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Abstract
Background: The decrease of wild reserves and the sharp increase of market demand have led to
resource substitution, but it is still not clear how to discover medicinal alternative resources. Here we
reveal the biology of medicinal resource substitution in the case of Salvia.

Methods: A hypothesis was put forward that phylogeny and ecology were the main factors which
determined alternative species selection. Phylogenetic analysis was performed based on chloroplast
genomes. Spatial climatic pattern was assessed through three mathematical models.

Results: S. miltiorrhiza and alternative species were mainly located in Clade 3 in topology, and their
growth environment was clustered into an independent group 3 inferred from Principal Component
analysis. Correlation and Maxent major climate factor analyses showed that the ecological variations
within each lineage were signi�cantly smaller than the overall divergent between any two lineages.
Mantel test recon�rmed the inalienability between phylogeny and ecology (P = 0.002). Only the species
that are genetically and ecologically related to S. miltiorrhiza can form a cluster with it.

Conclusion: Phylogenetic relationship and geographical climate work together to determine which
species has the potential to be selected as substitutes. Other medicinal plants can learn from this biology
towards developing alternative resources.

1. Introduction
Traditional Chinese medicine (TCM) has now become popular worldwide due to its signi�cant effect,
cost-effectiveness and low incidence of side effects [1]. The increasing demand for TCM has led to
reduction of wild resources and medicinal resource substitution [2, 3]. When one species suffers from
problems, such as geographic distribution limitation, high price in relatively unfavourable national and/or
global economic situation, national policy restrictions, or even different prescribing habits of local
physicians [4], substitution of raw materials has great incentive in practice. In general, species with large
natural reserves or those that can be easily cultivated with similar e�cacy are often chosen as
substitutes, which occur in many TCMs. For instance, since 1993, when the State Department in China
issued a notice banning the trade of rhino horn [5], it has been removed from Chinese Pharmacopoeia
and replaced by water buffalo horn [6].

As an important TCM, Salviae miltiorrhizae Radix et Rhizoma (named ‘Danshen’ in Chinese) has been
used for more than two thousand years to promote blood circulation and relieve pain, especially for
treatment of cardiovascular disorders[7]. Due to its anti-thrombotic properties, Danshen plays an
important role in health food, pharmaceuticals and cosmetics and has an increasing demand[8].
However, the o�cial raw material of Danshen in China is the root and rhizome of one single species of
Salvia miltiorrhiza Bge.[9]. There are some problems in the cultivation of S. miltiorrhiza, such as
continuous cropping obstacle and germplasm decline after domestication[10, 11]. The resource supply of
S. miltiorrhiza cannot fully meet people’s needs. In this case, more than 20 congeneric species are used as
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substitutes for Danshen (named as S. miltiorrhiza substitutes, SMSs) by local folks[12] because of their
similar pharmacological effects[13]. For instance, Nandanshen, the root of S. bowleyana Dunn, was used
as Danshen in history in some areas of Zhejiang, Jiangxi and Anhui provinces in China[12].
Simultaneously, many other Salvia species exist. Their application part is the whole plant instead of root
and rhizome, and their application or e�cacy is distinct from Danshen and thus could not be eligible
substitutes (named as non-substitutes for S. miltiorrhiza, nSMSs). For example, the whole plant of S.
plebeia principally has anti-in�ammatory, antioxidative, antibacterial and antiviral activities, not including
anti-thrombotic effects[14]. S. leucantha has antibacterial activity and is typically used as an ornamental
�ower[15]. Basing on the classi�cation of Xiao et al.[13], we suggested that Salvia species could be
divided into three groups, S. miltiorrhiza, S. miltiorrhiza substitutes (SMSs) and non-substitutes for S.
miltiorrhiza (nSMSs; Table 1) according to whether species could be used as substitutes for Danshen or
not. In this regard, we speculated about the factors that could determine which species could be used as
S. miltiorrhiza substitutes. Thus far, no in-depth attempts have been made to study vital determinants,
leading to ambiguity in the development of alternative medicinal resources.
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Table 1
Practical applications of SMSs and nSMSs in this study

Species Practical application Newly collected
in this study?

S. japonica The whole plant was used to treat cough, sore, rheumatism,
etc[16].

No

S. o�cinalis The whole plant was used as spices or to treat indigestion[17]. No

S. deserta The plant root was used as S. miltiorrhiza alternatives in folk
and to treat cardiovascular diseases[18].

Yes

S. hispanica The whole plant was used as spices, bactericide, anthelmintic
or for regulating the central nervous system[19].

No

S. leucantha The whole plant was used as ornamental �ower or for
regulating the central nervous system[20].

Yes

S.
pansamalensis

ditto[21] Yes

S. plebeia The whole plant was used to treat fall, tracheitis, cervicitis,
etc[22].

No

S. roborowskii The whole plant was used to clear liver, clear eyes and relieve
pains[23].

No

S. miltiorrhiza The plant root was used as TCM Danshen to treat
cardiovascular diseases[24].

No

S. yunnanensis The plant root was used as S. miltiorrhiza alternatives in folk
medicine to treat cardiovascular diseases[25].

No

S. prattii ditto[26] No

S. bulleyana ditto[27] No

S. digitaloides ditto[28] Yes

S. przewalskii ditto[29] No

Pharmaphylogeny, founded by Prof. Pei-gen Xiao in the 1980s, is an emerging discipline that focuses on
the intrinsic correlation of molecular phylogeny, chemical constituents and therapeutic e�cacy[30]. The
theory highly emphasizes the importance of phylogeny in substitution, that is, related species are
speculated to possess similar biological activities and clinical e�cacy. However, Xiao[31] himself also
thought that some plant medicines whose related species are found in China have different
pharmacological effects from the target medicine; hence, there could be other factors, apart from
phylogenetics, in�uencing whether candidate species could be used as substitutes or not.

In this study, we attempted to reveal the biology of medicinal resource substitution in Salvia. Basing on
the formation and scienti�c elucidation of daodi medicinal materials[32, 33], we hypothesized that
phylogenetic relationship and geographical climate are the main factors that determine which Salvia
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species has the potential to be selected as substitutes of Danshen. This study aimed to (i) reveal key
in�uential factors in S. miltiorrhiza substitution; (ii) explore the joint action of phylogeny and ecology to
acquire e�cacy homogeneity and diversity of Salvia species; and (iii) provide a screening model for
herbal substitution and new medicinal resource discovery. This paper is the �rst report to reveal the
relationship between TCM and its substitution and attempt to explain the underlying causes from the
perspective of phylogeny and ecology.

2. Materials And Methods

2.1 Plant material and DNA extraction
Salvia plants were selected referring to previous studies[22, 34–37] by considering extraordinary
characteristics, including genetic diversity, global distribution and medicinal signi�cance for treating
cardiovascular diseases. The sample selection in this study was primarily based on the article by Xiao et
al[13], and few other species with de�nite applications were also supplemented in consideration of the
species distribution and systematic taxonomy of Salvia. Fresh leaves of four Salvia species (S. deserta, S.
leucantha, S. pansamalensis and S. digitaloides), covering all of three global distribution centers, Central
and South America, central Asia/Mediterranean and eastern Asia [38], were sampled, and their collection
information was listed in Table 2. Voucher specimens were deposited in the Institute of Chinese Materia
Medica, China Academy of Chinese Medical Sciences.

Table 2
Collection information of four Salvia species sequenced in this study

  Species Collection region Accession
number

1 S. deserta Fukang County, Fukang City, Xinjiang Uygur Autonomous
Region, China

MT156378

2 S. leucantha Guanajuato, Mexico MT156367

3 S.
pansamalensis

Chiapas, Mexico MT156368

4 S. digitaloides Shangri-La County, Diqing Tibetan Autonomous Prefecture,
Yunnan Province, China

MT156376

Total genomic DNA was extracted from 100 mg of the silica-dried leaf by using a Dneasy Plant MiniKit
(Qiagen, CA, USA) according to the manufacturer’s instructions. The quantity and quality of genomic DNA
was examined using ND-2000 spectrometer (ThermoFisher Scienti�c, Wilmington, DE, USA) and 0.8%
agarose gel electrophoresis.

2.2 Sequencing, chloroplast genome assembly and
annotation
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The chloroplast (cp) genome of S. plebeia (NC050929) was assembled in our previous study[22]. Taking
this work as a guidance, the DNA sample pre-treatment, whole genome sequencing, cp genome assembly,
junction validation, and cp genome annotation were performed in turn. Four cp genomes were submitted
to the NCBI database (www.ncbi.nlm.nih.gov) with GenBank accession numbers listed in Table 2. The
physical maps of cp genomes were produced with Organellar Genome DRAW[39] (http://ogdraw.mpimp-
golm.mpg.de/).

2.3 Genome comparative analysis
In addition to the four newly sequenced cp genomes, the 10 following available cp genome sequences of
Salvia were downloaded from the NCBI database: S. japonica (NC035233), S. o�cinalis (NC038165), S.
hispanica (NC046838), S. plebeia (NC050929), S. miltiorrhiza (NC020431), S. yunnanensis (MK944405),
S. prattii (MK944407), S. roborowskii (MK944406), S. bulleyana (NC041092) and S. przewalskii
(NC041091). The multiple sequence alignment of the 14 cp genome sequences was performed using
MAFFT v.7 with the default settings and adjusted manually where necessary with BioEdit v.7.2.5. After
alignment, the coding sequences (CDS) were extracted using Geneious v.2019.1.3[40]. GC content and
codon information were calculated with MEGA v.10.0.4.

2.4 Genetic analyses
Two datasets [the whole cp genome and CDS] were used to construct the phylogenetic topology of 14
Salvia species with maximum parsimony (MP) and maximum likelihood (ML) methods, respectively.
Mentha longifolia (NC032054) and Perilla frutescens (NC030756) were used as outgroups. The
evolutionary divergences of the 14 species were evaluated using nucleotide differences and p-distance by
MEGA. Nucleotide diversity and average number of nucleotide differences were calculated by DnaSP
v.6.12.03.

2.5 Phylogeographic analyses
To obtain the occurrence records of 14 species, we downloaded natural collection data from the database
of Global Biodiversity Information Facility (GBIF, gbif.org) and referred to published articles[41–43].
According to the distribution ranges on the Royal Botanic Gardens (Kew science,
http://www.kew.org/science) and literature by Walker et al.[43], we removed duplicate, fuzzy and
neighbouring records and further proofread the latitude and longitude with Google Earth[44]. The
representative localities of 14 species were marked on the World map to show their geographical
distribution.

2.6 Climate analyses

2.6.1 Principal component analysis
Ten records per species were chosen randomly using R (v.3.6.3) as target localities to evaluate the
in�uence of spatial climate on TCM substitution. Nineteen WorldClim (v.2.0) bioclimatic layers (see
de�nition in Supplementary Table S1) were downloaded from the WorldClim website (worldclim.org).
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Nineteen environmental variables of each locality were extracted with ArcMap v. 10.4 as their ecological
dataset (10 localities per species ×14 species × 19 environmental variables). Principal component
analysis (PCA) was run with R (v.3.6.3) using the bioclimatic dataset of target localities to examine the
relationship between genetic lineages and climatic pattern and discover the ecological similarity of
SMSs.

To further understand the ecological processes driving the divergence of pharmacodynamic activities in
spite of closely-related species, we performed another PCA using the climate data of (i) S. miltiorrhiza and
�ve SMS species (S. yunnanensis, S. prattii, S. bulleyana, S. digitaloide and S. przewalskii); (ii) two nSMS
species [S. plebeia and S. roborowskii (SP&SR)] in Clade3; as well as (iii) S. deserta, which was distantly
related to S. miltiorrhiza, but acted as a folk alternative medicine of Danshen in the west of Xinjiang
province.

2.6.2 Correlation analyses
To investigate the ecological similarity among SMSs species, we �rstly selected two records per species
randomly and obtained their climate data (2 localities per species ×14 species × 19 environmental
variables, Supplementary Table S1 for elaboration) with ArcMap software. Then, Pearson correlation
analysis was carried out in R (v.3.6.3) using climate data of each species. A correlation heatmap was
created with ggplot2 (v.3.3.3) by using correlation coe�cient matrix.

2.6.3 Major climate factor analyses
To understand the ecological similarity of the cross-lineages of Salvia species, we run MaxEnt (v.3.4.1)
[45]; [46] three times based on �ltered occurrence records. For each time, records in each phylogenetic
clade (Figure 1) were used to calculate the contribution of each variable to the ecological niche model.
Five environmental variables with higher contributions were identi�ed as major climate factors that
possessed essential in�uence on the survival of Salvia. The ‘Random test percentage’ was set 25, and ‘Do
jackknife to measure variable importance’ was chosen. The remaining parameters were set by default.

2.7 Mantel test
To test the correlation between genetic structure in Salvia and the spatial patterning of climate variation
within the species range, we performed a partial Mantel test[47] in R by using a Euclidian distance matrix
of the climate variables extracted for each locality associated with a genetic sample, compared with the
cp genome genetic distance matrix (pairwise uncorrected p) by controlling for geographical distance. We
also conducted Mantel test with ade4 (v.1.7-15) and vegan (v.2.5-6) packages in R to compare the
Euclidian geographical distance matrix constructed from latitude and longitude for each locality with
genetic distance matrix by using 999 permutations.

3. Results

3.1 General features of Salvia cp genomes
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Four cp genomes of Salvia species were sequenced, and 22,783,492 to 34,368,080 paired-end raw reads
were generated using Illumina Sequencing System. The four novel cp genome sequences have been
preserved in GenBank (Table 2). The cp genomes were all circular double-stranded DNA and displayed a
quadripartite structure (Supplementary Figure S1). The length of the 14 Salvia cp genomes ranged from
150,980 bp to 153,995 bp (Supplementary Table S2). For these species, 114 unique coding genes,
consisting of 80 protein-coding genes, 30 tRNA genes and 4 rRNA genes, except for S. leucantha, were
identically annotated in the same order (Supplementary Table S2). The CDS length ranged from 77,064
bp to 79,455 bp (Supplementary Table S3). The number of codons of S. leucantha was the least (25688),
while the number of S. japonica was the most (26485).

3.2 Genetic analyses
Phylogenetic analyses were conducted using two methods with the complete cp genomes dataset. The
results identi�ed the same lineages within Salvia. The trees based on the CDS dataset showed little
discrepancy (Supplementary Figures S2 and S3). Here, we only presented MP topology based on entire cp
genomes, and support values were obtained from MP and ML analyses recorded at the corresponding
clades (Figure 1). Fourteen species were identically divided into three clades (named Clade 1-3). Among
the three clades, SMSs, except for S. deserta, belonged to Clade 3, indicating that S. miltiorrhiza and its
substitutes were related species. S. deserta, one Danshen-substitutable species, belonged to Clade 1
distantly related to S. miltiorrhiza. Clade 3 also consisted of two genetically closely related but
pharmacologically divergent species, namely S. plebeia and S. roborowskii, in comparison with S.
miltiorrhiza. The three main lineages within Salvia were quite distinct (Table 3). Clade 1 had the largest
average number of nucleotide differences (1514) within one lineage. The minimum number of average
nucleotide differences cross lineages (2596) was found between Clade 2 and 3. The genetic variation
within each lineage was signi�cantly smaller than the overall divergent between any two lineages (Table
3).
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Table 3
Genetic diversity measured for phylogenetic lineages

Clade n Number of nucleotides excluding
alignment gaps

Pi (π) k

Clade 1 3 149660 0.01022 1514.333

Clade 2 3 150771 0.00221 327.333

Clade 3 8 149506 0.00340 500.893

Between Clade 1 and
Clade 2

6 148185 0.01723 3641.667

Between Clade 1 and
Clade 3

11 147188 0.01172 3177.875

Between Clade 2 and
Clade 3

11 148091 0.00951 2596.000

Pi (π) is the nucleotide diversity per site; k is the average number of nucleotide differences.

3.3 Phylogeographic analyses
After �ltering, 21160 collection records were preserved. We tagged the representative points of each
species on the World map and found that 14 Salvia species underwent obvious species radiation in three
centres of the world including central and south America, central Asia/Mediterranean and eastern Asia
(Figure 2). The phylogenetic break was almost congruent with that of the geographical distribution of the
14 Salvia species. Species in Clade1, except for S. japonica, were mainly distributed in central
Asia/Mediterranean region, Clade 2 was mostly distributed in Central and South America, and Clade 3
was chie�y found in eastern Asia, showing obvious phylogeographic structure within their habitat.
Among the suitable growing-places of Salvia, S. miltiorrhiza and its alternatives predominantly settled on
eastern and central Asia (Figure 2), showing a close geographical distance among SMSs. However, two
species (SP&SR) were mainly distributed in eastern Asia and closely related to S. miltiorrhiza, but their
biological activities were distinct from SMSs.

3.4 Climatic analyses

3.4.1 PCA analysis
According to PCA1 (52.081%) and PCA2 (20.907%; Figure 3), PCA plot was obtained. 140 bioclimatic
points of 14 species were divided into three well-de�ned groups (named group 1-3, Figure 3). Points from
group 1 (red circles) were derived from species in Clade 1, group 2 (green circles) corresponded to Clade 2
and group 3 (blue circles) from Clade 3. The climate data grouping of the 14 species are consistent with
their genetic lineage structure. S. miltiorrhiza and its substitutes, except for S. deserta, belonged to group
3, indicating that SMSs were species with a similar growth environment.
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The separation of group 2 from the two other groups was arranged according to PCA1, which represented
signi�cant differences in bio1, bio6, bio9 and bio11 (Figure 4A). This �nding indicates that environmental
differences between group 2 and other groups were mainly linked to temperature, especially winter
temperature in the northern hemisphere. PCA2 separated group 1 from the two other groups (Figure 3).
PCA2 could be primarily described as the environmental variables of bio2 and bio15 (Figure 4A),
indicating that differential climate factors between group 1 and other Salvia species mostly lied in the
changing ranges of temperature and precipitation.

After combining the phylogenetic relationships and alternative characteristics of Salvia species, we found
three exceptions including related but non-substitutable S. plebeia and S. roborowskii as well as relatively
distant but substitutable S. deserta (Figure 1). To explore whether the substitution of the three species
was affected by climate, we performed another PCA analysis and compared their ecological similarity to
S. miltiorrhiza and substitutes. The plot of the �rst two components explaining the highest percentage of
variance (cumulative proportion 64.43%) showed the separation of S. plebeia, S. roborowskii and S.
deserta from S. miltiorrhiza and SMSs (Figure 4B). Compared with S. plebeia and S. roborowskii, the
cluster of S. deserta was closer to that of S. miltiorrhiza and SMSs with few overlapping points.

3.4.2 Correlation analyses
The environmental variables of the 14 Salvia species were greatly correlated with Pearson correlation
coe�cient ranging from 0.943 to 0.997 (Figure 5A). The habitat similarity within each clade was
apparently higher than that between two clades, especially for Clade 2 and 3. The ecological similarity of
species within Clade 3 which was mainly composed of SMSs according to phylogenetic analyses was
signi�cantly higher than that between Clade 3 and the two other clades.

3.4.3 Major climate factor analyses
In the maxent model, the mean Area Under Curve values of 10 replicates of the training and test data were
0.951 and 0.994 for Clade 1, 0.976 and 0.992 for Clade 2 and 0.972 and 0.987 for Clade 3, respectively.
The accuracy of the model was ‘excellent’[48]. Figure 5B shows the importance of environmental
variables to the survival of each clade according to jackknife test. The major climate factors of each
clade were quite distinct (Figure 5B). For Clade 1, the major climate factors contained bio14 [precipitation
of driest month; percent contribution (pc) the highest 47.9%], bio18, bio11, bio7 and bio1. The major
climate factors of Clade 2 were bio4 (temperature seasonality; pc the highest 41%), bio3, bio17, bio11 and
bio19. The major climate factors of Clade 3 were bio18 (precipitation of warmest quarter of the year; pc
the highest 42.4%), bio11, bio15, bio4 and bio19. Among three clades, the major climate factors of Clade
1 and 3 were relatively similar and both linked to precipitation.

3.5 Mantel test
Partial Mantel test was conducted to examine the relationship of environmental distance and genetic
distance while controlling for geographical distance, and the result was signi�cant (r = 0.4659; P = 0.002).
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The Mantel test showed that the genetic structure of Salvia was also driven by geographical isolation
(r=0.4903, P = 0.012 with ‘ade4’ package; r=0.4286, P = 0.003 with ‘vegan’ package).

4. Discussion
In contrast to adulterations, substitution can be legitimate in Foster’s practical de�nition[4]. Substitution
involves offering substances in place of other more expensive ingredients or substituting substances for
others that might not be readily available or available only at higher price. Accordingly, in the case of
some traditional medicines originated from endangered species or with huge consumption in the market,
substitution could be performed by local folks even though Chinese Pharmacopoeia has legally provided
sources of each medicinal material. For instance, Astragali Radix (Huangqi), the dried root of Astragalus
membranaceus (Fisch.) Bge. or A. membranaceus var. Mongholicus (Bge.)[49], is frequently substituted
by Hedysari Radix (Hongqi), the root of Hedysarum polybotrys, in Gansu province of China[50]. With
regard to Salvia, more than 20 congeneric species can be used as substitutes for S. miltiorrhiza by local
folk[12]. For instance, S. przewalskii, S. yunnanensis and S. trijuga are three species grown in the
southwest of China, and their roots are commonly used as Danshen in practice. Meanwhile, many other
Salvia species exist, and they have application or e�cacy distinct from S. miltiorrhiza. For example, the
whole plant of S. plebeia principally has anti-in�ammatory, antioxidative, antibacterial and antiviral
activities, excluding anti-thrombotic effects[14]. In this study, we took the genus Salvia for example, and
candidate species were selected predominantly based on the summary by Xiao et al[13] to explore vital
in�uences determining which species could be used as S. miltiorrhiza substitutes.

To date, there have been some scienti�c reports associated with TCM substitutions mainly focusing on
comparison of chemical compounds/metabolism and pharmacological effects between licensed
originals and substitutes. Zhang et al.[51] compared the metabolite compositions of Ophicordyceps
sinensis and its substitute cultured fermentation mycelia. They found that natural O. sinensis and its
substitute showed signi�cant differences in their metabolic pro�les. BUT et al.[52] provided strengthened
evidence that water buffalo horn could be used as an alternative for rhinoceros horn for its purging heat
activities. For Salvia, Xiao et al.[13] made a comprehensive summary regarding the characteristics of
chemical compounds between SMSs and nSMSs, and reported that lipophilic diterpene, one active
ingredient of Danshen, was relatively higher in SMSs species. However, minor or even only traces were
found in nSMSs. Several other investigations[53–56] reported similar observations in Salvia. These
studies did not clearly specify substitute delimitation owing to ambiguous fundamental in�uential
factors to determine substitutes in medicinal practice. Theories involving chemical composition and
pharmacodynamics could not guide the discovery of alternative resources.

Pharmaphylogeny is a new frontier subject that interrogates the phylogenetic relationship of medicinal
plants as well as the intrinsic correlation of molecular phylogeny, chemical constituents and therapeutic
e�cacy[57, 58]. The theory of pharmaphylogeny suggests that species with genetic links should be
preferentially chosen as candidate substitutes and emphasizes the important role of genetic relationships
in the development of surrogate resources. This theory has guided many successful cases of new
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medicinal resource exploitation. For example, Picroihiza scrophularii�ora (Xizang Huanglian) was
discovered to be a substitute for P. kurrooa Royle ex Benth. (Huhuanglian) originated from India of
Rhizoma Picrorhizae in the Chinese Pharmacopoeia 1995 edition[59]. However, in resource exploitation,
some plant medicines whose related species were found in China had no pharmacological effects similar
to target medicines[31]. Hence, other factors, apart from phylogenetics, could in�uence alternative
species selection.

Basing on the scienti�c elucidation of daodi medicinal materials[32, 33], we suspected that ecology might
be another key factor and hypothesized that phylogenetic relationship and geographical climate work
together to determine which Salvia species has the potential to be selected as substitutes of Danshen. We
tested this hypothesis from phylogenetic and ecological perspectives. Firstly, we took advantage of 14 cp
genomes to conduct phylogenetic analysis since single or multiple DNA barcodes could not perfectly
distinguish intraspeci�c and interspeci�c variation of Salvia[60, 61]. The 14 Salvia species came from all
three distribution centres, of which three species were predominantly distributed in central
Asia/Mediterranean, eight species were distributed in eastern Asia, and three species were distributed in
central and south America. These species could cover different natural ecological environment of Salvia.
Three main lineages were found in this topology of Salvia, congruent with that obtained by Walker et al.
[62] and Hu et al.[63]. S. miltiorrhiza and SMSs were predominantly located in Clade 3 (Figure 1), which
implied that S. miltiorrhiza and alternative species were closely related to each other. This result is
consistent with the view of Pharmaphylogeny. Phylogeny is indeed an important in�uential factor that
determines substitution. Secondly, we interestingly found that (i) S. plebeia and S. roborowskii were
genetically related to S. miltiorrhiza but had distinct clinical applications (Table 1). (ii) Although S. deserta
was in Clade1 relatively distantly related to S. miltiorrhiza (Figure 1), it had medicinal effects similar to
those of S. miltiorrhiza and could be used as an alternative in Xinjiang region. The existence of three
exceptional species suggested that other factors, apart from phylogeny, could in�uence substitution.

To test the role of ecology in alternative species selection, we carried out a series of analyses including
PCA (Figures 3 and 4B), correlation (Figure 5A) and major climate factor analyses (Figure 5B). In PCA
analyses, the climate data of 14 species were well separated into three groups (Figure 3). The bioclimatic
points of S. miltiorrhiza and SMSs species gathered for a group imply their similar habitat. The growth
environment of S. plebeia and S. roborowskii was well separated from that of S. miltiorrhiza and SMSs
based on the second PCA analyses (Figure 4B). This �nding indicated that their e�cacy differentiation
and non-fungible property could be attributed to environmental differences. Few overlap-points were
found between S. deserta as well as S. miltiorrhiza and SMSs group (Figure 4B), con�rming the impact of
ecology on determining S. miltiorrhiza substitutes. The result of the correlation analyses (Figure 5A)
suggested that the climate of species within each clade was apparently similar to that between two
clades. S. miltiorrhiza and SMSs species were primarily located within Clade 3, and their growth
environment were quite similar. To further con�rm the classi�cation of the habitat in Salvia, we conducted
major climate factor analysis using thorough collection records. The major climate factors of three
phylogenetic lineages were distinct (Figure 5B). However, the major climate factors of Clade 1 and 3 were
bio14 and bio18, which were both related to precipitation, in spite of being in different periods. Hence, the
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growth environment of species in Clades 1 and 3 was somewhat similar and could explain why S. deserta
in Clade 1 could be a substitute for S. miltiorrhiza to some extent. Thus far, all the three analyses proved
the role of ecology in determining substitution for S. miltiorrhiza. Besides, inferred from Figure 2, the
ecological differences between ‘S. miltiorrhiza and SMSs’ and nSMSs species in this study were
originated from different geographical distribution. So here, two factors of ecology and geographical
distribution of Salvia can be integrated in a comprehensive way.

By combining the present results with relevant reports[64, 65], we argued that phylogenetic relationship
and environmental stress could be two forces that contribute to the delimitation of substitutable species
and the homogeneity and diversity of medicinal effects of species within one genus. Genetics
fundamentally affects the type of bioactive components and biosynthetic and pharmacological function.
S. miltiorrhiza and substitutes are used interchangeably in folk, re�ecting the similarity in the type of
bioactive ingredients and their chemical pro�le. This similarity could be attributed to the shared genetic
base associated with synthesis of two main active compounds (phenolic acids and lipophilic diterpene
components), metabolic pathways and accumulation pattern[66]. For another, environmental signals, as
(i) abiotic elicitors that in�uence plant secondary metabolism[67] and (ii) motive forces that provide
directions for genetic variation and evolution[68], could be important regulators that lead to similar
e�cacy between S. miltiorrhiza and substitutes. This study presented the natural biology of medicinal
resource substitution. Other medicinal plants can learn from this biology towards developing alternative
resources.

In this study, two main in�uences of both phylogeny and ecology were focused when studying the
biology of medicinal resource substitution, of course, we realized that some other factors, such as
medication customs, market accounts[69], medical culture, socioeconomic and species distribution, may
also have an impact on substitution. European and American distribution centre countries use more
chemicals than herbs. In economically developed areas, the choice of medicine was wider, so it would not
be limited to the discovery of alternative species. The content of lipophilic diterpene, one active ingredient
in Danshen, was minor or even only traces in species mainly located in Europe and America, which could
also lead to their non-substitution for S. miltiorrhiza. The alternative character of S. deserta could be
attributed to the shape of similar growth environment, inferred from our study (Figures 3, 4, and 5), as
well as to its available local genetic material in western Chinese region Xinjiang. Therefore, this study
only revealed the biology of resource substitution of S. miltiorrhiza from the perspective of natural
science. Besides, we do note that in this study, there was a limitation of cp genomes and as a
consequence, it might not fully show the real effect of phylogeny and ecology on substitution. However,
our sampling size is by far the largest and most extensive in medicinal resource substitution research.
Additional Salvia cp genomes and bioclimatic data will be needed to improve our ability to examine and
better de�ne the role of phylogeny and ecology in resource substitution in the following research.

5. Conclusions
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At present, no in-depth attempts have been conducted to study vital determinants, although many herbal
medicines have been in demand for resource substitution. This study is the �rst to focus on crucial
in�uential factors of determining substitutes in TCM from the perspective of phylogeny and ecology.
Phylogenetic relationship and geographical climate were two fundamental elements working together to
shape substitutes for S. miltiorrhiza. Homogeneity and diversity of medicinal e�cacy of related species
could be attributed to similarities and differentiations of genetic and ecological type observed in Salvia.
This study would bene�t us by targeting candidate substitutes accurately and further simplifying
screening processes. Although total sampling remains small, we believe that these species can re�ect the
genetic relationship and ecological types of the three natural distribution areas of the genus Salvia. Our
study could enrich the content of pharmaphylogeny by adding another consideration of ecology,
especially climate, promote the rationality of substitution and provide guidance for TCM introduction and
new resource development.
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Figure 1

Phylogenetic relationships of 14 Salvia species inferred from MP and ML methods by using complete cp
genomes. Numbers above clades are support values with MP bootstrap values on the left and ML
bootstrap values on the right. Rose red squares and green diamonds represent S. miltiorrhiza and its
substitutes as well as other non-substitute species of Salvia, respectively.

Figure 2
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Distribution of 14 Salvia species. Rose red squares and green diamonds represent SMSs and nSMSs
species studied in this article, respectively. Triangle, circle and pentagram represent such representative
occurrence localities of each species. Clade 1-3 are the three lineages of Salvia as inferred from
phylogenetic analyses.

Figure 3

Results of PCA analysis using 2D (A) and 3D (B) representation. Each point represents the climatic data
of each occurrence locality. Different groups are shown with speci�c colours.
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Figure 4

(A) Loading result of the �rst two PCA components. Red star represents climate factors with high loading
values in �rst PCA analysis. (B) Plot of second PCA analysis using climate data of S. plebeia, S.
roborowskii, S. deserta, S. miltiorrhiza and SMSs.
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Figure 5

Results of checking ecological similarity of Salvia species. (A) Correlation heatmap of growth
environments of 14 Salvia species. Clade 1-3 represent three lineages inferred from phylogenetic
analyses. (B) Jackknife test for variable importance in the suitability distribution of Salvia. Values shown
were averages of 10 replicate runs.
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