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Abstract

Fritillaria cirrhosa is a remarkably representative endangered species on the plateau, and its phenotype has undergone
dramatic alterations due to global climate change and habitat destruction. However, the mechanism behind the phenotypic
change associated with color variation has not been characterized, and subsequent physiological responses are still unknown.
We investigated different phenotypes of cultivated F. cirrhosa and conducted a comprehensive transcriptomic analysis.
Their agronomic traits, photosynthetic parameters, and the content of pharmaceutical ingredients were also compared. In
the transcriptomic profiling, the purple phenotype had 754 up-regulated and 980 down-regulated genes compared with the
green F. cirrhosa, in which a total of 37 significant differential expression genes (DEGs) regulated the anthocyanin biosyn-
thesis by coding 6 vital enzymes (C4H, F3'H, ANS, DFR, DFT, and BA1). These DEGs were key genes responsible for the
form of the purple phenotype of F. cirrhosa. Moreover, 10 DEGs were observed to be related to biotic and abiotic stress
responses, such as regulation of defense response to bacterium and UV regulation in the actual unshaded field environment.
The results of agronomic traits indicated that the purple phenotype exhibited a multitude of merits in plant height and stem
diameter (p <0.05), and produced more high-quality fruit and seeds, which demonstrated that the purple phenotype has
high regeneration ability and potential resistance to cultivation conditions. Importantly, the content of total alkaloids as
bioactive ingredients in medicinal bulbs of purple F. cirrhosa was significantly higher than that in the green phenotype by
57.14%. Overall, the present study not only reveals the potential mechanisms of phenotypic variation in F. cirrhosa but also
contributes to a better understand adaptation of highland species related to ecological changes, as well as paves the way for
the further breeding and large-scale cultivation of F. cirrhosa.
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Abbreviations FPKM Kilobase of transcript per million fragments
ANS Anthocyanidin synthase mapped

BA1l Anthocyanidin 3-O-glucosyltransferase GO Gene Ontology

bHLH Basic helix-loop-helix KEGG Kyoto Encyclopedia of Genes and Genomes
bZIP Basic-leucine zipper Nr NCBI non-redundant protein sequences
C4H Cinnamate 4-hydroxylase PCA Principal component analysis

CHS Chalcone synthase TFs Transcription factors

DEGs  Differentially expressed genes TRs Transcriptional regulators

DFR Dihydroflavonol 4-reductase

F3'5'H  Flavonoid 3050-hydroxylase

F3'H  Flavanone 3'-hydroxylase Introduction

FDR False discovery rate

Plant adaptation is an evolution strategy that allows organ-
isms to respond to ecological fluctuations through various
mechanisms such as gene families (Zhang et al. 2019), chro-
mosome evolution (Ramsey 2011), anatomical traits physi-
Co-first author: Ye Wang and Zemin Yang. ological innovation (Taylor et al. 2012), and germination
behavior (Donohue et al. 2010). Highland ecosystems are
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particularly vulnerable to global climate changes resulting
in smaller biomass and slower growth of plants compared to
those at lower elevations (Cunningham et al. 2018). Within
these ecosystems, plants often develop adaptative traits for
population expansion though through farmers’ selection
(Beyene et al. 2005) and convergent phenotypic evolu-
tion (Wang et al. 2021a). Fritillaria cirrhosa D. Don, an
endangered plant species found in the Himalayan-Hengduan
Mountains (Chen et al. 2020; Wang et al. 2021b), serves as
a valuable model for investigating speciation and ecological
adaptation in extreme environmental conditions (Zhang et al.
2019). The dried bulbs of F. cirrhosa have been utilized for
thousands of years to moisten dryness and clear lung hear
(Quan et al. 2022). However, due to increasing demand and
unsustainable excavation, the species is facing accelerated
extinction. Consequently, its protection status was upgraded
from Class III to Class IT in 2021, announced by the National
Forestry and Grassland Administration and National Park
Administration in China. In recent years, the phenotype of
F. cirrhosa, a representative rare plateau species, has under-
gone dramatic changes. Purple plants now dominate the cul-
tivation field while green phenotypes remain prevalent in the
wild environment. Despite these observations, there have
been no reports focusing on the mechanism underlying this
color variation or analyzing its correlation with adaptation
strategies.

The wild F. cirrhosa primarily grows in the shade under
the plant community of other bush fallow, such as Sibiraea
angustata community and the Rhododendron litangense
community (Chen et al. 2003). During our field investiga-
tion, we observed that the green aerial parts of the plant
turned purple, especially during the seeding stage, under
strong ultraviolet lights in cultivated condition. Previous
studies have confirmed that plants can adapt to environ-
mental fluctuations by switching phenotypes (Kussell and
Leibler 2005). Color variation is a crucial adaptation mecha-
nism in many plants under stressful conditions (Dwivedi
et al. 2016; Kochian et al. 2015), such as high light inten-
sity and ultraviolet stress. The formation of plant color was
determined by pigment content, which consists of three
types of pigments: flavonoids, carotenoids, and alkaloids
(Qiao et al. 2022).

Flavonoids are major classes of pigments that participate
in plant developmental stages and growth conditions, serv-
ing various physiological functions including ultraviolet pro-
tection, antioxidant activity, and defense against phytopatho-
gens, addressing biotic and abiotic stresses (Petrussa et al.
2013). The implementation of multi-omics approaches for
strategic improvement has accelerated plant breeding with
recent technological advances in multiple disciplines, facili-
tating genetic modification or germplasm selection (Shen
et al. 2022). By analyzing the combination of transcriptome
sequencing and flavonoid metabolism in three cultivars of
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Acer truncatum, it was demonstrated that F3'H, BZ1, and
ANS are crucial genes for breeding red phenotype, while
ANR is the key gene for product high-content flavonoids
varieties (Qiao et al. 2022). Unfortunately, few studies have
focused on the mechanism of phenotype variation in plateau
plants due to the harsh environment. Therefore, studying the
phenotypic color variation mechanism of F. cirrhosa will
not only enhance our understanding of the impact of global
climate change on the genetic diversity of plateau species
but also provide a research foundation for early molecularly
assisted breeding of F. cirrhosa.

A comparative genomics study was conducted on two
different phenotypes of F. cirrhosa to reveal the mechanism
of color variation. The study also investigated the physi-
ological consequences of adaptation to the harsh environ-
ment in which F. cirrhosa survives. The research facilitates
the examination of the impact of global climate change on
endangered plants on the plateau, which can contribute to a
better understanding of the active adaptation of F. cirrhosa
to changes in the ecological environment of natural habitats.
Furthermore, the data obtained in this study can enhance our
understanding of molecular breeding and large-scale cultiva-
tion of F. cirrhosa.

Materials and methods
Plant materials

The planting site of F. cirrhosa was located in Tu Autono-
mous County of Huzhu (36° 59" E, 101° 59" N, altitude:
3050 m), which is in Haidong City of Qinghai Province,
China. The annual mean temperature is 0 °C; mean diur-
nal range is 13 °C; isothermality is 37; annual precipita-
tion is 466 mm; max temperature of the warmest month is
18 °C; min temperature of the coldest month is — 17 °C.
Fresh leaves were harvested without any damage by insects
or diseases at the seedling stage when these plants didn’t
grow anymore. All the materials were stored in a freezer at
—80 °C, awaiting metabolic measurement and RNA extrac-
tion. Six batches of leaf samples from two different pheno-
types were conducted in the biological repetition experi-
ments. Finally, mature bulbs were collected to determine
the total alkaloid content and evaluate the medicinal quality.

Authentication of experimental samples

The fresh bulbs (0.1 g) and leaves (0.1 g) of two different
phenotypes were used for DNA extraction followed by the
manufacture of a Novel Plant Genome Extraction Kit (Bei-
jing, China) and a modified CTAB method (Shi-lin Chen
et al. 2013). The forward and reverse primers for ITS2 were
5'-ATGCGATACTTGGTGTGAAT-3" and 5'-GACGCT
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TCTCCAGACTACAAT-3', respectively. The PCR reactions
were carried out using a 1 pL. DNA template, 1 pM forward
and reverse primers, 9.5 pL ddH,O and 12.5 pL 2 X Taq
Master Mix. The PCR amplification procedure involved
pre-denaturation for 5 min at 94 °C, followed by 40 cycles
of denaturation for 30 s at 94 °C, annealing for 30 s at 56 °C,
extension for 45 s at 72 °C, extension at 72 °C for 10 min,
and storage at 4 °C.

Transcriptome measurement
RNA extraction and library construction

The total RNA of fresh leaves from two phenotypes F. cir-
rhosa was extracted using RNAprep Pure Plant Hit (Bei-
jing, China) according to the manufacturer’s protocol. Aga-
rose gel electrophoresis was used to assess the quality of
the total RNA. The accurate RNA concentration and RNA
integrity were determined using a 2100 Bioanalyzer (Agilent
Technologies, CA, USA). The isolation and enrichment of
messenger RNA (mRNA) were finished using Oligo (dT)
and cut into short fragments after adding a fragmentation
buffer. These short fragments were purified using AMPure
XP heads and further synthesized the cDNA. The cDNA
was then subject to polyA tails and ligated with adapt-
ers for library construction before fragment selection and
PCR enrichment. The library quality was analyzed based
on an accurate quality using the Q-PCR approach (effective
concentration >2 nM). A total of 9 cDNA libraries were
sequenced using Illumina HiSeqTM 2000 (NEB, USA) after
pooling.

Transcriptome assembly and annotation of differentially
expressed genes

High-quality reads were obtained from raw sequences by
removing low-quality transcripts and adapter sequences.
The low-quality transcripts contained paired reads with N
content exceeding 10% of the read base number, as well as
paired reads in which the number of low-quality (Q <20)
bases exceeded 50% of the total bases. These reads were
then mapped to the assembled transcriptome for analysis
of the gene expression quantity, due to the absence of refer-
ence genomes. The reference sequence was assembled using
Trinity (Version v2.6.6) after obtaining clean reads for sub-
sequent analysis (Grabherr et al. 2011).

Furthermore, DESeq?2 software was used to obtain a gene
database of differentially expressed genes (DEGs) between
the two phenotypes, using reads without normalization
(Love et al. 2014; Varet et al. 2016). The selection criteria
for DEGs were llog,Fold Changel > 1 and false discovery
rate (FDR) < 0.05. A visualization method called M-versus-
A plot (MA plot) was used to analyze data distribution, using

M (log2 (Fold Change)) and mean/average (A) values. Gene
expression levels were compared using the kilobase of tran-
script per million fragments mapped (FPKM) after normal-
izing the amounts of mapped reads and the transcript length.
The function information of DEGs was analyzed using
public database, such as the NCBI non-redundant protein
sequences (Nr) for species authentication, the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) for investigating
the potential function of DEGs, and the Gene Ontology
(GO) database, which contains extensive functional infor-
mation on DEGs in biological process, molecular function,
and cellular component. Finally, the unigenes sequences of
DEGs were aligned with the PinTFDB and PlantTFDB data-
bases to identify transcription factor families.

Validation of DEGs regulating anthocyanin
biosynthesis using real-time quantitative PCR
(RT-qPCR)

Total RNA was extracted from two phenotypes of F. cir-
rhosa for three biological repetitions, and the extracted
RNA was reversed transcribed to synthesize cDNA sam-
ples. Five DEGs related to anthocyanin biosynthesis were
selected from the transcriptome sequencing results to verify
the accuracy of the transcriptome data. GAPHD was used
as the internal reference gene. The PCR reaction followed
this protocol: 95 °C for 2 min, 95 °C for 15 s, 60 °C for 30 s,
72 °C for 30 s, after 40 cycles, 65 °C for 5 s. The relative
gene expression was calculated using the 2-24! method. The
primer sequences for the targeted genes and internal refer-
ence gene are listed in Table S1.

Measurement of photosynthetic parameters

Fritillaria cirrhosa has a long flowering stage that lasts
about 30 days. Those unfolded leaves at the top of the plants
were used as the experimental object for obtaining param-
eters. The measurement time was controlled within the sec-
tion of 8:30—11:30 in the forenoon when the weather was
cloudless, avoiding the influence of photosynthesis. Each
leaf was detected triple times equally, and 10 individuals of
each phenotype were measured.

The Li-6800 portable photosynthesizer equipped with a
6800-01F fluorescent leaf chamber (Li-Cor, Lincoln, NE,
United States) and CO, small cylinders were used to con-
trol a statable environment around the detected leaf. The
flow speed and fan revolutions were set at 500 pmol/s and
10,000 r/min, respectively. The humidity and CO, concen-
trations were set at 55% and 400 pmol/mol, respectively.
The Qin values were set at 2400, 2100, 1800, 1500, 1200,
1000, 800, 600, 500, 400, 300, 200, 150, 120, 90, 60, 40,
20, and 0 umol/(m?s). The obtained net photosynthetic rate
combined with light intensity values were calculated by
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photosynthesis fitting software to form the photosynthetic
light response curve.

Based on the abovementioned instrument parameters,
the setpoint value of light was 1,500 pmol-m~2 s~!, and the
match options under the leaf chamber of red and blue light
were always open. After the leaf underwent detection of gas
exchange parameters, it was subjected to 20 min of dark
adaptation using silver paper. The leaf, after a dark adap-
tion, was detected by the Li-6800 portable photosynthesizer
equipped with a 6800-01F fluorescent leaf chamber to obtain
fluorescence parameters of chlorophyll.

Detection of total alkaloid content and anthocyanin

The detection of total alkaloid content followed the speci-
fications of the Chinese Pharmacopoeia and our published
study (Wang et al. 2022b). In brief, dried bulb powers
(2.0 g) were soaked using 3 mL ammonia solution (Batch
No. 20210601) for 1 h before reflux extraction using a
40 mL chloroform (batch No. 20210104): methanol (Batch
No. 20210104, 4:1, v/v) mixture. The filtered solution was
then mixed with bromocresol green (Batch No. CS6218)
liquor to obtain the underlying liquid after being divided by
a separating funnel. The final extraction was detected using
an ultraviolet spectrophotometer (752, Beijing, China). The
alkaloid content was calculated based on the standard curve
(Y=25.374X —0.0059, R*=0.9945) obtained from differ-
ence concentration of imperialine (purity >98%, Batch No.
BP6122).

The absorbance of anthocyanin was determined as Chen’s
(Chen et al. 2022) and Pu’s methods (Pu et al. 2021), which
involved extracting it with 0.1 mol-L~! hydrochloric acid
alcohol at room temperature. The extraction liquid was
scanned at 530 nm, 620 nm, 650 nm, respectively, using a
microplate reader (BioTek Synergy 2, USA). The anthocya-
nin content was calculated after obtaining the absorbance of
anthocyanin according to the two aforementioned references.

Bioinformation and statistical analysis

The DNA sequence of two phenotypes from two botani-
cal parts was processed and aligned using CodonCode and
DNAMAN software. The sequence alignment was con-
ducted using the BLAST site (https://blast.ncbi.nlm.nih.
gov/Blast.cgi). Correlation analysis based on Pearson’s cor-
relation coefficient was utilized to evaluate the association
within the biological replicates based on the whole FPKM
values. Principal component analysis (PCA), a non-para-
metric and data dimension reduction chemometrics method,
was used for cluster pattern and sample classification, with
limited principal component linearly related to the original
sequencing data. This analysis was performed using Metabo-
Analyst (version 5.0, an online software, https://www.metab
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oanalyst.ca/). Significant differences were determined using
the pared-sample 7-test in SPSS Statistic (version 21, IBM
company, USA), and p < 0.05 was considered as statistically
significant.

Results

Species authentication and agronomic traits
between purple and green F. cirrhosa phenotypes

During the period of emergence, these young plants exhib-
ited purple and green traits (Fig. 1A), Specifically, 50 indi-
viduals were selected and labeled for further examination
of agronomic characteristics during the flower and fruit
stages. The purple plants demonstrated a purple hue from
the basal stem to the leaves (Fig. 1B), while the green phe-
notypes displayed green features from the middle stem to
the leaves (Fig. 1C). Additionally, we observed that bulbs
of the purple phenotype germinated the lilac-colored
young stem tip before breaking through the soil (Fig. 1D),
whereas bulbs of the green phenotype developed the aqua-
colored stem tip before emerging (Fig. 1E). The anthocya-
nin content in the leaves of the purple phenotype measured
8.1566 +0.3371 nmol g~!, exhibiting an extremely sig-
nificant difference at p <0.01 (Fig. 1F, G). Ten F. cirrhosa
samples, including leaves and bulbs parts, were subjected
to DNA extraction. The purity of extracted DNA, as indi-
cated by the A260/A280 ratio, was approximately 2.0, and
most PCR amplifications produced clear bands with strong
signals. The amplified fragments had a length of 500 bp
(Figure S1). DNA barcoding revealed that both phenotypes
displayed 100% similarity to the standard reference sequenc-
ing data of F. cirrhosa from the NCBI database.

Six agronomic traits were measured at the flowering
stage (30th May-5th June), including plant height, stem
diameter, leaf number, leaf length, leaf width, and flower
number (Figure S2A—-S2F). The purple phenotype exhibited
a significant advantage in terms of plant height and stem
diameter (p <0.05), with purple plants averaging height of
41.04 +7.99 cm compared to 34.36 +7.39 cm for the green
phenotype. In other words, the purple phenotype showed
strong growth vigor. Although there were no significant dif-
ferences in the other four traits between purple and green
F. cirrhosa, purple plants showed a higher tendency than
green individuals, especially in flower number. Addition-
ally, the agronomic traits of fruit were compared between
purple and green phenotypes (Fig. 2A-F). The results indi-
cated extremely significant differences in fruit diameter, fruit
weight, and seed setting have between the two phenotypes
(p <0.01), while the length/diameter of the fruit and fruit
shell weight showed significant variation (p <0.05). There
was no significant difference in fruit length. The purple
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Fig. 1 The morphological characters of the aerial part and fresh bulbs
of F. cirrhosa in the cultivated site. A The whole distribution in the
large-scale area of two phenotypes. B Purple phenotype. C Green
phenotype. D The fresh bulb of purple phenotype before breaking

phenotype exhibited a higher seed setting rate (average
above 57.81%) compared to green plants, which was consist-
ent with the fruit weight and fruit shell weight comparisons.

Transcriptomic results

Quality assessment of RNA extraction, assembly, and DEGs
selection

The extracted RNA concentration ranged from 248 and
473 ng-pL~!, with a total amount of more than 8.68 ug and
excellent integrity (more than 7.5) in Table S2. The RNA
sequence and assembly are shown in Table S3, we obtained
nearly 45,000,000 clean reads, with a Q20 value of over
97.68% and a Q30 value of over 93.57% after sequence and
assembly. GC content was approximately 50%, with little
AT and a clear separation of GC. Furthermore, the correla-
tion heatmap (Fig. 3A) showed that the similarity within
the same phenotype was higher than that between differ-
ent groups, with a correlation coefficient of more than 0.94.
Based on the selection criterion, we identified 1734 DEGs
between the green and purple phenotypes. The MA plot
(Fig. 3B) displayed the expression level and fold change.
Herein, these DEGs were comprised of 754 up-regulated
genes and 980 down-regulated genes. The detailed gene
information of two phenotypes, including gene ID, aver-
aged FPKM, log2Fold-change, value, padj (False discovery
rate corrected for multiple hypothesis testing), and regulated
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Anthocyanin content (nmol/g)
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Green Purple

through the soil. E The fresh bulb of purple phenotype before break-
ing through the soil. F Fresh leaves of green and purple phenotypes.
G Anthocyanin content of fresh leaves of two kinds of leaves

status, is displayed in Table S4. PCA results indicated that
the PC1, which explained 83.2% of DEGs information, could
distinguish between purple and green phenotypes in Fig. 3C.
These DEGs showed excellent classification in the clustering
heatmap (Fig. 3D).

Annotation results of DEGs and transcription factors

These DEGs were first annotated in the Nr database, with
201 DEGs annotated in F. cirrhosa and 335 genes annotated
in congeneric species including F. agrestis, F. hupehensis,
F. liliacea, F. taipaiensis, etc. Moreover, these DEGs were
annotated into the public KEGG and GO databases. The
KEGG annotation results showed most DEGs participated
in the metabolic pathways and biosynthesis of secondary
metabolites (Fig. 4). Some genes were related to the bio-
synthesis of phenylpropanoid, flavonoid and anthocyanin
antenna. Two photosynthesis-relation pathways were also
involved in the differential annotation results. The GO
enrichment analysis indicated that 31 DEGs participated in
the biosynthesis and metabolic process of anthocyanin-con-
taining components (Fig. 5). The enrichment results reflect
a clear difference in anthocyanidin 3-O-glucosyltransferase
activity. Moreover, there also exist enrichment pathways in
the photosynthesis-relation process, such as regulation of
chlorophyll biosynthetic process, response to red light, pho-
tosystem, and photosystem II.
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Fig.2 The agronomic traits A
of fruits F. cirrhosa. A Fruit NS
length. B Fruit diameter. C 30
Length/diameter of fruit. D
Fruit weight. E Fruit shell
weight. F Seed setting rate. *
Means the significant difference = 25
with p <0.05; ** means the g
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Significant DEGs of forty-nine participated in the activity
of 25 transcription factors (TFs) and 7 transcriptional regu-
lators (TRs) were listed in Table S5. Most of TFs and TRs
simultaneously have up-and down-regulated genes, such as
bHLH which was regulated by 2 up- and 2 down-regulated
DEGs. Those DEGs coded the bZIP, C2H2, CSD, MADS-
MIKC, S1Fa-like, and WRKY were down-regulated while
these DEGs coded LUG and TCP were up-regulated.

The DEGs involved in anthocyanin biosynthesis
between purple and green F. cirrhosa phenotypes

The predictive biosynthesis pathway of anthocyanin is dis-

played in Fig. 6, along with a heatmap of the DEGs related
to the enzyme involved in the process. A total of 23 DEGs
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were found to regulate the anthocyanin biosynthesis, start-
ing from phenylalanine. Six vital enzymes were identified
to participate in the biosynthesis process. Among these
DEG, 14 genes coding C4H have higher expression levels
in the purple phenotype compared to the green individu-
als. Similarly, most of the DEGs related to CHS displayed
low expression levels in the green phenotypes. Addition-
ally, nine DEGs regulating four key enzymes (F3'H, ANS,
DFR, and BA1) showed higher expression levels in the
purple F. cirrhosa compared to the green phenotype. The
F3'H determined the biosynthesis of dihydrokaemoferol
from naringenin and ANS intervened in the formation of
leucopelargonidin from dihydrokaemoferol. DFR and BA1
affect anthocyanin biosynthesis by regulating the route of
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A

Green-1

Green-2

Green-3

Purple-1

PC2(5%)

30

Fig.3 The analytical results of sequencing data of purple and green
F. cirrhosa. A Correlation heatmap and the redder the color, the
higher the correlation. B The MA plot (M-versus-A plot (MA plot)
was used as a visualization method of data distribution using M (log2
(Fold Change)) and mean/average (A)), that red points mean up-

dihydromyricetin-leucodelphinidin-delphinidin-anthocya-
nin.

Furthermore, RT-qPCR was performed to performed
to verify the reliability and expression level of the RNA
sequencing data. Five DEGs related to anthocyanin bio-
synthesis, including CHS, F3'H, ANS, DFR and BAI,
were selected for analysis (Fig. 6). The results showed
consistent patterns between RNA sequencing data and
RT-qPCR analysis results, indicating the reliability of the
transcriptome sequencing data. The combined results sug-
gested that the color variation in F. cirrhosa was deter-
mined by the upregulation of structural genes regulating
anthocyanin biosynthesis.

regulated genes, green points mean down-regulated genes, and blue
points false regulation. C PCA score plot that pink circle represents
green phenotype while the green circle represents purple phenotype.
D Cluster tree and heatmap of DEGs that red means high expression
level and green means low expression level

The DEGs involved in the growth and potential stress
between purple and green F. cirrhosa phenotypes

Several DEGs related to plant growth and potential stress
was identified based on the GO annotation results for further
investigation of the difference in agronomic traits. Herein,
28 DEGs were upregulated in the purple phenotype com-
pared to the green plants, and they were in the regulation
of plant growth and potential resistance (Table S6). Fur-
ther analysis revealed that five genes were related to the
regulation and formation of the cell wall, seven genes were
involved in meristem growth, cell differentiation, and cell
proliferation, and 13 genes were associated with the regula-
tion of organ growth, including maintenance of floral organ
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Fig.4 The bubble diagram of I .
. Tyrosine metabolism+ @
KEGG enrichment results of . .
. Steroid biosynthesis - ©
DEGS in purple and green F. ) ) )
cirrhosa. The pathways in red Starch and sucrose met‘ubull.\m 1@
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identity, regulation of leaf development, inflorescence mor-
phogenesis and development. Ten genes were found to be
related to the biotic stimulus and abiotic stress, such as
regulation of defense response to bacterium (GO:1900425,
G0:1900424, GO:0016045) and virus (GO:0051607,
GO0:0009615, GO:0098586) in biotic response and UV
regulation (G0O:0010224, GO:0043478, G0O:0043479,
GO0:0043481) in abiotic stress. Interestingly, we found two
genes (Cluster-2539.154075, Cluster-2539.154070) have
annotation information of cellular response to nitrogen lev-
els (GO:0043562).

Comparison of photosynthetic parameters
between purple and green F. cirrhosa phenotypes

Photosynthetic light response curves of purple and green
phenotypes of F. cirrhosa are shown in Figure S3. The
curve indicated that the photosynthetic rate of both phe-
notypes displayed an increasing tendency with the photon
flux density when the value was less than 850 pmol/(m?
s). The curve became smooth between 850 and 1500 pmol/
(m? s), and the photosynthetic rate showed a descending
trend after 1500 pmol/(m? s). We found that the purple phe-
notype always displayed a higher photosynthesis rate com-
pared with that of the green phenotype. After curve fitting,
we obtained five characteristic parameters of the photosyn-
thetic light response curve in Table S7. The comparison
results indicated that purple phenotype has the higher light
saturation point (853.19 +96.35 pmol/(mz-s)), light com-
pensation point (8.4 +2.4 pmol/(m?-s)), dark respiration
rate (—0.65+0.1 pmol/(m2 s)), maximum photosynthetic
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rate (16.91 +2.48 pmol/(m? s)) but lower apparent quantum
efficiency (0.09+0.02) compared with green phenotype
(749.99 +139.74, 7.2+4.8, —0.71 +£0.44, 15.17+2.27,
0.1+0.01, respectively).

There were 15 photosynthetic parameters were detected
between purple and green F. cirrhosa during the flower-
ing stage (Table S8). The results indicated that there was a
minor difference in these parameters. Compared with green
plants, the purple phenotype has a higher net photosyn-
thetic rate, stomatal conductance to boundary layer water
vapor, net photosynthetic rate at steady-state fluorescence,
electron transport rate, and the quantum efficiency of CO,
assimilation, and non-photochemical quenching coefficient.
Moreover, green individuals showed lower values of the
other 9 parameters, such as transpiration rate and non-pho-
tochemical quenching coefficient. In addition, purple plants
displayed higher chlorophyll fluorescence values including
minimum initial fluorescence, maximum fluorescence after
a dark adaption, the difference between the maximum and
minimum fluorescence under dark adaption, and maximum
photochemical efficiency of PSII reaction centers when fully
open under dark adaptation, whereas lower net photosyn-
thetic rate under dark adaptation compared with the green
phenotype (Table S9).

Content of total alkaloid between purple and green
F. cirrhosa phenotypes

The validation results of the detection method
were reported in our previous research (Wang et al.
2022b). The performance indicated that accuracy,
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Fig.5 The circle plot of GO enrichment of DEGs in purple and green
F. cirrhosa. GO:0016210: Naringenin-chalcone synthase activity;
GO0:0022625: Cytosolic large ribosomal subunit; GO:0022626: Cyto-
solic ribosome; GO:0030529: Extracellular ribonucleoprotein com-
plex; GO:0042440: Pigment metabolic process; GO:0043043: Peptide
biosynthetic process; GO:0043228: Non-membrane-bounded orga-
nelle; GO:0043603: Cellular amide metabolic process; GO:0043604:
Amide biosynthetic process; GO:0044391: Ribosomal subunit;
GO0:0044444: Obsolete cytoplasmic part; GO:0044445: Obsolete

repeatability, and stability were excellent within 12 h.
The standard curve equation obtained via imperialine
was ¥'=25.374X —0.0059 with R?>=0.9945, and the lin-
earity range was between 0.0006 and 0.0111 mg-mL~".
The comparison result of total alkaloid is displayed in
Figure S4, which indicated that the purple phenotype has
higher content (0.11% +0.02%) compared with the con-
tent (0.08% +0.02%) of green F. cirrhosa. The content
of alkaloids in both phenotypes exceeded the standard of
Chinese Pharmacopoeia.
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cytosolic part; GO:0045552: Dihydrokaempferol 4-reductase activ-
ity; GO:0046148: Pigment biosynthetic process; GO:0046283:
Anthocyanin-containing compound metabolic process; GO:1990904:
Intracellular ribonucleoprotein complex. The first circle means three
types of GO enrichment, biological process (orange), molecular func-
tion (blue), and cellular components (green). The second circle means
the —log10 (p value) and the values increase with the deep color. The
third circle means upregulated DEGs and downregulated DEGs. The
fourth circle means the rich factor of each GO term

Discussion

As a typical plateau plant, F. cirrhosa not only survives
in the extreme environments of the Himalayan-Hengduan
Mountains but also provides precious medicinal materi-
als. Unfortunately, fewer studies have been conducted
to investigate the underlying mechanisms of phenotypic
variations and ecological adaptations of F. cirrhosa from
wild environment to cultivated conditions, primarily due
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Fig.6 The predicted pathway of anthocyanin biosynthesis, DEGs
heatmap, RT-qPCR analysis of anthocyanin-relation in purple and
green F. cirrhosa phenotypes. C4H is cinnamate 4-hydroxylase; CHS
is chalcone synthase; F3'H is flavanone 3'-hydroxylase; ANS: antho-
cyanidin synthase; DFR: dihydroflavonol 4-reductase; BZ1: antho-

to global climate change and deterioration of the ecologi-
cal environment.

Fritillaria cirrhosa is a high-altitude species and sexual
propagation using mature seeds is the primary method of
expanding propagation (Qu et al. 2022; Wang et al. 2021b).
Therefore, it is increasingly important for plant enterprises
to select phenotypes with high seed yields. Interestingly, in
our current study, we discovered a purple phenotype of F.
cirrhosa that produces high-quality fruit containing numer-
ous seeds. The high-yield advantage can be attributed to the
fact that these purple leaves can absorb more energy to with-
stand the low temperature in high-altitude areas. The tem-
perature during the emergence period of F. cirrhosa in May
remains extremely low for plant growth. The advantages of
the purple phenotype may enhance plant growth conditions,
which is supported by our comparison results indicating that
purple plants have tall and sturdy stems. The dominant plant
traits are beneficial for flower and fruit formation, thereby
helping plants withstand harsh windy weather. Addition-
ally, in our research sites, the purple F. cirrhosa phenotype
accounted for a high percentage (more than 90%) in the
young stage, in contrast to the green individuals. The per-
centage differed from our previous research conducted in
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cyanidin 3-O-glucosyltransferase. The first three lines are green phe-
notype and the later three lines are purple phenotype in the heatmap.
The green indicates low genes expression and red show high gene
expression. Error bars of column plots indicate the mean=+SD after
three duplicates

the Sichuan Province of China, where the green phenotype
accounted for a high percentage (89.5%) (Zhang et al. 2010).
The difference can be interpreted as the present provenance
was collected from Tibet while previous samples were from
local plants in Sichuan Province. We speculate that this dif-
ference may be attributed to the long-term, high-intensity
ultraviolet irradiation in Tibet, which led to the emergence
of this new phenotype in F. cirrhosa as an adaptation to cope
with strong light stress. This interpretation aligns with the
high expression of anthocyanin synthesis genes observed in
our transcriptome results for the purple phenotype.

Plants with purple traits seem to possess unique advan-
tages in promoting healthy growth, which is a common
exceptional characteristic observed in most plants (Fan
et al. 2021; Landi et al. 2013; Meng et al. 2022; Yan et al.
2020; Yuan et al. 2021). Tang et al. illustrated that BcTT8
is the candidate gene responsible for regulating anthocya-
nin synthesis, which resulted in two phenotypes of purple
and green non-heading Chinese cabbage (Tang et al. 2022).
Purple peppers exhibit favorable physiological tolerance to
drought stresses and high temperatures (Meng et al. 2022).
Purple ginseng had showed high resistance under high-
light stress compared with green phenotypes (Chen et al.
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2021). This is similar to our findings that purple plants have
a higher light saturation point compared with green plants.
Based on our comparison results, it appears that purple F.
cirrhosa can utilize a higher level of photosynthetic active
radiation to adapt to strong light intensities in high-altitude
region (Gao et al. 2017). We have observed that upregu-
lated genes in the purple phenotype response to UV light,
which aligned with their performance. Furthermore, purple
phenotypes exhibit upregulated genes that respond to biotic
response, particularly against bacterium and virus. This con-
sistency is observed in the purple leaf type of castor bean
(Ricinus communis), which demonstrates stable resistance
to leafminer, an insect pest that caused economic damage to
the plant, compared with the green leaf type susceptible to
the pest (Anjani et al. 2007). In a comparison study between
purple and green-leafed Ocimum basilicum, the green cul-
tivars were found to be more susceptible to boron toxicity
and higher concentrations of iodine due to lower anthocya-
nins and phenolic content (Incrocci et al. 2019; Landi et al.
2013). Purple sesame had the ability to produce high-quality
commercial production with a high antioxidant capacity
(Landi et al. 2013). Additionally, exogenous application of
anthocyanins has been found to enhance arsenic tolerance
and improve plant growth and productivity (Ahammed and
Yang 2022). We have also observed that the purple pheno-
type of F. cirrhosa demonstrates excellent growth perfor-
mance after long-time drought stress and high temperature,
allowing for the production of full fruits. Published literature
has also shown that anthocyanins can protect photosynthetic
tissue by absorbing light in the visible range, reducing light
stress (Zhang et al. 2014). In our study, we found two genes
(Cluster-2539.154075, Cluster-2539.154070) are associated
with cellular response to nitrogen levels, indicating that the
purple phenotype has high-efficiency nitrogen utilization.
Our previous study has shown that nitrogen supply promotes
the quality of fruits and seeds (Wang et al. 2022a). In our
further study, we plan to investigate the tolerance of the
two phenotypes to further validate the potential molecular
mechanisms of the purple phenotype under conditions of
long-time drought stress and high temperature.
Investigating the molecular mechanism of anthocyanin
biosynthesis in purple and green F. cirrhosa can provide
theoretical and technical support for expanding the gene
resource of purple F. cirrhosa and promoting its molecular
breeding. The clear KEGG enrichment analysis results pre-
sented in Fig. 4 indicate that leaf color differences may be
caused by anthocyanin biosynthesis, as the regulated genes
have a higher expression in the purple phenotypes. The GO
enrichment analysis results displayed in Fig. 5 also showed
DEGs between purple and green phenotypes participating
in the photosystem. However, there were no significant dif-
ferences in photosynthetic parameters, although the purple
phenotype shows a slight advantage. This suggests that the

expression of DEGs was not sufficient to lead to significant
differences between the two phenotypes.

The predicted pathway of anthocyanin biosynthesis
reveals the involvement of six key enzymes (C4H, CHS,
F3'H, ANS, DFR, and BA1), leading to the formation of
anthocyanin and the purple phenotype. Previous research
has also indicated that ANS plays a key role in breeding
red Acer truncatum (Qiao et al. 2022), while DFR and F3'H
have been confirmed to be involved in anthocyanin biosyn-
thesis in various plant species (Khusnutdinov et al. 2021).
The comparison results of TFs and TRs identified down-
regulated bZIP, C2H2, CSD, MADS-MIKC, S1Fa-like, and
WRKY, while up-regulated these LUG and TCP genes were
observed. Additionally, some genes that regulate bHLH and
MYB also demonstrated high expression in the purple phe-
notype, which is consistent with the role of the MYB-bHLH-
WD40 (MBW) complex in the color component biosynthesis
(Chaves-Silva et al. 2018; Zhang et al. 2022).

Conclusions

In conclusion, F. cirrhosa demonstrates adaptation to arti-
ficial environments from its natural shade habitat through
several characteristics, including color variation from green
to purple, advantageous agronomic traits (strong aerial
parts and high seed yield), and the presence of differentially
expressed genes related to potential resistance. The compar-
ative transcriptome analysis indicated 37 significant DEGs
regulating anthocyanin biosynthesis, which are key genes
responsible for the formation of the purple phenotype in F.
cirrhosa. Additionally, 10 DEGs were found to be related
to the biotic and abiotic stress, indicating that the purple
phenotype is an adaptation of F. cirrhosa to the change in its
ecological environment. Agronomic traits comparison also
supported the advantage of the purple phenotype is an in
reproduction and population evolution. Furthermore, a sig-
nificant difference in total alkaloid was observed, and DEGs
coding F3'H, ANS, DFR, and BA1 can be considered as
candidate genes for the molecular breeding of F. cirrhosa.
Overall, this comprehensive study provides a research basis
for understanding the adaptation of plateau species.
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