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SUMMARY

There are plenty publications providing guidance for resistant taxa selection by
experimental researches while the number of experimental taxa is often
restricted. In this study, we presented a concise method to predict the tempera-
ture tolerance of wild Lilium in China based on open access botanical and associ-
ated environmental datasets. We divided all taxa into five groups to present an
overview of Lilium’s adaptability to temperature stress. Furthermore, according
to the environmental conditions, the prediction of heat and cold tolerance in Lil-
iumwas made based on the combined multi-sources data at taxon level. Thirteen
taxa with potential temperature tolerance were predicted of 42 taxa. The results
showed that not only is tolerance prediction created by large-scale data analysis
possible, but that it may supplement traditional laboratory researches with a
comprehensive list of taxa.

INTRODUCTION

Temperature stress causemultifarious, andoftenadverse, alterations inphysiological, biochemical, andmolec-

ular processes in plants (Hasanuzzaman et al., 2013; Lipiec et al., 2013; Theocharis et al., 2012). Confrontedwith

temperature stress, a number of wild taxa have evolved various eco-physiological strategies to survive and

reproduce, which make them valuable for breeding and agricultural production (Cairns et al., 2013; Tian

et al., 2016; Dyderski et al., 2018). There are plenty publications providing guidance for resistant taxa selection

by studying eithermorphological or physiological traits in experimental researches (Ji et al., 2020; Ma and Fan,

2014). However, the number of experimental taxa is often restricted by the time-consuming fieldwork, com-

poundedby the possibility that practitioners wouldbe interested in just a small proportion of the resources (Al-

bani Rocchetti et al., 2021;Watkins et al., 2020).With ever-improving digital technologies enhancing our ability

to access information, usingdigitized collectionsdata topredict the abiotic stress toleranceof plants is an alter-

native strategy to complement theexperimental resource lists (Jameset al., 2018). Climate is knownas themain

determinant of plant distribution at a global scale (Woodward and Williams, 1987; Bonetti and Wiens, 2014).

The assumption that the range of climate conditions encompassed by the geographic distribution of a taxon

accurately reflects its tolerances, has been applied in a wide range of fields, including biodiversity conservation

(Lloret and Kitzberger, 2018; Margalef-Marrase et al., 2020), environmental science (Gong et al., 2020; Nascim-

bene et al., 2020), ecology and evolutionary biology (Descombes et al., 2016; Napier et al., 2019), etc. Appling

this assumption toplant science allowsus todevelop a taxaevaluationmethodbasedonopenaccess botanical

and associated environmental datasets.

The Global Biodiversity Information Facility (GBIF, www.gbif.org) is the largest global data portal of occur-

rence records, including ~850 million records for all groups of organisms. Moreover, the National Plant

SpecimenResourceCenter (NPSRC,www.cvh.ac.cn) holds digitized records of over 9.4million of plant spec-

imens from 140 herbaria of China. A combination of GBIF and NPSRC enables an abundant taxa list, espe-

cially considering that the digitization efforts drastically improve access to collections (Hufft et al., 2018;

James et al., 2018). Extracting the GPS information from the specimen records can be used for visualization

of plant distribution and connection with environmental datasets such as WorldClim version 2.1(www.

worldclim.org), a global dataset of spatially interpolated monthly climate data which can be used for map-

ping and spatial modeling (Fick and Hijmans, 2017). Taken together, themulti-source data could be consol-

idated into taxa distribution models to predict the potential temperature tolerance of wild taxa.

The genus Lilium in the family Liliaceae includes about 110–115 taxa, primarily distributes throughout cold

and temperate regions of the northern hemisphere (Du et al., 2013). It’s one of the most important
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flowering crops as cut flower, garden plant and pot plant (Suh et al., 2013). Temperature stress induce

changes in Lilium at physiological and molecular levels, thus affect its growth and development (Jia

et al., 2012). The optimum temperature for Lilium growth is around 18–22�C (Yin et al., 2007; Xin et al.,

2010). High temperature (>28�C) has negative effects on the growth of Lilium such as short stems, reduced

number of flower buds, shortened flower bud length (Steininger and Pasian, 2003; Ding et al., 2021). Be-

sides, previous studies showed that cold stress inhibit the growth of lily bulbs: for non-hardy taxa, –6�C
can lead to bulb lethality in most cases; at –8�C, virtually all bulbs were dead and did not regrow (Du

and Anderson, 2009; Tian et al., 2020). China is known as an significant distribution zone of Lilium, with

55 taxa having been reported in this country thus far (Du et al., 2013). Covering a vast territory, China spans

several different climatic zones, including tropical, subtropical, warm temperate and cold temperate cli-

matic zones (Zhang et al., 2019). The complicated climate provides multifarious conditions from cool

plateau to hot basin for populations of variety lilies (Li and Geng, 2013), which makes China an ideal region

to study the relationship between the temperature tolerance and distribution of Lilium.

In this study, the distribution data from herbarium specimens and literatures was connected with climate

information, which enabled us to derive data on temperature conditions for each specimen location. Be-

sides, the GPS data was linked to other environmental data to develop a comprehensive understanding

of the realized niche of Lilium. We divided the wild Lilium of China into five groups according to their

temperature conditions and made prediction of their heat and cold tolerance based on the combined

multi-sources data at taxon level. The comprehensive list created by large-scale data analysis allowed us

to identify exhaustive valuable taxa rather than particular ones which were commonly concerned.
RESULTS

Database construction

Firstly, we created an original data set of 7,362 specimens based on 7,048 specimens and 314 locations ob-

taining from NPSRC, GBIF and literatures (see STAR Methods). Then the 7,362 specimens were resampled

within a 0.5� grid, 2,201 specimens were retained and partitioned into 38 species and 16 varieties. These

species accounted for 100% of the original species in China, while variants accounted for 94% of the

described Chinese lily varieties. The species and varieties were regarded as the same level of separate

taxa in subsequent analysis. The number of specimens varied from 1 to 365 per taxon and only the taxa

with more than 5 specimens per taxon were selected. Furthermore, a comparative assessment of the tax-

onomy, GPS locations in our database with the distribution range described in Iplant (www.iplant.cn) have

been carried out. The result showed that there were 42 taxa (2,066 specimens) fitting more than 70% of the

distribution information in Iplant (Table 1). Finally, by combining the GPS data with climate information, we

built a database of 42 taxa, totaling 2,066 specimens, including the information of original distribution, the

mean temperature of coldest quarter (TOC), and temperature of flowering period (TOF) etc. for subse-

quent data analysis (Tables S1 and S2).
Lilium and environmental conditions

We inputted the climatic zone map (Zhang and Yan, 2013) into ArcGIS 10.2 together with the GPS data of

2,066 specimens, thereby drawing the distribution map of wild Lilium in China (Figure 1). The distribution

map showed that wild Liliumweremainly distributed in the temperate and subtropical climate zones, which

was in line with the result of specimens’ distribution in the temperature conditions. A vast majority of spec-

imens were distributed at the mean TOF range of 25–30�C and the TOC range between 0 and 10�C, while
most taxa were likely to grow in the mean TOF range of 20–25�C and the TOC range between - 5 and 10�C
(Figures 2A and 2B). According to the result of hierarchical cluster analysis (Figure S1), we divided the taxa

into five groups representing by different colors: purple, red, yellow, green, and blue group (Table 2). The

purple group exhibited highly tolerant to heat stress, and its corresponding TOC was about 5�C. The red

group was located in the areas with the mean TOF ranging between 18 and 23�C. Taxa of the red group

preferred a warmer winter with TOC ranging from 5 to 10�C compared to the purple group. These two

groups distributed in the higher TOF and TOC compared to the others, while the lowest value of TOF

and TOC appeared in the yellow and green group, respectively. Lilies in the yellow group required the

lowest temperature during flowering period compared with other groups, indicating that they may belong

to the least heat-resistant group. The green and blue groups were able to withstand extreme low temper-

ature during winter, representing the hardiest Lilium taxa (Figure 2B).
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Table 1. Database construction of Lilium specimens, see also Tables S1 and S2.

Latin name

Number of specimens

Fitting rate (%)

Flowering period

Before resample After resample June July August

L. distichum 65 47 70.21 ❀ ❀

L. papilliferum 19 17 70.59 ❀

L. rosthornii 51 38 71.05 ❀ ❀

L. bakerianum var. rubrum 29 27 74.07 ❀

L. regale 9 9 77.78 ❀ ❀

L. taliense 37 27 77.78 ❀ ❀

L. davidii var. willmottiae 19 19 78.95 ❀

L. henryi 41 34 82.35 ❀

L. bakerianum var.yunnanense 8 6 83.33 ❀

L. leichtlinii var. maximowiczii 19 18 83.33 ❀ ❀

L. speciosum var. gloriosoides 36 32 87.50 ❀ ❀

L. fargesii 26 26 84.62 ❀ ❀

L. bakerianum 89 49 93.88 ❀

L. leucanthum 67 61 85.25 ❀ ❀

L. primulinum var. ochraceum 43 29 86.21 ❀ ❀

L. amoenum 12 11 90.91 ❀

L. wardii 23 11 90.91 ❀ ❀ ❀

L. cernuum 20 16 93.75 ❀

L. duchartrei 143 73 94.52 ❀

L. davidii 136 95 94.74 ❀ ❀

L. dauricum 67 48 95.83 ❀ ❀ ❀

L. concolor var. pulchellum 63 57 96.49 ❀ ❀

L. sargentiae 80 58 96.55 ❀ ❀

L. concolor 167 116 98.28 ❀ ❀

L. brownii 619 353 98.58 ❀ ❀ ❀

L. pumilum 456 316 99.68 ❀ ❀

L. apertum 31 13 100.00 ❀ ❀

L. bakerianum var. aureum 20 17 100.00 ❀

L. bakerianum var. delavayi 27 25 100.00 ❀

L. callosum 41 37 100.00 ❀ ❀

L. henrici 6 6 100.00 ❀

L. lancifolium 236 187 100.00 ❀ ❀

L. martagon var. pilosiusculum 6 5 100.00 ❀

L. lankongense Franchet 23 12 100.00 ❀ ❀

L. nanum 54 19 100.00 ❀

L. nepalense 32 11 100.00 ❀ ❀

L. nepalense var. burmanicum 17 15 100.00 ❀ ❀

L. saluenense 18 7 100.00 ❀ ❀ ❀

L. sempervivoideum 11 7 100.00 ❀

L. souliei 41 18 100.00 ❀ ❀

L. sulphureum 50 40 100.00 ❀ ❀

L. lophophorum 156 54 100.00 ❀ ❀

The ‘‘❀’’ in each taxon represented the flowering period lasting 1–3 months.
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Figure 1. Specimens’ distribution in the climatic zones

Heatmap (Point Density) showed the distribution of 2,066 Lilium specimens present in our database. The wild Lilium

were mainly distributed in the plateau, sub-humid and humid warm temperate zones and northern, central subtropical

zones.
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After linking Lilium location to other environmental data, we were able to develop a comprehensive under-

standing of the realized niche of Lilium. The results (Figures S2–S4) showed that wild lilies distributed in the

suitable soil conditions within the pH (median value) and salinity (Elco) range of 6.8–7.2 and 0–0.5 dS/m,

respectively. According to the Harmonized World Soil Database (HSWD), pH values ranging from 5.5 to

7.2 are indicative of acid to neutral soils, which are the best conditions for nutrient availability and suitable

for most crops (Jones and Thornton, 2015). And in most cases, an ECe value <2 indicates a very low degree

of salt stress (Saslis-Lagoudakis et al., 2015). The Standardized Precipitation and Evapotranspiration Index

(SPEI) values of Lilium ranged from –0.1 to 0.1, representing suitable water conditions without drought

stress (Li et al., 2019).

Tolerance potential of Lilium taxa to heat

Our data reported the actual environment conditions experienced by lilies in their natural ranges, showing

that there are significant inter-specific differences in the TOF (Table S1). The mean and maximum TOF

experienced by wild-growing Lilium taxa illustrated these differences (Figure 3), showing that most Lilium

populations are likely to grow in mild climate where the mean temperature range is about 20–25�C. Using
the median values of mean TOF >25�C and maximum TOF >30�C as thresholds, 6 Lilium taxa were

identified as potentially tolerant to heat stress, which are characterized by a higher temperature during

flowering. In the predicted tolerant taxa (L. lancifolium, L. callosum, L. brownii, L. rosthornii, L. henryi, L.

speciosum var. gloriosoides), 474 and 207 specimens were distributed in heat (the mean TOF >25�C)
and non-heat (the mean TOF %25�C) environment, respectively. And in the predicted non-tolerant taxa,

269 and 1,116 specimens were distributed in heat and non-heat environment, respectively (Table 3). The

Chi-square test showed that the distribution of specimens in heat stress and non-heat environment was sig-

nificant different between predicted tolerant and non-tolerant taxa (X2 was 499.18, df = 1 and p value

<0.05). Among the predicted tolerant taxa, L. speciosum var. gloriosoides showed the strongest resistance

to heat stress and occupied a restricted range of conditions, while L. lancifolium and L. brownii with a niche

width larger than the median showed a wide range of adaptability in the TOF. L. henryi with a smaller niche

width showed stenotypic behaviors (Figure 4A).
4 iScience 24, 102794, July 23, 2021



Figure 2. Lilium and climate conditions

(A) The distribution of Lilium specimens in their corresponding temperature conditions.

(B) The distribution of Lilium taxa in their corresponding temperature conditions, see also Figure S1.
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Tolerance potential of Lilium taxa to cold

The TOC experienced by the Lilium in their distribution ranged from –25.5�C to 17.7�C (Table S2). There

are significant inter-specific differences in the mean temperature of coldest quarter (Figure 5). Most Lilium

populations were likely to grow in mild climate (TOC range of –5 to ~10�C). Using the median values of

TOC % –5�C as a threshold, 7 Lilium taxa were identified as potentially tolerant to cold stress, which were

characterized by a lower temperature during coldest quarter. In the predicted tolerant taxa (L. dauricum,

L. martagon var. pilosiusculum, L. distichum, L. cernuum, L. concolor var. pulchellum, L. concolor, L. pum-

ilum), 375 and 230 specimens were distributed in cold and non-cold environment, respectively. And in the

predicted non-tolerant taxa, 93 and 1,368 specimens were distributed in cold and non-cold environment,

respectively (Table 3). The chi-square test showed that the distribution of specimens in cold stress and

non-cold environment was significant different between predicted tolerant and non-tolerant taxa (X2

was 755.34, df = 1 and p value < 0.05). L. dauricum showed the strongest resistance to cold stress and

occupied a wide range of conditions. L. pumilum, L. concolor, and Lilium concolor var. pulchellum also

showed eurytopic tolerances; however, they had a weaker cold tolerance than others. In addition,

L. cernuum, L. distichum, and L. martagon var. pilosiusculum showed stereotypic behaviors but had a

strong tolerance to low temperature (Figure 4B).
DISCUSSION

Lilium taxa have been known and cultivated in China for thousands of years, with significant ecological and

commercial values (Fang et al., 2021). However, themajority of Lilium cannot growwell in heat (temperature

>28�C) or cold (temperature < –6�C) conditions (Higgins and Stimart, 1990; Kim et al., 2007a, 2007b).

Combining that with the threat posed by climate change has led to the impelling demand of climate-resil-

ient lilies. The wild taxa have been challenged in diverse environmental stresses for centuries and maintain

a high level of genetic diversity, making them significant to the resistance breeding (Zhang et al., 2017).

China is considered as a center of origin for Lilium, yet a small number of studies have been carried out

on the researches of wild Lilium’ evaluation and utilization, especially abiotic tolerances. Previous studies

about Chinese Lilium have focused on morphological characterization (Niu et al., 2010; Xiang et al., 2005),

taxonomic (Liu et al., 2017), phylogenetic (Kim et al., 2019; Zhou et al., 2020), genetic variability, and diver-

sity (Wang et al., 2016). Thus, we want to develop a comprehensive understanding of the realized niche of

Lilium in this study, which can provide a new insight into the tolerance evaluation of Lilium.

While a great deal of experimental research has been carried out in the area of wild plants’ response to

abiotic stresses, it is often difficult and time-consuming to achieve a comprehensive list of wild taxa (Wat-

kins et al., 2020). Considering the practical difficulties in the collection of wild resources, preliminary data

analysis is an applicable way tomake predictions. Among a wide variety of factors that affect the geograph-

ical distribution of plants at different spatial and temporal scales, climate is at the core and plays a key role

especially at larger spatial scales (Guisan and Thuiller, 2005; Maiorano et al., 2013). Ecologists are modeling

species distribution models based upon this understanding (Zurell et al., 2020), whereas the question for

botanists is whether the reverse can be modeled, i.e., whether we can speculate that traits vary in
iScience 24, 102794, July 23, 2021 5



Table 2. The cold-heat relations of Lilium taxa

Group name Lilium taxa

Temperature conditions (�C)

The mean TOF The TOC

Purple group L. lancifolium, L. callosum, L. brownii,

L. rosthornii, L. henryi, L. speciosum var.

gloriosoides, L. papilliferum, L. leucanthum,

L. fargesii

24 - 29 3 - 8

Red group L. nepalense var. burmanicum, L. nepalense,

L. sempervivoideum, L. bakerianum var.

yunnanense, L. amoenum, L. bakerianum var.

delavayi, Lilium sulphureum, L. sargentiae,

L. taliense, L. primulinum var. ochraceum,

L. henrici, L. souliei, L. bakerianum,

L. bakerianum var. aureum, L. davidii var.

willmottiae, L. davidii

18 - 23 2 - 12

Yellow group L. lankongense Franchet, L. wardii,

L. bakerianum var. rubrum, L. saluenense,

L. lophophorum, L. nanum, L. apertum

11 - 17 - 3 - 5

Blue group L. cernuum, L. concolor, L. concolor var.

pulchellum, L. pumilum, L. leichtlinii var.

maximowiczii

22 - 23 - 10 - - 4

Green group L. dauricum, L. martagon var. pilosiusculum,

L. distichum

20 - 22 �15 - - 13

The 42 taxa were divided into five groups according to their cold-heat relations.
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accordance to ecological niche: this process is well established in the selection of trees in urban forestry

and the predictions on salinity tolerance of horticultural plants (Wang et al., 2018a; Watkins et al., 2020; Sjo-

man and Watkins, 2020), but is not as developed in the temperature tolerance of plants. In this study, we

tried to provide a preliminary data analysis to supplement the laboratory experiments. Online herbaria,

accessible via the GBIF and NPSRC, conserve hundreds of millions of specimens collected by botanists

and satisfy the demands of information acquisition by the scientists with a digital platform for knowledge

sharing (Hallgren et al., 2016; La Salle et al., 2016). When theNPSRC data were supplemented with the GBIF

data, the completeness of datasets increased, which enabled us to avoid negative impacts on results and

conclusions derived from incomplete taxa lists as much as possible (Qian et al., 2018).

In our final extracted database of 2,066 specimens, the majority (76.4%) of reported Chinese Lilium taxa

were present. After linking Lilium location to physiographic and climate characteristics, we were able to

analysis the natural conditions for lilies. The results suggested that there were no significant differences

in the drought, saline and alkali niches of Lilium in China (Figures S2–S4). Excluding the impact of the

non-temperature factors helps us draw more informed predictions because the non-temperature factors

regularly prevent a taxon from occupying locations that are otherwise climatically suitable (Bush et al.,

2019).

The wild lilies go through different stages in the growing season and experience the coldest and hottest

temperatures during winter and flowering stage, respectively (Han and Jia, 2008; Tsuchiya et al., 2006).

In addition, longer periods of environment information can help us better understand Lilium’s tolerance

to temperature stress, compared to heat waves or extreme cold events. Thus, our analysis focused primarily

on environmental data excavated from the TOF and TOC. Our results showed that the majority of Lilium

taxa were located in the mean TOF ranging from 20 to 23�C and the TOC ranging from 5 to 10�C, while
the distribution of specimens could be explained by the uneven sampling (Tables S2 and S3). Before toler-

ance predictions, all the taxa were divided into five groups to deepen our understanding of Lilium adapt-

ability to temperature. The cold-tolerant (green and blue) groups were able to tolerate a cold environment

below - 5�C but preferred a stress-free condition during flowering period. While, the heat-resistant (purple)

group was consistent with the cold-tolerant group: although the members could adapt to the mean TOF

above 25�C, their optimum temperature in the coldest season was roughly the same as the temperate (red)
6 iScience 24, 102794, July 23, 2021



Figure 3. Tolerance potential of Lilium taxa to heat

The mean TOF (A) and the maximum TOF (B) experienced by wild-growing Lilium species, as reported in our database.

The change in color represented diverse tolerance to heat stress. The boxes and taxa name were colored every 5�C to

make the figures more intuitively.

See also Table S1.
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group. The red group has the highest percentage of all groups (42.8%), representing the general temper-

ature preference of Lilium: the mean TOF <25�C and the TOC > –5�C (Tsuchiya et al., 2006; Zieslin and Tsu-

jita, 1988). Among all the groups, only the yellow group corresponded to a value lower than 20�C for the

mean TOF, suggesting its potential for extensive application in the areas with low annual cumulative tem-

peratures (Dai et al., 2019; Dorado-Linan et al., 2020). Further phylogenetic analysis and molecular biology

research will be useful to explore more interconnections between groups.

Using data analysis, we tried to predict the potential tolerant taxa with the median values of the mean TOF

>25�C, maximum TOF >30�C and TOC < –5�C as thresholds. Eventually, we compiled a list of 13 potentially

tolerant taxa. For some taxa mentioned in our prediction, support was found in horticultural and physiolog-

ical studies for their temperature tolerance. Yao et al. (2019) classified L. henryi as heat tolerant taxa.
iScience 24, 102794, July 23, 2021 7



Table 3. Lilium’s distribution in different temperature ranges

Category temperature range (�C)

Number of specimens

Tolerant taxa Non-tolerant taxa

Heat The mean TOF %25 207 (30.4%) 1,116 (80.6%)

The mean TOF >25 474 (69.6%) 269 (19.4%)

Cold The TOC % - 5 375 (62.0%) 93 (6.4%)

The TOC > - 5 230 (38.0%) 1368 (93.6%)

The 2,066 specimens were divided into tolerant and non-tolerant taxa (42 in total) according to their temperature of flowering

period (TOF) and the mean temperature of coldest quarter (TOC) ranges.
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L. callosum was mentioned as a promising gene resource for breeding heat tolerant lilies (Liping and Rui,

2012). L. lancifoliumwas themost extensively studied taxa among the heat tolerant resources. L. lancifolium

and L. brownii were identified by Zhang et al. (2010) as heat tolerant taxa based on growth and physiolog-

ical index, followed by L. regale. The results of niche width in Figure 4 supported the proposal by Liang

et al. (2018) that L. lancifolium performed high ecological adaptability compared to the other tested

taxa from Midwestern China, as well as L. brownii. Furthermore, Wang et al. (2014) conjectured the heat

stress signal transduction pathway in L. lancifolium, identified the expected key ingredients regulating

the stress tolerance. More notably, L. lancifolium was also considered as a cold tolerant taxa as reported

by Yong et al. (2018), indicating its potential in the researches of multiple stresses. Wang et al. (2018b) clas-

sified L. pumilum as a northern cold-hardy wild taxon and studied its dormancymechanism at themolecular

level. In addition, some predicted temperature tolerant taxa can also be supported from investigational

studies. L. dauricum, L. distichum, and L. pumilum were distributed in the severely cold regions of North-

east China, including the Changbai Mountains and the Xiaoxingan mountains in Liaoning, Jilin, and Hei-

longjiang provinces (Du et al., 2013). Low temperature in winter of these areas can reach 40�C below

zero (Zhang and Yan, 2013). Study on phylogeny of Lilium showed that L. henryi and L. rosthornii should

be classified into the same subsect (Du et al., 2014), which is in agreement with the result of temperature

niche in our study (Figures 2 and 3).
Figure 4. Niche width of the potential tolerant taxa

The niche width of heat (A) and cold (B) tolerant taxa, as reported in our prediction.

8 iScience 24, 102794, July 23, 2021



Figure 5. Tolerance potential of Lilium taxa to cold

The TOC experienced by wild-growing Lilium taxa, as reported in our database. The change in color represented diverse

tolerance to cold stress. The boxes and taxa name were colored every 5�C to make the figures more intuitively.

See also Table S2.
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As a supplement to the taxa list with temperature tolerance which was already reported, our work has iden-

tified several potentially taxa. L. speciosum var. gloriosoides showed great patience with the heat stress.

L. concolor and L. concolor var. pulchellum showed eurytopic tolerances to cold which making them ideal

material for hardy breeding. More studies on the evaluation of lilies’ temperature tolerance were required

and our prediction expands the new space for the resistant breeding of wild Lilium.

CONCLUSION

In this study we developed a method for temperature tolerance prediction that could be drawled upon

well-established biogeographical theory and herbarium data. Online herbarium data allowed an effective

study of the whole wild Lilium resources in China with large amounts of plant samples, increase our ability to

inform research and avoid missing overlooked taxa. Our results showed that the information combing geo-

coded specimen information and climate database might be used to identify potentially valuable genetic

resources in Lilium at group and taxon level. Our findings could be used to rapidly screen the potential

tolerant taxa and communicate evidence to botanical researches. While further testing in other genera

is required, this approach holds considerable promise for an in-depth evaluation of potential resources

for temperature tolerance and using genetic material in breeding or studies of abiotic stress.

Limitations of the study

Our method is developed based on the current distribution (i.e., the realized niche) of Lilium. Considering

the effect of interspecific interactions, dispersal capacity and other factors, there is an inherent risk when

using the realized niche that the environmental tolerances will be underestimated. However, this uncer-

tainty does not prevent us from finding important patterns: the positively correlation between the temper-

ature tolerance and climate conditions proposed by Bush et al. (2018) and Lancaster and Humphreys (2020)

provides a compelling explanation for our method. Thus, we emphasize the use of data analysis for taxa

evaluation before the laboratory experiments, which can help us rapidly screen the potential tolerant

taxa with a comprehensive list of taxa.
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Moreno, J.I., Angulo, M., and El Kenawy, A.
(2010b). A new global 0.5� gridded dataset (1901–
2006) of a multiscalar drought index: comparison
with current drought index datasets based on the
palmer drought severity index. J. Hydrometeorol.
11, 1033–1043.
iScience 24, 102794, July 23, 2021 11

http://refhub.elsevier.com/S2589-0042(21)00762-8/sref19
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref19
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref20
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref20
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref20
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref20
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref21
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref21
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref21
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref21
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref21
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref22
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref22
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref22
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref22
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref22
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref23
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref23
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref23
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref23
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref23
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref24
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref24
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref24
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref24
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref24
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref25
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref25
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref25
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref25
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref26
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref26
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref26
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref26
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref26
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref27
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref27
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref27
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref27
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref27
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref28
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref28
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref28
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref28
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref28
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref29
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref29
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref29
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref29
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref29
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref29
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref29
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref29
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref30
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref30
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref30
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref30
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref30
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref30
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref30
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref30
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref31
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref31
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref31
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref32
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref32
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref32
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref33
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref33
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref33
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref34
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref34
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref34
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref34
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref34
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref35
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref35
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref35
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref35
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref36
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref36
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref36
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref36
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref37
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref37
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref37
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref38
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref38
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref38
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref38
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref38
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref39
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref39
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref39
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref39
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref39
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref39
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref40
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref40
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref40
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref40
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref40
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref41
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref41
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref41
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref41
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref42
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref42
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref42
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref42
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref42
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref42
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref42
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref43
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref43
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref43
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref43
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref43
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref44
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref44
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref44
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref44
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref45
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref45
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref45
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref45
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref45
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref46
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref46
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref46
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref46
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref46
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref46
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref47
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref47
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref47
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref47
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref47
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref48
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref48
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref48
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref48
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref48
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref48
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref49
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref49
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref49
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref50
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref50
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref50
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref50
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref50
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref50
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref51
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref51
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref51
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref51
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref52
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref52
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref52
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref52
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref53
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref53
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref53
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref53
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref53
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref54
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref54
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref54
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref54
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref55
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref55
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref55
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref55
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref56
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref56
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref56
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref56
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref57
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref57
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref57
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref57
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref58
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref58
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref58
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref58
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref58
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref59
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref59
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref59
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref59
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref59
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref59
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref59
http://refhub.elsevier.com/S2589-0042(21)00762-8/sref59


ll
OPEN ACCESS

iScience
Article
Wang, J.,Wang,Q., Yang, Y., Liu, X., Gu, J., Li, W.,
Ma, S., and Lu, Y. (2014). De novo assembly and
characterization of stress transcriptome and
regulatory networks under temperature, salt and
hormone stresses in Lilium lancifolium. Mol. Biol.
Rep. 41, 8231–8245.

Wang, J.M., Ma, S.L., Li, W.Q., Wang, Q., Cao,
H.Y., Gu, J.H., and Lu, Y.M. (2016). Genetic
variability and diversity of the main resources of
lily assessed via phenotypic characters, pollen
morphology, and ISSR markers. Genet. Mol. Res.
15. https://doi.org/10.4238/gmr.15027638.

Wang, S., Leus, L., Van Labeke, M.C., and Van
Huylenbroeck, J. (2018a). Prediction of lime
tolerance in Rhododendron based on herbarium
specimen and geochemical data. Front. Plant Sci.
9, 1538.

Wang,W., Su, X., Tian, Z., Liu, Y., Zhou, Y., andHe,
M. (2018b). Transcriptome profiling provides
insights into dormancy release during cold
storage of Lilium pumilum. BMC Genomics 19,
196.

Watkins, J.H.R., Cameron, R.W.F., Sjöman, H.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

ArcGIS 10.2 Environmental Systems Research Institute https://developers.arcgis.com/

Microsoft Excel 2016 Microsoft https://www.microsoft.com/zh-cn/

IBM SPSS Version 20.0 International Business Machines Corporation https://www.ibm.com/analytics/spss-statistics-

software

Adobe Photoshop CS 5.0 Adobe Systems Incorporated https://www.adobe.com/cn/products/

photoshop.html

Other

The classified information Iplant www.iplant.cn

Distribution data Global Biodiversity Information Facility www.gbif.org

Distribution data National Plant Specimen Resource Center NPSRC, www.cvh.ac.cn

Climate data WorldClim version 2.1 www.worldclim.org

Drought index SPEIbase v.2.6 at DIGITAL.CSIC http://digital.csic.es/handle/10261/10002

Soil parameters Harmonized World Soil Database westdc.westgis.ac.cn/data/611f7d50-b419-

4d14-b4dd-4a944b141175
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Daofeng Liu (liu19830222@163.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

METHOD DETAILS

Taxa distribution data

The occurrence records from NPSRC and GBIF were used to generate taxa lists (Qian et al., 2018). We also

fetched distribution data from investigational literature which describes the location information and

habitat niche of wild Lilium through field study as supplement (for example, Du et al. (2013) and Liang

et al. (2018)). The location and classified information (species, subspecies and varieties) were subsequently

revised and uniformed according to Iplant (www.iplant.cn), an online website consolidating data from ai-

Plants, Flora of China and Plant Photo Bank of China. To reflect the natural distribution of the wild Lilium,

only the taxa described as initial species or subspecies in Iplant were selected. All observations collected

on urban green spaces, botanical gardens and other sites before 1970 were excluded. As uneven sampling

intensity would cause calculation bias (Dyderski et al., 2018), for each species, subspecies and varieties, we

resampled the data within a 0.1� grid–one data point was selected within each grid cell. All the observations

were transformed into spatial points in a WGS-84 spatial coordinates system. After resample, only the taxa

with at least 5 specimens were selected for further data analysis.

Diverse distributions correspond to various environmental conditions, which affect the flowering period of

plants. We compared the locations of all specimens with the plant distributions described on Iplant, and

only selected the taxa with a fitting degree of more than 70%. We considered the flowering period
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information on Iplant as reliable data for the selected taxa since the geographical distribution of these taxa

is basically consistent with the description on Iplant (Du et al., 2015). Finally, a database of Chinese Lilium

was built after the data cleaning.
Climate data and soil parameters

We obtained the 0.5� grid (~1 km2) monthly climate data (mean and maximum temperature) from World-

Clim version 2.1 to quantify heat events for the period of 1970-2000. We also extracted the mean temper-

ature of coldest quarter (TOC) from theWorldClim climatic layer to predict the cold tolerance of Lilium. For

each taxon, climatic niche width was calculated as the range of environmental conditions between the min-

imum and the maximum temperatures found among the cells of each taxon distributions (Rolland and Sal-

amin, 2016).

The Standardized Precipitation andEvapotranspiration Index (SPEI) is amultiscalar drought indexwhich can

quantify the onset, duration and magnitude of drought episodes based on climatic data (Vicente-Serrano

et al., 2010a, 2010b). We downloaded the monthly SPEI dataset from SPEIbase v.2.6 at DIGITAL.CSIC (Con-

sejo Superior de Investigaciones Cientı́ficas, http://digital.csic.es/handle/10261/10002) to quantified the

severity of droughts. We read and converted the SPEI dataset based on its corresponding software which

developed by Vicente-Serrano et al. (2010a), so that the March-August SPEI at 1-month time scale could

be extracted in ArcGIS 10.2.

The soil parameters, including ECe and pH measured in a soil-water solution were obtained from Harmo-

nized World Soil Database (HSWD), a 30 arc-second raster dataset with over 15,000 different soil mapping

units that combines existing regional and national updates of soil information worldwide (Nachtergaele

et al., 2012). We established connection between the ArcGIS layer and the soil attribute database relying

on the data management toolbox in ArcGIS to explore the salt and alkali stresses suffered by wild lilies.
QUANTIFICATION AND STATISTICAL ANALYSIS

All the raster and vector data, including the WorldClim climatic layer, SPEI, ECe and pH parameters was

extracted to the distribution point relying on the spatial analyst toolbox in ArcGIS. Microsoft Excel 2016

was used to tabulate the data and IBM SPSS Version 20.0 was used to carry out statistical analysis and

generate the boxplot, scatter plot and bubble chart. For taxa with flowering period lasting two or three

months, the average temperature of flowering period (TOF) corresponding to each specimen location

was calculated firstly, while other data could be used directly for statistics analysis. All the figures were

colored in Adobe Photoshop CS 5.0 to better visualize the relationship between Lilium and temperature

conditions.

For temperature conditions, the distribution map was generated in ArcGIS by combining taxa distribution

with the climatic zonemap (Zhang and Yan, 2013). To visualize distance and relatedness among Lilium taxa,

we applied a hierarchical cluster analysis based on squared Euclidean distance (Liu et al., 2010). The taxa

were divided into different groups based on the similarity of their temperature conditions (median values of

the TOC and mean TOF), and then the scatter plots were generated to visualize the relationship between

the groups and their corresponding temperature conditions. For other environmental conditions, the box-

plots were used to quantified the drought, salt and alkali stresses suffered by wild Lilium.

The lower quartile (LQ), median, and upper quartile (UQ) were determined for the TOF and the TOC. We

considered the median values as tolerance indicator as they provided the taxon’s central tendency to heat

or cold conditions in their distributions. The taxa with median values of the mean TOF > 25�C and the

maximum TOF > 30�C were predicted as being potentially tolerant to heat stress. For the TOC, the taxa

with median values % - 5�C were predicted as hardy varieties. To evaluate the results of our prediction,

the number of specimens distributed in heat (the mean TOF > 25�C) or moderately warm (the mean

TOF % 25�C) climate of predicted heat tolerant and non-tolerant taxa were calculated, then a Chi-square

test in SPSS was performed. The same method was used in the prediction of cold tolerance. Besides, we

used the median niche width of heat and cold tolerant taxa to assign taxa to two distinct categories:

stenotypic and eurytopic tolerances. Taxa with a niche width smaller than the median were assigned to

the stenotypic category, while a larger niche width were categorized as eurytopic category (Rolland and

Salamin, 2016).
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