testing
set (30% of the points). Models were evaluated using the AUC (Area Under the Curve) index. The
contribution of climatic variables in the final models were tested by the jackknife method. All the cells
with suitability value equal or above the maximum test sensitivity plus specificity cloglog threshold were
considered within the range of the species. The species’ ranges derived from the ENMs were used to
calculate the pairwise range overlap and range asymmetry. The range overlap ranged from 0 to 1 and it
was calculated as the area occupied by both species divided by the area of the species with the smaller
range. The range asymmetry was calculated as the area of the larger-range species divided by the area

occupied by the smaller-range species (Barraclough e Vogler, 2000).

2.2.5 Niche quantification and measurement of niche overlap

We quantified the climatic niche of the species and measured the niche overlap of every possible
pair of species using the framework proposed by Broennimann et al. (2012), which allows the quantifica-
tion of niche and niche overlap between any two biological “entities” (e.g. sister species, different lineages
of the same species) in a bi-dimensional environmental space. Both steps were performed using the R
package ecospat (Di Cola et al., 2017).

For niche quantification, a Principal Component Analysis (PCA-env) was performed utilizing
the values of the 21 environmental variables extracted for each data point (random points and species
occurrences). This analysis transforms the original variables in new ones determined by orthogonal
synthetic axes (one for each variable) that maximize the variation existent in the data. The first two axes,
that explain the most variation in relation to the others, are retained and used to define a bi-dimensional
environmental space in which the niches are calibrated. This environmental space is bounded by the
minimal and maximal values in both axes and the space is divided into a grid of 100 x 100 cells, in which
each cell (v;;) represents a different set of unique environmental conditions.

As occurrence data may be biased, the set of occurrences may not be a good representation of
the range of environmental conditions that can be occupied by the species. In order to solve this problem,
a kernel density function is applied to determine a ‘smoothed’ density of occurrences for each cell of the
gridded environmental space (0;;). Analogously, some environmental conditions may be more frequent
in the background of a species in comparison to others, especially when comparing different ranges. In
order to correct for this “environmental bias”, a smoothed density of available environments (e;;) for each
species is also calculated.

Finally, the occupancy (z;;) of each cell in the environmental grid is calculated dividing the
values of 0;; by e;;, and normalizing all values by the maximum value of o/e, in a way that an occupancy
value ranging from 0 to 1 is obtained. In order to characterize the species’ climatic niche, we obtained

measures of niche optima for both axis of the environmental space and a measure of niche breadth. To
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obtain these values, 100 samples were obtained from each species niche, the sampling probability was
proportional to the occupancy of each species in the environmental space. From these 100 samples we
calculated the niche optimum in the two PCs and a measure of niche breadth was obtained by multiplying
the variance of the PC1 and variance of PC2. This procedure was performed 1000 times for each species
in order to obtain a distribution of variance and niche optima. In order to calculate the niche overlap,
the values of z;; are compared between each pair of species to calculate the metric D, as presented by
Broennimann et al. (2012) and adapted from Schoener (1970). The statistical significance of the value
of D for each species pair was verified by two different tests: the niche equivalency test and the niche
similarity test, both adapted by Broennimann et al. (2012) from the tests developed by Warren et al.
(2008).

In the niche equivalency test, the occurrence points of both species are pooled together and then
randomly allocated in the environmental range of each of the species, maintaining the original number
of occurrences for each species. This process was repeated 1000 times and the value of D is calculated in
each iteration in order to create a null distribution. The equivalency tests verify if the actual value of D
is greater or lower than expected by random (p-value < 0.025 or p-value > 0.975). On the other hand, in
the niche similarity test, the measured niche of one species is compared to a niche obtained by randomly
sampling the background area of the other species. This test is performed in a reciprocal manner. As in
the equivalency test, this process was also repeated a 1000 times, each time the value of D is calculated in
order to create null distribution to which the statistical significance of the actual D is tested, considering
the same confidence levels described above.

Although D is a very informative metric, the overlap between the niche of two species can be
further characterized with the stability, unfilling and expansion indexes, which measure, respectively,
the portion of the niche of one species that is shared with the other species of the pair, the portion of
the species’ niche that is not occupied by the other species and the amount of the environmental space
available to the species that is not occupied (Petitpierre et al., 2012; Guisan et al., 2014). Considering that
environmental heterogeneity may bias metric of comparison between niches of allopatrically distributed
species (Godsoe, 2010; Warren et al., 2014), we only took into account the cells in the environmental

space that were present in the background areas of both species.

2.2.6 Phylogenetic inference and divergence time estimation

We reconstructed the phylogeny from Evans et al. (2019) based on low copy nuclear genes. In or-
der to do so, we downloaded the alignment used by the authors available at https://datadryad.org/resource
/doi:10.5061/dryad.1k5s048. This alignment contains data for 63 taxa from the tribe Andropogoneae and
a total length of 4408 nucleotides from 5 genes: apol, d8, ep2-exon7, ep2-exon8 and repl.

We estimated the tree topology and divergence times between clades for both datasets with
BEAST 2 (Bouckaert et al., 2014). Each gene was treated as a different partition. We used unlinked site
models for each partition, and the bModelTest (Bayesian Model Test) was used as the site model. This
functionality is based on a reversible jump MCMC (Monte Carlo Markov Chain) model that allows the
chain to “walk” between several models of site substitution without assuming a fixed one (Bouckaert e
Drummond, 2017). Additionally, we used the relaxed clock log model and the Yule Calibrated Model as
clock and tree models. Both clock and tree models were linked for all dataset partitions. As in Evans
et al. (2019), in the low copy nuclear gene phylogeny the root of the tree was calibrated at 19 + 4 Mya
and the divergence of Zea L. was calibrated at 13.8 + 2 Mya.

The MCMC was composed of 20 million generation sampled at every 1000 generations. The
output of the MCMC was analysed in Tracer 1.7 (Rambaut et al., 2018) to check for convergence and
to verify if the ESS (Effective Sample Size) of all estimated parameters were superior to 200. The burn-
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in was of 25%. Trees on the posterior distribution were summarized with TreeAnotator to generate a
maximum clade credibility tree (MCCT) with mean node heights. Each node was dated based on the
median of the nodes’ ages of all trees in the posterior distribution and the dating precision was based
on the 95% highest posterior distribution (HPD) of each node. The final trees were pruned with the R

package phytools to exclude all the Andropogoneae species that do not belong to the core Saccharinae

group.

2.2.7 Range and niche evolution

In order to investigate the main geographical mode of speciation within the Saccharinae, we
used the phyloclim package (Heibl et al., 2018) to fit an age-range correlation (Fitzpatrick e Turelli, 2006)
of the pairwise sympatry and asymmetry indexes on the divergence dates estimated by our molecular
phylogeny. The significance of the association between the two variables was accessed by a Mantel test
with a 1000 simulations and significance threshold of 5%.

Continuous trait models of evolution were fitted to the niche optima values of the nine species of
Saccharineae, for which genetic data was available in the dataset mentioned above, and the trees obtained
in the previous step. Initially, we used the geiger package v.2.0 (Pennell et al., 2014) in the R platform to
fit three different macroevolutionary models to the data considering the existence of a single evolutionary
regime in the phylogeny: 1) a simple Brownian Motion model - BM1; 2) An Ornstein-Uhlenbeck model
with one optimum - OU; and 3) An Early Burst model - EB.

Subsequently, we used the OUwie package (Beaulieu e O’Meara, 2014), in the R platform, to
fit alternative and more complex evolutionary models to the data. OUwie allows to fit multi-regime and
multi-rate models in different parts of the phylogenetic tree. Hence, we used the values of species’ niche
optima in PC1 and PC2 to separate them in ecological groups (see Results - Climatic niche quantification)
and test if they evolved at different regimes. In order to do so, we used six different models of continuous
character evolution : 1) A simple Brownian Motion (BM), with a unique sigma rate, equivalent to the
first model fitted with geiger, BM1; 2) A BM model that allowed for variable rates between groups, BMS;
3) An Ornstein-Uhlenbeck (OU) model with different optima value for groups, OUM; 4) An OU model
with different optima and sigma rates but constant alpha among groups, OUMV; 5) An OU model with
different optima and alpha values and unique sigma rate, OUMA; 6) An OU model with different optima,
alpha and sigma rates, OUMVA.

For the purpose of accounting for uncertainty in niche optima and phylogenetic estimation, the
process of model fitting with both packages was repeated 1000 times using a randomly sampled mean
value of each species’ niche and randomly sampled trees from the posterior distribution. The choice of
the best model was based on the value of the mean Akaike’s Information Criteria corrected for small

samples (AICc) and the mean AICc weight for all repetitions.

2.3 Results

2.3.1 Biotic data

Our search in The Plant List resulted in 51 accepted species’ names for the core Saccharinae,
from these, 15 belong to Miscanthus, including 3 species formerly placed in Miscanthidium, and 36
to Saccharum. From this total, only 15 species (29.4% of the total) presented sufficient information
for downstream analysis: M. ecklonii and Miscanthus junceus (Stapf) Pilg. (Miscanthidium group);
Saccharum asperum (Nees) Steud., Saccharum angustifolium (Nees) Trin., Saccharum villosum Steud.,
Saccharum alopecuroides (L.) Nutt., Saccharum brevibarbe (Michx.) Pers., Saccharum contortum (Elliott)

Nutt. and Saccharum giganteum (Walter) Pers. (Erianthus group); S. spontaneum (Saccharum group);
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and Miscanthus floridulus (Labill.) Warb. ex K.Schum. & Lauterb., Miscanthus sacchariflorus (Maxim.)
Hack., Miscanthus sinensis Andersson, Miscanthus oligostachyus Stapf and Miscanthus tinctorius (Steud.)
Hack. (Miscanthus group).

Miscanthus changii Y.N.Lee and Miscanthus paniculatus (B.S. Sun) Renvoize & S.L. Chen had
no georeferenced records in any of the databases. Miscanthus erectus Gibbs.-Russ. had only one occur-
rence and Miscanthus depauperatus Merr. had only 3 occurrences. After the cleaning of the occurrence
data, Miscanthus fuscus (Roxb.) Benth. had no occurrences left (the newest record was from 1954),
the records for the natural hybrid Miscanthus x giganteus J.M.Greef | Deuter ex Hodk., Renvoize were
all located in Europe, outside its native range and presumably under cultivation. Miscanthus nepalen-
sis (Trin.) Hack. and Miscanthus violaceus (K.Schum.) Pilg. had only 12 and 10 occurrence records,
respectively, and therefore were not considered in subsequent analysis either.

Within Saccharum, S. officinarum and S. edule are domesticated species under cultivation;
therefore the environmental conditions in which they are found may not be good indicators of the ni-
che of these species. We did not consider 20 species formerly placed in Erianthus from the Old World,
which do not belong to Saccharinae. S. robustum (4 occurrences), S. sinensis (2 occurrences) and Sac-
charum coarctatum (Fernald) R.D.Webster (11 occurrences) had insufficient number of records for niche

estimation.

2.3.2 ENMs, range overlap and asymmetry

The final ENMs for the 15 species considered in this study and the occurrence points of each
species can be visualized in Figure 2.1. With the exception of S. alopecuroides, all ENMs presented high
AUC values (above 0.75, considering the standard deviation) and low omission rates. The values of AUC,
the maximum test sensitivity plus specificity cloglog threshold along with their respective omission rates,
the three variables that most contributed to the models and their respective percent contribution for all
species are summarized in Table 2.1.

The comparison of ranges delimited by the ENMs showed that most species in the Saccharinae
clade are allopatrically distributed (range overlap equals to zero), this is especially true for pairs of species
from different taxonomic groups, and presumably, less evolutionary related. On the other hand, species
pairs from the same taxonomic group present high levels of sympatry (Table 2.2). Furthermore, species

that are sympatric at some level tend to present high levels of range asymmetry (Table 2.3).

2.3.3 Climatic niche quantification

The climatic niches of all Saccharinae species projected in the environmental space can be
visualized in Figure 2.2. It is possible to notice that the climatic niches breadth varies greatly and that
there is a high level of overlap among niches within the clade. Even though there is a noticeable difference
in the niche optima of groups of species in both axis of the environmental space, a graphical inspection
of niche occupancy shows that niches present a nested arrangement.

In the niche quantification procedure, the first two PCs of the PCA-env, that bound the envi-
ronmental space, explained 38.8% and 28.86% of the total variance, respectively. The correlation of the
original variables to the PCs are presented in Table 2.4. The first principal component has a strong cor-
relation with temperature variables. PC1 has a strong positive correlation (r = 0.955) with the variables
bio 06 (minimum temperature of the coldest month) and bioll (mean temperature of the coldest quarter;
r = 0.934) and a strong negative correlation with bio07 (temperature annual range, r = -0.924). Conver-
sely, the second principal component is more influenced by variables related to water availability. PC2

has a strong positive correlation (r = 0.840) with yearly potential evapotranspiration, a strong negative
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Figure 2.1: Continuation. F) S. villosum; G)S. alopecuroides; H)S. brevibarbe; 1) S. contortum;
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Table 2.1: Evaluation statistics for the Ecological Niche Models (ENMs) generated for each species of
the ”core Saccharinae”and top three bioclimatic variables contribution.

Species Mean Mean Maximum Maximum Maximum Variables Variable
Test Test test sen-  test sen-  test sen-  that contri-
AUC AUC sitivity sitivity sitivity most bution
standard plus spe- plus spe- plus spe-  contri- (%)
devia- cificity cificity cificity buted
tion Cloglog test binomial  for the
th- omission  probabi- model
reshold lity
M. ecklonii 0.8658 0.0326 0.3637 0.1 0 ai 25.2
biol4 20.9
biol7 14.4
M. junceus 0.9218 0.0284 0.27 0.0952 0 bio4 30.1
biolb 9.5
bioll 9.2
S. asperum 0.9412 0.0193 0.1962 0.1 0 et 45.1
bio05 15.7
bio09 5.4
S. angustifolium  0.9173 0.0164 0.2152 0.0536 0 biol4 55.1
et 10.7
biol7 7.4
S. wvillosum 0.9046 0.0158 0.2763 0.1068 0 bio4 27.3
ai 22.2
bio06 13.5
S. alopecuroides  0.7555 0.0534 0.504 0.4167 0.0055 et 24.7
bio2 14.7
ai 11.6
S. brevibarbe 0.921 0.0364 0.1533 0.1286 0 bio2 27.4
biol8 19
biol3 10.4
S. contortum 0.8533 0.041 0.396 0.05 0.0018 bio3 22.2
bio6 20.4
bio7 17.5
S. giganteum 0.8454 0.0229 0.3211 0.1769 0 bio7 194
bio4 16.1
bio8 12.1
S. spontaneum  0.9111 0.0214 0.2602 0.1692 0 bio2 18.2
ai 15.8
biol8 12.2
M. floridulus 0.9039 0.0266 0.2531 0.1733 0 bio2 29.1
biob 14.9
bioll 13.3
M. sinensis 0.9478 0.0058 0.2209 0.0494 0 biol9 49.8
biol0 13.2
ai 12.6
M. sacchariflorus  0.9442 0.0247 0.0931 0.0437 0 biol7 50.7
biols 9.1
bio6 8.2
M. tinctorius 0.9142 0.0247 0.3204 0.1348 0 biol9 36.9
biol4 18.2
biolb 10.8
M. oligostachyus  0.872 0.0354 0.2344 0.1625 0 bio3 31.8
biol0 16.4

bio8 9
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Table 2.3: Paiwise range asymmetry for species of Saccharinae that occur in sympatry. Asymmetry value of 1 indicates that both ranges have similar sizes, values

above 1 indicates range asymmetry.

M. ec- M. S. as-
klonii  jun- perum
ceus

S.an- S. wvil-
qusti- losum,
folium

S. alo-
pecu-
roides

S. bre-
vibarbe

S.
con-
tortum

S.
gigan-
teum

S. M. flo-
spon- ridulus

ta-
neum

M. si-

nensts

M. M. M. oli-
sac- tincto-  gosta-
chari-  rius chyus
florus

M. ecklonii 1
M. junceus 1.658 1
S. asperum 1
S. angustifolium 2.161
S. willosum 9.184
S. alopecuroides
S. brevibarbe
S. contortum
S. giganteum
S. spontaneum
M. floridulus
M. sinensis
M. sacchariflorus
M. tinctorius
M. oligostachyus

4.249 1

2.163
1.471
1.570

3.183
3.395

1.067

6.856 1
9.361 1.365
1.735

12.591

1.270
16.027
9.221

1
12.616 1
7.258 1.738 1
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Figure 2.2: Climatic niches of Saccharinae species projected on a bidimensional environmental space. The
axes of the graphs represent the first and second axis of the principal component analysis with the value of
all available 19 bioclimatic variables. A) Superimposition of the climatic niche of all 15 species considered
in this study, cell colors represent the number of species whose niches includes this set of environmental
conditions. Figures B to H represent the projection of the climatic niche in the environmental space for
each species, the intensity of the colors in each map represent the value of occupancy in each cell of the
grid.
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Figure 2.2: Continuation. Figures I to P represent the projection of the climatic niche in the environmental
space for each species, the intensity of the colors in each map represent the value of occupancy in each
cell of the grid.
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Table 2.4: Correlation between original bioclimatic variables and the first two principal components
defining the bidimensional environmental space in which the niches of Saccharinae species were quantified.
The three highest correlation indexes for each principal component are in bold.

Variable name Variable code PC1 correlation PC2 correlation
Annual Mean Temperature biol 0.892 0.421
Mean Diurnal Range bio2 -0.434 0.677
Isothermality bio3 0.760 0.237
Temperature Seasonality bio4 -0.893 -0.194
Max. Temperature of Warmest Month  biob 0.391 0.656
Min. Temperature of Coldest Month bio6 0.955 0.250
Temperature Annual Range bio7 -0.924 -0.024
Mean Temperature of Wettest Quarter  bio8 0.420 0.300
Mean Temperature of Driest Quarter bio9 0.843 0.319
Mean Temperature of Warmest Quarter biol0 0.507 0.485
Mean Temperature of Coldest Quarter  bioll 0.934 0.323
Annual Precipitation biol2 0.652 -0.718
Precipitation of Wettest Month biol3 0.598 -0.486
Precipitation of Driest Month biol4 0.290 -0.679
Precipitation Seasonality biol5 -0.074 0.561
Precipitation of Wettest Quarter biol6 0.610 -0.491
Precipitation of Driest Quarter biol7 0.296 -0.681
Precipitation of Warmest Quarter biol8 0.137 -0.704
Precipitation of Coldest Quarter biol9 0.503 -0.465
Aridity Index ai_ext 0.387 -0.840
Annual Evapotranspiration et_yr_ext 0.319 0.810

correlation (r = -0.810) with the aridity index, followed by a negative correlation (r = -0.718) with biol2
(annual precipitation).

The values of niche optima in PC1 seems to separate species that prevail in high latitudes
from species that occur in intermediate and low latitudes. It is possible to notice that species from
the Miscanthidium group, the North American species of the Erianthus group and four species of the
Miscanthus group are located on the left half of the PC, which means that their niche optima on this
dimension are represented by environments characterized by cold temperatures and high annual amplitude
in temperature Figure 2.3 .

On the other hand, the optima of the species seem to be distributed in the PC2 in a congruent
manner to their phylogenetic groups. Miscanthidium species are located on the top of the graph, with
high values on the PC, which means that their optima are places with low aridity and high values of
potential evapotranspiration. Saccharum spontaneum and the species of the Erianthus group are located
in an intermediary position, whilst all five Miscanthus species are placed on the bottom of the graph,
with low values; thus, their optima are placed on environments subject to high hydric stress (Figure 2.3
B).

The measurements of niche breadth show that two species: S. spontaneum and M. floridulus
have niches much wider than all others species considered in this study. S. villosum and M. sinensis have
narrower niches than the species mentioned above, but bigger than the remaining species, which have
narrow niches. Measures of niche optima and breadth could not be obtained for S. brevibarbe due to the

low number of cells it occupied in the environmental space (Figure 2.3 C).

2.3.4 Niche comparison

The values of D obtained considering all pairwise comparison ranged from 0 to 0.482 with a

mean of 0.115. These values are displayed in a heatmap in Figure 2.4 A . It is possible to notice that,
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Figure 2.3: Niche optima of fourteen species of species of the subtribe Saccharinae for the first principal
component (A), the second principal component (B) of a bidimensional environmental space and niche
breadth (C). For each species, the value of niche optimum and breadth is represented by a boxplot that
summarizes the distribution of the means of 100 sampling procedures, each consisting of 100 sampled
points projected in each species’ bidimensional niche; the probability of sampling a value was proportional
to the occupancy of the species in the environmental space. The niche breadth measurement consisted of
the variance of the 100 samples along the first principal component multiplied by the variance of points
along the second principal component.

generally, the highest values of D occur in species pairs that are close phylogenetically and are distributed
simpatrically. The only exception to this trend is M. sacchariflorus that presents relatively high values
of niche overlap with S. villosum and S. angustifolium.

The equivalency test for D shows that niche non-equivalency is the general trend among the
Saccharinae species. From the 105 possible comparisons, the equivalency tests showed that the niches of
10 species pairs (9.52%) were significantly more equivalent than expected (p-value < 0.025), whilst the
niches of 77 species pairs were less equivalent than expected (p-value < 0.975) (Figure 2.4). Interestingly,
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even though the highest values of overlap were more frequent among closely related species, the majority of
these values were either non significant or were evidence that the niches were significantly non-equivalent.
Among the 10 pairs of equivalent niches, five were made of species belonging to the same clade: M. ecklonii
x M. junceus (Miscanthidium clade); M. floridulus x M. sinensis (Miscanthus clade); S. alopecuroides x
S. angustifolium, S. alopecuroides x S. wvillosum, S. villosum x S. giganteum (Erianthus clade). The
remaining equivalent niche pairs were made by species from the Miscanthus clade and the Erianthus
clade: M. sacchariflorus x S. wvillosum, M. sacchariflorus x S. alopecuroides, M. sacchariflorus x S.
giganteum, M. sinensis x S. alopecuroides, M. sinensis x S. contortum.

Furthermore, the 210 reciprocal similarity tests showed that of only 25 (11,9%) species pairs
have niches more similar than expected (p-value > 0.975), 22 (10,47%) have niches less similar than
expected and the 163 (77,6%) remaining comparison yielded non-significant results (Figure 2.4). It is
possible to notice that the niche of M. sacchariflorus is similar to almost all species of the Erianthus clade,
with the exception of S. contortum. The remaining species’ niches show significant similarity to niches of
closely related species. Interestingly, these pairs also show significant divergence, with the exception of
the pair M. sinensis x M. floridulus.

Figures 2.4 C and D show that the results of reciprocal similarity tests are not always concordant
(species A similar to species B, but the inverse is not true), except for the pairs S. angustifolium x S.
villosum, S. brevibarbe x S. alopecuroides , M. sacchariflorus x S.brevibarbe and M. sinensis x M. floridulus.
In addition, S. asperum, S. giganteum and S. brevibarbe have niches more similar than expected to several
Miscanthus species. Finally, all the tests that resulted in significant non-similarity between niches involved
the species of the Miscanthidium group, which seems to be ecologically divergent from other species in
Saccharinae.

Differently from the metrics above, the stability, expansion and unfilling indexes compares the
niches considering only the environmental conditions that are shared between the background areas of
two species. The values of these metrics are calculated in relation to the niche of one of the species under
consideration, so values are not symmetrical for the two species on one pair. Stability, expansion and
unfilling values ranged from 0 to 1 with mean 0.512, 0.487 and 0.486, respectively (Figure 2.5).

Within the Miscanthus group, the values of stability are generally intermediate to high. To-
gether, with intermediate to low values of expansion and unfilling, it is possible to say that niches are
not differentiated in this group. Nonetheless, intermediate to low stability values are found when the
niches of other Miscanthus species are compared to M. floridulus, especially the pair M. floridulus x M.
oligostachyus. Within Erianthus high niche stability is found within the North-American species, and
S. giganteum occupies almost all conditions that are occupied by S. alopecuroides, S. brevivbarbe and S.
contortum. The same pattern is found amongst the South American species of this group, which show
high to intermediate stability values and S. villosum encompasses almost all the conditions occupied by
S. angustifolium and S. asperum. The latter show intermediate overlap of environmental conditions, in
which S. asperum seems to occupy a bigger range of conditions than S. angustifolium. When we compare
the Southern and Northern American clades, we can notice that S. villosum and S. asperum are more
differentiated from northern species than S. angustifolium.

When compared, both Miscanthidium species show an intermediate stability value and relatively
high values of expansion and unfilling, which means that although they share environmental conditions,
both have unique niche features and do not occupy all available environment. These species also show
great niche differentiation when compared to all other species in Saccharinae, which is reflected in low
values of stability, and high values of expansion and unfilling.

When we compared species from different phylogenetic groups, it was possible to notice a very
distinctive pattern, in which the niches of most species when compared to species with greater values of

niche breadth (S. spontaneum, M. floridulus and M. sinensis) show a great value of overlap. However,
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Figure 2.4: Pairwise climatic niche comparison of 15 species of Saccharinae. A) Pairwise values of overlap
D index, the index varies from 0 to 1. Low values of D are represented by blue tones, intermediary values
by green tones and high values by yellow tones; B) - D): results of the tests of equivalency and similarity of
niches are represented in figures B to D. In all three figures red cells mean that the D value is significantly
low, green cells mean that the value is significantly high and grey cells mean that the value is not lower
or higher than the expected at random. Similarity tests were performed in a reciprocal manner. Figure
C) shows the results of similarity of the species in the y-axis to species in the x-axis and figure D) shows
the results of similarity of the species in the x-axis to species in the y-axis.

the reciprocal is not true, broad niches species show intermediate to high values of niche expansion and
low values of unfilling when compared to narrow niche species. That means that in shared environmental
conditions, almost all the environmental conditions occupied by narrowed niche species are also occupied
by broad niche species, whilst the remaining conditions are almost totally filled by the broad niche species.
M. sacchariflorus, which has a relatively narrow niche, also shows high values of stability when compared
to other species, which is also reflected on the D values.

Stability, expansion and unfilling indexes could not be calculated for two species pairs (M.
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ecklonii x M. tinctorius and M. ecklonii and M. oligostachyus), because these species’ background areas
do not overlap in the environmental space. Therefore, niche comparison measurements between them
should be considered with caution, as they may reflect differences in the environmental conditions of their

geographical range rather than actual ecological patterns.
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Figure 2.5: Stability index (A), Expansion index (B) and Unfilling index (C) obtained from the com-
parison of climatic niches of 15 species of Saccharinae. All three indexes vary from 0 to 1, low values
represented by blue tones, intermediary values by green tones and high values by yellow tones. White
cells outside the diagonal represent species pairs for which the indexes could not be calculated.

2.3.5 Phylogeny and Divergence dating

The topology of the phylogeny reconstructed by us match the one of Evans et al. (2019). Howe-
ver, in our MCCT, S. asperum and S. giganteum are grouped as a monophyletic clade. The distribution of
posterior trees show that there is great disagreement among trees in the relationship of S. giganteum and
S. asperum (Figure 2.6). Our molecular dating approach showed that: the Miscanthus group diverged
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from Saccharum s.l. around 6.213 Mya (95% HPD: 4.269 - 8.282 Mya); S. spontaneum diverged from the
remaining groups of Saccharum s.l. 4.837 Mya (95% HPD: 3.226 - 6.588 Mya); Miscanthidium and Eri-
anthus diverged 3.677 Mya (95% HPD: 2.343 - 5.2 Mya); and the Erianthus species from North America
diverged from those in South America around 1.94 Mya (95% HPD: 1.124 - 2.828 Mya). Additionally, the
divergence between: M. floridulus and M. sinensis occurred 2.811 Mya (95% HPD: 1.633 - 4.131 Mya),
M. ecklonii and M. junceus at 1.42 Mya (95% HPD: 0.5425 - 2.485 Mya) and S. angustifolium and S.
villosum around 1.522 Mya (95% HPD: 0.814 - 2.279 Mya). It is important to notice that the 95% HPD
range is very large for older nodes, which indicates that these estimations are not precise. On the other
hand, the more recent divergence events, the ones that originated the current species, show more precise

estimates (Figure 2.7).
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Figure 2.6: Phylogenetic tree of 9 species of Saccharinae. Each tree represents one of the fifteen thousand
trees obtained in the posterior distribution of the Bayesian algorithm BEAST. Blue colors represent
agreement among trees, whilst green and red colors represent disagreement on the topology of trees. The
horizontal axis represents the age of the nodes in million years.

2.3.6 Range and Niche Evolution

The ARC resulted in a significant negative correlation between age of divergence events and
sympatry levels (r = - 0.1131; p-value: 0.004). This means that sympatric species tend to be more closely
related; hence, it suggests that sympatric speciation may be the primary mode of geographical speciation
in the Saccharinae (Figure 2.8 A). Although we found a negative correlation between age and asymmetry
of ranges, this relationship was not statistically significant (r = - 0.2358; p-value = 0.342) (Figure 2.8 B).

In relation to the models of climatic niches evolution, when niche optima from PC1 (more

influenced by minimum temperature and temperature seasonality) were fitted to the posterior trees using
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Figure 2.7: Dated maximum clade credibility tree (MCCT) of 9 species of the ”core Saccharinae
clade”along a geological scale. The distribution curves on the internal nodes of the trees represent
the distribution of the median node ages of all trees on the posterior distribution of the BEAST analysis.
Mi. = Miocene, Pl. = Pliocene, P. = Pleistocene

the geiger package, the following median values of AICc were obtained considering all the 1000 model
fitting steps: 33.83 for BM, 38.37 for OU and 38.62 for EB (Figure 2.9 A-D)

After preliminary fitting tests of the OUwie package, the more complex models (OUMA and
OUMVA) resulted in the lowest AICc values. However, the estimated parameter values were often nume-
rically nonsensical and therefore these models were discarded from subsequent analysis. We hypothesize
that this result was due to the relatively low number of taxa, that may not provide enough data to
estimate well the several parameters of these models. Therefore, we only analyzed the results of the first
four models (BM2, BMS, OUM, OUMYV). Among these, the OUM model presented the lowest median
AICc value considering all the 1000 steps in model fitting (median AICc = 30.72), followed by the BM2
model (median AICc = 33.92) and the models BMS (median AICc =41.4) and OUMV (median AICc =
41.98 ) (Figure 2.10 A-F)

It is interesting to notice that the median AICc of the BM1 model (OUwie) and the BM model

(geiger) are very close, what is expected since these models are equivalent. The mean AICc weights
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Figure 2.8: Age-range correlation (ARC) analysis in Saccharinae. (A) Correlation between common
ancestor ages in million years (Mya) of Saccharinae species and mean sympatry level (r = -0.1131; p-
value = 0.004). (B) Correlation between common ancestor ages in million years (Mya) of Saccharinae
species and mean asymmetry level (r = -0.2358; p-value = 0.342).

of the four models were: 62.71% (OUM), 30.48% (BM1) , 5.64% (BMS) and 1.15% (OUMV). Hence,
considering the totality of models, OUM presents the best fit to the data. However, the difference of the
AICc values of the OUM model and the BM and BM2 models is only of 3.11 and 3.2 , what does not allow
us to discard the latter models. The median values for alpha and sigma were 3.06 and 1,33, respectively.
The two different regimes showed different optima along the PC1 axis, the distribution median was -0.552
for the group adapted to colder climates and 1,786 for warmer climates.

Considering the fitting of the models to the niche optima in PC2 with geiger, the model BM
(AICc = 39,52 ) had the lowest AICc value, followed by OUM (AICc = 44,3 ) and EB (AICc = 44,25 )
(Figure 2.9 E-H). The models fitted with OUwie had the following AICcs: BM2 - 39.55014; BMS - 79,81 ;
OUM - 50.24; and OUMS - 145.56. Again, the AICc values of BM and BM2 are almost the same (Figure
2.10 F and G).

Differently from PC1, the models fitted for the data on PC2 showed that BM/BM1 is the best
model among the ones considered. The median of sigma square estimate for this model was 0.684 in the
geiger package and 0.691 in OUwie, whilst for both packages the median of optimum was approximately
-1.45.

2.4 Discussion

Biodiversity is inherently complex; therefore, to characterize and to measure all of its aspects is
a huge challenge that needs to be addressed by ecologists and evolutionary biologists. In order to measure
the size of our ignorance about the biodiversity, seven main knowledge gaps have been identified by Hortal
et al. (2015): i) the Linnean shortfall, the lack of knowledge of species description and cataloguing; ii)
the Wallacean shortfall, in respect to the incomplete knowledge about species’ geographical distribution;
iii) Darwinian shortfall, deficient knowledge on the phylogenetic relationships, and on species and trait
evolution; iv) the Hutchinsonian shortfall, the lack of knowledge on physiological tolerances and responses
to abiotic conditions; v) the Prestonian shortfall, the insufficient data on abundance and the spatial and
temporal dimensions of populations’ dynamics; vi) the Raunkisgeran shortfall, in respect to knowledge
about species functions and morphological traits; vii) the Eltonian shortfall, lack of knowledge on species’

interactions and its impacts on individual fitness.
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Figure 2.9: Fitting of niche evolution models in two dimensions of the climatic niche of Saccharinae
species with the geiger package in R. Fitting of the models were performed in a 1000 simulations with
sampled phylogenetic trees from a Bayesian posterior distribution and niche optimum values sampled
for the climatic niche of each species. Graphs A) to D) show the results of model fitting using niche
optima in the first dimension of the climatic niche and graphs E) to H) for the second dimension of the
niche. A) and F) are box plot charts showing the AIC values obtained for the Brownian Motion (BM),
Ornstein-Uhlenbeck (OU) and Early Burst (EB) models. B) and F show the mean AIC weight over all
simulation for each model. C) and G) show the distributions of the values of the sigma parameter in the
BM model. D) and H) show the distribution of the values of the optimum parameter for the clade in the
BM model. The dashed red line shows the median value for the estimated parameters.

In that context, even though the “core Saccharinae” contain cultivated species of high economic
relevance, such as sugarcane and Miscanthus species, scientific knowledge for this group is still deficitary
in almost all aspects mentioned above. In this study, we were able to gather data on species occurrence
on the field and on databases. Based on them and available climatic data our results can partially bridge
three of these shortfalls: the Wallacean, the Hutchinsonian and the Darwinian.

In regard to attempts to respond to the Wallacean shortfall for the Saccharinae, the oldest
attempt to map the geographic distribution of the wild relatives of sugarcane was made by Mukherjee
(1957) that described the distributional area of Saccharum s.s., Erianthus (including Tripidium species),

Narenga and Sclerostachya. The ranges were defined arbitrarily and determined by records in only
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Figure 2.10: Fitting of niche evolution models in two dimensions of the climatic niche of Saccharinae
species with the OUwie package in R. Fitting of the models were performed in a 1000 simulations with
sampled phylogenetic trees from a Bayesian posterior distribution and niche optimum values sampled for
the climatic niche of each species. Graphs A) to E) show the results of model fitting using niche optima
in the first dimension of the climatic niche and graphs E) to I) for the second dimension of the niche. A)
and F) are box plot charts showing the AIC values obtained for the Brownian Motion model with a single
rate (BM1), Brownian Motion model with two rates (BM2), Ornstein-Uhlenbeck model with two optima
(OUM) and Ornstein-Uhlenbeck model with two optima and two alpha paramenters (OUMV). B) and
G) show the mean AIC weight over all simulation for each model. C) and D) shows the distribution of
the alpha and sigma parameters for the OUM model, respectively. F) shows the distribution of the two
optima parameters in the OUM model. H) and I) show the distribution of sigma values and optimum
parameter for the BM1 model. The dashed red line shows the median value for the estimated parameters.

two herbaria. In this study, Mukherjee (1957) recognized some patterns, such as: the endemism of the
American species of Erianthus, the widespread distribution of S. spontaneum and the Indo-Burma-Chinese
Frontier as the place of origin and diversity center of the group. Recently, another attempt to model
the geographic distribution of sugarcane wild relatives was present in Castafieda-Alvarez et al. (2016).
However, both studies were based on an obsolete definition of the Saccharum relatives and, therefore,
should be revisited.

Our systematic search in the GBIF and BIEN databases for occurrence data of the “core
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Saccharinae” along with ENMs produced by the Maxent algorithm, allowed us to present models of
potential distribution of fifteen species of sugarcane wild relatives. To our knowledge this is the most
complete attempt to map the distribution of the sugarcane relatives. This information is essential to
update the indexes of representativeness of sugarcane in gene banks and to guide collections of germplasm.

However, our results also showed that data of occurrence, with enough quality, is only available
for less than one third of all recognized species (considering the current delimitation of Saccharum and
Miscanthus) and approximately one half, when we exclude Tripidium species. This number shows that the
Wallacean gap is still significant within the “core Saccharinae”. The main groups affected are Miscanthus,
Miscanthidium and species and cultivars of Saccharum s.s.

The Hutchinsonian shortfall is particularly important to CWR, since species that exist in ex-
treme environments are good candidates to possess useful characteristics to crop breeding (Zhang et al.,
2017). Filling this knowledge gap is especially important for sugarcane relatives, since sugarcane depends
on rich soil, high water availability and warm temperatures to obtain optimal growth (Ebrahim et al.,
1998). These requirements limit the production of sugarcane to tropical and subtropical regions; there-
fore, it is of great interest of breeders to produce varieties that are resilient to hydric stress and colder
temperatures (Wu et al., 2014).

In that regard, our analysis shows that low temperatures and water availability are the most re-
levant climatic conditions determining the niches of the “core Saccharinae” species considered. Although
sugarcane is mainly a tropical crop, most species analyzed have their niche optimum in climates charac-
terized by cold temperatures with high annual amplitude. This is specially true to Miscanthus species,
which have almost all of their niche optima in environments with cold winters (except M. floridulus) and
all species have their optima in environments associated with hydric stress.

Miscanthus species have been cultivated as a bioenergy crop, especially the interspecific hybrid
M. x giganteus, triploid hybrid between M. sinensis and M. sacchariflorus (Sacks et al., 2013). Therefore,
the ability of surviving cold stress has been investigated in the wild germplasm of these two species. The
range of M. sacchariflorus extends as far north as eastern Siberia, a region characterized by severe winters
(Clark et al., 2016). Consistently with our results for niche optima, field experiments have shown that
Siberian accessions of M. sacchariflorus have an outstanding tolerance to chilling (Pignon et al., 2019).

Furthermore, the capacity of surviving through winters of 564 accessions of M. sinensis was
evaluated by field trials placed in three locations in East Asia and two locations in the United States. In
this experiment, Dong et al. (2019) showed that there is a great difference in overwintering ability among
genetic groups in M. sinensis and that the germplasm from East China, Southern and Northern Japan
are more resistant to cold, in comparison to other groups from lower latitudes. This result is in line
with our results for niche optima and the intermediate niche breadth value for M. sinensis. Dong et al.
(2019) also found a significant relationship between bioclimatic variables (biol, bio6, biol0 and bioll,
from Worldclim) extracted from the collection sites and the capacity of resisting winter temperatures,
whereas our results showed that bio06 and bioll (from CHELSA) have a strong correlation with the first
axis of the environmental space defining the climatic niches of the “core Saccharinae”.

In addition, genome-wide analysis performed by Dong et al. (2019) showed 73 SNPs associated
with overwintering ability in M. sinensis. This SNPs are candidate genes that can be behind the molecular
mechanism of cold tolerance, among them: the MYB gene, COR47, CEX13, WRKY12 and CSPDI.
They also identified several members of gene families involved with cold tolerance which were near or in
genomic regions associated with overwintering, which may be evidence that genome duplications can be
an important evolutionary mechanism behind this trait. This results provides insightful evidence about
the molecular mechanisms that might be behind abiotic tolerance in Miscanthus analyzed in this paper,
and that can be used in order to search for orthologs, possibilitating a better understanding of the ecology

of the remaining Saccharinae.
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Our results show that M. oligostachyus and M. tinctorius have niche optima equivalent to those
of the other widely researched Miscanthus species, such as M. sinensis and M. sacchariflorus, or even
colder. Therefore, collection and study of the germplasm of these species can be fruitful for Miscanthus
breeding for cold tolerance.

In that context, chilling tolerance has been transferred to a certain extent to sugarcane commer-
cial hybrids in Miscanthus x Saccharum hybrids, also known as “miscanes” (Kar et al., 2019). However,
our results also show that species from the Miscanthidium group (M. ecklonii and M. junceus ) and North
American species of the Erianthus group (S. contortum, S. alopecuroides and S. giganteum) also have
their niche optima in relatively cold climates, equivalent to the ones in Miscanthus. Because these species
are phylogenetically closer to sugarcane, they could be used as an alternative source of alleles to transfer
cold tolerance to commercial hybrids. This shows that the use of available biodiversity and environmental
data combined with ecological theory can be a useful tool to open new research lines in plant breeding.

The recent application of molecular methods has helped the clarification of the phylogenetic
relationships among sugarcane relatives (Hodkinson et al., 2002; Welker et al., 2015; Evans et al., 2019)
and thus helping to minimize the Darwinian shortfall for these species. In this paper, we used the recently
available data from Evans et al. (2019) to reconstruct the phylogenetic relationships of 9 species belonging
to the “core Saccharinae” and to estimate the divergence date among clades and species. Despite general
agreement between tree topologies, there are still some gaps that need to be addressed in order to obtain
a better understanding of the evolution of sugarcane wild relatives.

In this context, the uncertainty in the trees of our analyses’ posterior distribution about the
relationship between S. asperum and S. giganteum, is an important open question. Although they belong
to the same clade (referred to as the Erianthus group in this paper), it is still unclear how the Erianthus
species from North America and South America diverged. In other phylogenies the relationship between
these groups is represented by a polytomy (Welker et al., 2015; Evans et al., 2019). Therefore, it is
important that genetic information about other North American species is included in new phylogenies
of the group. Beyond the Erianthus group, there is still lack of representativeness throughout the clades of
Saccharinae, only 9 species out of 31 species are represented in the most complete phylogeny of the group
to date. This information is necessary to clarify the boundaries between the groups within Saccharinae,
especially between Miscanthus and Miscanthidium.

Furthermore, our molecular dating approach resulted in more ancient estimates for the nodes
in the phylogeny than the ones proposed by Evans et al. (2019). For instance, we estimated that the
divergence of Miscanthus from Saccharum s.l. occurred around 6.213 Mya (95% HPD: 4.269 - 8.282
Mya) and the divergence between Miscanthidium and Erianthus occured around 3.677 Mya (95% HPD:
2.343 - 5.2 Mya), whilst the aforementioned work dated this divergence events at 3.6 Mya and 2.3
Mya, respectively. Our estimates are in line with the ones found by Estep et al. (2014), who dated the
divergence of the parental genome of Miscanthus at 7.4 Mya (95% HPD: 3.7- 9.4 Mya) and the divergence
of Miscanthidium (represented by M. ecklonii) at 3.8 Mya (95% HPD: 2.0 - 6.2 Mya). Nonetheless, the
estimates of Evans et al. (2019) are in line with the ones found by Evans et al. (2017) and Kim et al.
(2014). It is important to highlight that our age estimates of ancient nodes showed a very broad 95%
HPD, which indicates a lack of precision. Differently, our age estimates for more recent speciation events
are more precise and do not differ significantly from the ones of previous molecular dating attempts.

Despite the need for improvements, current phylogenetic data makes it possible to analyze
biogeographical and climatic niche information about the Saccharinae in a comparative way, allowing us
to dissect the geographical and ecological mechanisms underlying the diversification of this group. In
that respect, the availability of dated molecular phylogenies has brought the possibility to investigate
the geography of speciation in a macroevolutionary approach by analysing the patterns of range of

overlap through a phylogeny. The premise for this kind of analysis is that the different mechanisms of
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speciation (allopatric, sympatric, parapatric and peripatric) leave imprints that determine the pattern of
geographical distribution within a clade. For example, allopatric speciation is thought to result in closely
related species with disjunct distribution (no range overlap), whilst sympatric processes are thought
to result in closely related species which overlap each other (Barraclough e Vogler, 2000). The most
utilized quantitative method to investigate this processes is the age-range correlation (ARC), in which
the average range overlap of each node of a phylogenetic tree is regressed on the age of each node:
allopatric processes are thought to result in a positive correlation between node age and average node
sympatry, whilst sympatric processes are thought to result in a negative correlation (Fitzpatrick e Turelli,
2006).

In this respect, several studies that utilize ARC often are inconclusive about the predominant
mode of geographical speciation in the clades analyzed. Criticism about this approach is based on the
idea that species present dynamical ranges and that most demographic processes that occur after the
speciation events can affect species distribution to the extent that current geographical distribution does
not carry an imprint of the speciation process. For instance, current overlapping species may have
arisen by allopatric speciation followed by secondary contact in the same manner that species that arose
sympatrically could have dispersed to different regions resulting in current allopatric distribution (Pigot
e Tobias, 2015). However, an approach based on approximate Bayesian simulation showed that summary
statistics of current ranges, such as range overlap and asymmetry, are able to correctly predict the
underlying process of geographical speciation in simulated species (Skeels e Cardillo, 2019).

The ARC using our phylogeny and the range overlaps obtained by the comparison of ENMs
showed a significant negative correlation, which is evidence that sympatric speciation is the predominant
mechanism within the core Saccharinae. Extrapolating from the phylogeny allow us to notice that the le-
vel of sympatry is zero (or almost zero) among almost all species pairs of different groups (Miscanthidium,
Erianthus, Saccharum s.s. and Miscanthus), that can be a proxy for phylogenetic relationship. Additi-
onally, there is no range overlap between the South American and North American Erianthus. On the
other hand, the levels of sympatry are high for almost all species pairs within taxonomic groups, reaching
almost complete sympatry for some pairs. Within sympatric species pairs, ranges are often asymmetrical
and exceedingly high levels of asymmetry are found in almost all taxonomic groups, Miscanthidium being
the exception.

Macroevolutionary evidence of the relevance of sympatric speciation in plants has been obtained
by recent meta-analysis studies. Using an Approximate Bayesian Computation framework to compare
the support of different models of geographic speciation in six plant genera, Skeels e Cardillo (2019)
found evidence that the sympatric model is supported for three genera ( Protea L., Hakea Schrad. &
J.C.Wendl., Bursera Jacq. ex L.), whilst parapatric was supported for Sidalcea A. Gray ex Benth. and
models composed of more than one mechanism of speciation were supported for Banksia L.f. and Mimulus
L..

In a more traditional approach, Anacker e Strauss (2014) compared the range overlap and
range asymmetry between 71 sister-species pairs of plants from the California Floristic Province (CFP),
they found that 80% of sister-species pairs were sympatric and that ranges were highly asymmetrical,
on average the range of the broad-range species was 10-fold bigger than the smaller-range species, which
resembles the pattern we have found for the Saccharinae.

Furthermore, Anacker e Strauss (2014) suggest that vicariant speciation is less important in
plants than in animals and that sympatric processes may more ubiquitous in plants than once thought.
They argue that a group of processes known as budding-speciation in which a progenitor species that
is more widely distributed gives rise to a new species with a more restricted distribution leading to
overlapping ranges with a high degree of asymmetry.

Therefore, we believe that the evidence for sympatric speciation processes, such as budding
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speciation, as a primary mechanism for the origin of species in Saccharinae along with the disjunct distri-
bution of major clades within this subtribe may indicate the biogeography of this group was characterized
by ancient long distance dispersions followed by more recent sympatric diversification. This biogeographi-
cal hypothesis is in line with evidence that species in the tribe Andropogoneae suffered a recent burst of
diversification in the late Miocene, in which extant species are a product of recent allopolyploidization
events (Estep et al., 2014).

Biogeography has great influence on the ecological aspects of speciation (Peterson et al., 1999),
thus, understanding the processes underlying the evolution of the ecological requirements (niche optima
and niche breadth) of the Saccharinae is also essential to understand the macroevolutionary patterns of
this group. In this context, the measurement of the range of conditions that define the niche of a species,
niche breadth, is an essential concept to investigate biological adaptation, speciation and niche evolution
(Sexton et al., 2017). The measurements of climatic niche breadth showed that there is great variation in
the amplitude of abiotic conditions tolerated by the species within the “core Saccharinae. S. spontaneum
and M. floridulus have a much larger niche breadth than all other species analysed, followed by M.
sinensis and S. willosum and all the remaining species are characterized by narrower niches. It seems
that most species in Saccharinae are climatic specialists and that the condition of climatic generalists
arose twice and independently in Miscanthus and Saccharum.

In that regard, the recent publication of the genome of a haploid lineage of S. spontaneum
along with the resequencing of 64 individuals from different geographical locations by Zhang et al. (2018)
may help to shed light on the causes of this species’ ecological diversity. S. spontaneum is historically
known for its high abiotic stress tolerance and disease resistance, which motivated the introgression of its
genes in modern hybrids sugarcane cultivars (Daniels et al., 1987). S. spontaneum suffered a reduction
in the basic number of chromosomes, when compared to its ancestor, caused by fission of two ancestor
chromosomes and fusion with other chromosomes. Additionally, this genome of the species went through
two independent rounds of whole genome duplication, most likely due to autopolyploidization (Zhang
et al., 2018).

Furthermore, diversity analysis showed that nucleotide diversity in S. spontaneum is low th-
roughout most of its genome, however this is not true to rearranged regions, which have considerable
amounts of genetic diversity. Functional analysis of these diverse regions showed that they are enriched
with genes associated with stress, the NBS-encoding genes. Also, these regions are thought to be under
balancing selection, which maintain allelic diversity and therefore may have helped S. spontaneum to
use a wide set of environments (Zhang et al., 2018). Thus, comparative genomic studies with other
Saccharinae species may help us to understand the basis of niche breadth variation in this group.

Niche evolution has been a controversial topic in ecological science. The predominant hypothesis
is that phylogenetic niche conservatism (PNC) is a widespread pattern in clades, and it predicts that that
ecological niches should evolve in a very slow rate in a way that closely related species would share very
similar ecological requirements and that this similarity increases with phylogenetic relatedness (Wiens e
Donoghue, 2004). On the other hand, there has been evidence that closely related species should show
more divergence than expected by chance (Pyron et al., 2015).

Among the Saccharinae species we investigated, we found that pairwise D values were low on
average. Nonetheless, the highest values of D were found in species that belong to the same phylogenetic
group and among groups pairs show D values next to zero. In order to test the significance of these values,
we performed the equivalency and similarity tests, which test whether one niche is identical to the other
and whether the niche of one species can predict the niche of other species better than random points,
respectively. Our results show that, in general, the niches of the sugarcane relatives are not identical,
however, they are neither more similar or divergent that the expected by random. This pattern can be

explained, in part, by the variation in niche breadth and their arrangement within environmental space,
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in which broader niches enclose smaller niches. The D value, as adapted by Broennimann et al. (2012),
compares the occupancy of both species in each cell of the environmental grid. Thus, when a bigger niche
encloses a smaller one the difference between occupancy values of the two species is high for the majority
of cells in the environmental grid, lowering the value of D. In comparison, the D values obtained under
the null hypothesis are considerably higher, leading to the rejection of the null hypothesis in favor of the
alternative that niches are significantly non-equivalent.

These tests are influenced both by niche optima (mean) and niche breadth (variance); therefore,
if two species have identical means and different niche variances, the test result will be that the niches are
similar although not identical (Glennon et al., 2014). Therefore, although these metrics have been widely
used in comparison among niches, caution is necessary when using them to identify ecological patterns.
Rather than simple ecological divergence, our data is more likely to have arisen due to differences in
magnitude of niche breadths, especially within clades.

Beyond comparing current niche differences, the increasing availability of molecular phylogenies
has allowed the PNC hypothesis to be investigated, in several clades, mainly by two methods: a) the
investigation of phylogenetic signal (PS), a linear relationship between evolutionary distance among
species and their ecological similarity; b) Testing the fit of a priori evolutionary models of trait evolution
to quantitative measurements of niche characteristics. In this approach, the fit to specific models could
be seen as evidence to the macroevolutionary forces acting on niche evolution (Miinkemiiller et al., 2015).
Although widely used, evidence from PS to test for PNC has been recently criticized because it can result
in ambiguous results (Miinkemiiller et al., 2015).

The fitting of evolutionary models to the two dimensions of the environmental space in which
we characterized the climatic niche of Saccharinae species resulted in evidence of different processes acting
in the evolution of climatic niches for this group. In the first dimension, more associated to temperature
variables, the macroevolutionary model that presented the best fit was a Ornstein-Uhlenbeck (OU) model
with two adaptive peaks. OU models are used to model the evolution of traits under selection processes,
in which trait values of different species are attracted to one or more adaptative optima (Butler e King,
2004). In Saccharinae, the two optima represented a peak at low temperature conditions and another one
at high temperatures. This result, combined with the patterns from modelled geographical distribution,
shows that Saccharinae species that occupy high latitudes are likely under selection pressure to adapt to
cold climates, whilst species that have a tropical or subtropical distribution are under pressure to endure
warm climates.

The existence of a selection force driving adaptation to cold climates in some species of Saccha-
rinae seems paradoxical considering that this subtribe Saccharinae belongs to the tribe Andropogoneae
(Kellogg, 2015), which is one of the few clades of grasses that present C4 photosynthesis (Group, 2012).
Physiological models predict that C4 photosynthesis is only advantageous over the more widespread C3
photosynthesis in warm climates, in which the rate of photorespiration is higher (Sage, 2004). Indeed, C4
grasses are known to dominate open grasslands located in tropical regions, whilst C3 grasses dominate
grasslands in higher latitudes (Griffith et al., 2015). Additionally, comparative phylogenetic studies show
that C4 photosynthesis in grasses arose in warm climates with low concentration of COy (Edwards et al.,
2010).

However, recent studies have shown that there are no physiological barriers to C4 grasses to
occupy cold climates (Long e Spence, 2013; Atkinson et al., 2016). Furthermore, a large comparative
analysis comprehending all species of Poaceae has shown that C4 grasses were able to increase their
temperature niche breadth, accelerating the migration of these grasses between warm and cold climates
and possibilitating the occupation and diversification of theses clades in cold habitats (Watcharamongkol
et al., 2018). Besides macroevolutionary patterns, phylogenetic and demographic analysis together with

evidence from vegetation dynamics in relation to past climate change showed that M. sinensis radiated
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from Southern China, from where there was an early migration that colonized Japan. After the glacial
maximum, as the climate was getting warmer, M. sinensis started migrating towards higher latitudes in
China and Korea (Clark et al., 2015).

Despite the evidence that selection is the force behind the adaptation for colder climates within
the groups of Saccharinae that were able to expand to higher latitudes, it is important to take into
consideration other processes that could generate similar patterns. The role of biogeographical processes
in shaping niche similarities has been investigated. Recent studies have shown that niche similarities can
arise under neutral processes of evolution (in the absence of any selection forces) just because of the role
of biogeographical processes. Simulations of climatic niche evolution under neutral community dynamics
showed that high speciation rates resulted in more frequent co-occurrence between closely related species
in the geographical space, which shows high auto-correlation, leading to more similarity between these
species in the environmental space (Coelho et al., 2019). Therefore, considering the evidence we found for
the prevalence of recent sympatric speciation within the group of “core Saccharinae”, we can not discard
the possibility that these mechanism could have an influence on the similarities in species’ niche optima
related to temperature.

On the other hand, the evolution of niche optima PC2, more related to aridity index and
evapotranspiration, was unequivocally best modelled by a Brownian-Motion-like model. The BM model
is a random walk model that can be seen as a special case of the OU model where the strongness of
selection is zero (Miinkemiiller et al., 2015). BM models are normally associated with drift, but it has
been shown that BM patterns can be obtained by models where selection optima change very quickly
(Hansen, 1996). In BM models, we expect that closely related species show a similar niche and that
when phylogenetic distance increases, the ecological differentiation also increases. In fact, it is clear that
there is a relation between phylogenetic groups and niche similarity for the species analyzed in the PC2.
However when we consider the Saccharinae as a group, there is no evidence that selection forces acted to
stabilize the climatic niches towards an optimum related to hydric stress. On the contrary, the variation

of this trait in Saccharinae seem to be only a secondary product of the diversification of the group.

2.5 Conclusions

In this study, we were able to use ENMs to predict the potential geographical distribution of
15 species of sugarcane wild relatives. Additionally, ordination techniques were used to characterize and
compare the climatic niches of these species. We found that minimum temperature and aridity are the
main climatic variables that influence the ecology of sugarcane wild relatives. Also, most sugarcane wild
relatives present their niche optimum in cold climates, meaning that these species are a valuable genetic
resource for breeding cold tolerance to commercial cultivars of sugarcane and Miscanthus. The range of
climatic conditions presented great variation within clades and most species studied are restricted to a
narrower set of environmental conditions. Two species (M. floridulus and S. spontaneum ) are climate
generalists and are able to occur in broader range of climates. The differences in niche breadth and the
arrangement of climatic niches on the environmental space resulted in a pattern of non-identical niches.
However, there was not enough evidence to support either niche similarity or divergence.

We used available genetic data to reconstruct a phylogeny of 9 species, from the 15 included in
this study. This phylogeny was used to investigate the geographical and ecological aspects of the evolution
of this group. We found that closely related species tend to occur in sympatry and that different clades
are allopatrically distributed. This pattern resulted in a significant negative correlation between the
time of divergence events and sympatry, which suggests that non-allopatry is predominant within this
clade. Furthermore, we found evidence for two different macroevolutionary processes having acted on

the evolution of niche optima in sugarcane relatives. In relation to temperature, natural selection may
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underlie the divergence of sugarcane relatives in two ecological groups of species, one adapted to cold
climates and the other adapted to warm climates. On the other hand, optima related to aridity seemed
to arise under a neutral process.

Finally, we were able to demonstrate the importance of analyzing available biodiversity data in
the light of ecological and evolutionary theory. However, even with our results, there is still a knowledge
gap about the distribution and the phylogenetic relationships of sugarcane wild relatives, despite their
economic relevance. This lack of information hinders the conservation of potential genetic resources to

crops and a more complete understanding of ecological mechanisms underlying the diversification of this

group.
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