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ABSTRACT

Epiphytes with crassulacean acid metabolism (CAM) photosynthesis are widespread among vascular

plants, and repeated evolution of CAM photosynthesis is a key innovation for micro-ecosystem adaptation.

However, we lack a complete understanding of the molecular regulation of CAM photosynthesis in

epiphytes. Here, we report a high-quality chromosome-level genome assembly of a CAM epiphyte,

Cymbidium mannii (Orchidaceae). The 2.88-Gb orchid genome with a contig N50 of 22.7 Mb and 27 192

annotated genes was organized into 20 pseudochromosomes, 82.8% of which consisted of repetitive

elements. Recent expansions of long terminal repeat retrotransposon families have made a major contri-

bution to the evolution of genome size in Cymbidium orchids. We reveal a holistic scenario of molecular

regulation of metabolic physiology using high-resolution transcriptomics, proteomics, and metabolomics

data collected across a CAM diel cycle. Patterns of rhythmically oscillating metabolites, especially

CAM-related products, reveal circadian rhythmicity in metabolite accumulation in epiphytes. Genome-

wide analysis of transcript and protein level regulation revealed phase shifts during the multifaceted

regulation of circadian metabolism. Notably, we observed diurnal expression of several core CAM genes

(especially bCA and PPC) that may be involved in temporal fixation of carbon sources. Our study provides

a valuable resource for investigating post-transcription and translation scenarios in C. mannii, an Orchid-

aceae model for understanding the evolution of innovative traits in epiphytes.
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INTRODUCTION
Epiphytes, plants that grow on other plants only for physical sup-

port, represent a distinct group in terrestrial carbon-cycling eco-

systems (Zotz, 2016). In vascular plants, about 28 000 (�9%)

known epiphyte species are distributed in 73 families, including

18 families of lycopods and ferns, one gymnosperm, and many

angiosperms (Zotz, 2013). However, most vascular epiphytes are

from the particularly species-rich orchid family (Orchidaceae),

with approximately 70% of Orchidaceae species being epiphytes,

totaling �70% of all known epiphytic flowering plants (Pridgeon,
P
This is an open access article under the CC BY-NC-ND
2009; Stevens, 2017). Orchidaceae are thus an important subject

for understanding the innovative traits of epiphytes and their

associations with adaptation and rapid diversification.

Although two photosynthesis types—C3 and crassulacean

acid metabolism (CAM)—exist in epiphytes (Motomura et al.,
lant Communications 4, 100564, September 11 2023 ª 2023
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2008; Martin et al., 2010), the widespread occurrence of

CAM photosynthesis in epiphytes is of particular interest

(Zotz, 2004; Bone et al., 2015; Crayn et al., 2015). CAM

photosynthesis is a water-conserving carbon dioxide (CO2) fix-

ation pathway predominantly found in desert succulents and

tropical epiphytes that temporarily or permanently inhabit

water-deficit environments (Nobel, 1991; Donoghue et al.,

2014; Bone et al., 2015). Through use of a temporally

separated carbon-concentrating mechanism, a CAM plant is

able to photosynthesize during the day and exchange gases

at night to minimize water loss. The CAM process has been

divided into four phases across a diel cycle according to dy-

namic changes in CO2 fixation rate, malic acid content, and

stomatal resistance (Osmond, 1978). CO2 is converted to a

four-carbon acid that is stored in the vacuoles at night, then

decarboxylated to release CO2 during the day. CAM has

been documented in 37 families, including Crassulaceae, Bro-

meliaceae, Cactaceae, Agavaceae, and Orchidaceae (Benzing

et al., 1985; Luttge, 2004; Silvera et al., 2009; Gamisch et al.,

2021). Previous studies of Bromeliaceae and Orchidaceae

have shown that CAM photosynthesis evolved convergently

in epiphytes (Benzing et al., 1985; Silvera et al., 2009). Five

subfamilies (Apostasioideae, Vanilloideae, Cypripedioideae,

Orchidoideae, and Epidendroideae) are recognized within

Orchidaceae (Ramirez et al., 2007; Chase et al., 2015;

Govaerts et al., 2021). Except for Neottieae and a few early

diverging groups, the core Epidendroideae are highly

speciose, including more than 19 500 species, and largely

comprise epiphytic CAM plants, accounting for �70% of all

epiphytic flowering plants and �60% of all CAM plants

(Winter and Smith, 1996; Pridgeon, 2009; Zotz, 2013).

Our understanding of the genetic basis and molecular modules

of CAM photosynthesis–mediated metabolic physiology re-

mains incomplete, particularly for epiphytes. Previous studies

of molecular regulation in CAM plants have focused mainly

on terrestrial CAM plants at the genomic or transcriptional

regulation level: identification of cis-regulatory elements

(CREs) of CAM pathway genes associated with circadian clock

genes in Ananas comosus (Ming et al., 2015), diel shifts and

altered transcript abundance between CAM and C3 plants of

Sedum album (Wai et al., 2019) and Erycina (Heyduk et al.,

2018), convergent evolution of genes involved in CO2 fixation

and stomatal movement (Yang et al., 2017), and gene

toolkits directly involved in CO2 fixation metabolic pathways

in representative orchids (Cai et al., 2015; Zhang et al.,

2016). A more recent study of the aquatic CAM lycopod

Isoetes revealed its distinction from terrestrial CAM plants at

the genome and transcriptome levels (Wickell et al., 2021).

However, metabolic and proteomic contributions to the

physiological adaptations of CAM photosynthesis remain to

be fully clarified. Proteomic changes in guard and mesophyll

cells were analyzed in the obligate CAM plant Kalanchoë

fedtschenkoi (Abraham et al., 2020) and the facultative CAM

plant Mesembryanthemum crystallinum (Guan et al., 2021).

A multi-omics study of terrestrial CAM was performed in

Agave (Abraham et al., 2016), but whether the findings apply

to epiphytes is largely unknown. Because transcriptome

changes translate into protein fluctuations and then into

metabolite rhythms, multifaceted regulation of the CAM

pathway is worthy of further study.
2 Plant Communications 4, 100564, September 11 2023 ª 2023
The genus Cymbidium belongs to Epidendroideae

(Orchidaceae) and comprises 60–80 perennial plants and many

horticultural cultivars (Liu et al., 2006; Puy and Cribb, 2007;

Pridgeon, 2009). Members of the genus Cymbidium can be

epiphytic or terrestrial and are found in diverse vegetation

types, from tropical rainforests to subtropical grasslands

(Motomura et al., 2008; Ogura-Tsujita et al., 2012). CAM

photosynthesis has been documented to occur frequently in

Cymbidium (Motomura et al., 2008; Zhang et al., 2015);

thus, minor genetic changes might enable the evolution of

such photosynthetic traits. Diverse ecological adaptations

make Cymbidium an ideal model for understanding the

association between epiphytes and photosynthetic types. In

Cymbidium, three genomes, all from terrestrial C3 species, have

recently been reported (Ai et al., 2021; Sun et al., 2021; Yang

et al., 2021), but the genomes of epiphytic CAM plants remain

to be explored. Although the genome of the epiphytic orchid

Phalaenopsis equestris has been reported, this work mainly

emphasized the evolution of CAM-associated genes (Cai et al.,

2015). In the present study, we assembled a high-quality chromo-

some-level genome of the CAM epiphyte C. mannii and investi-

gated genome-wide molecular regulation of its metabolic physi-

ology by integrating transcriptomics, proteomics, and

metabolomics data across a 24-h diel cycle. Our work provides

a high-quality genome for a CAM epiphyte and broadens our un-

derstanding of the temporal regulation of CAM photosynthesis–

mediated metabolic physiology.
RESULTS

Physiological characteristics and chromosome-level
genome assembly and annotation of C. mannii

We surveyed the day–night patterns of physiological parameters

in the CAM plant C. mannii, including net carbon uptake, enzyme

activities, and metabolites involved in carboxylation. Nocturnal

CO2 uptake was generally synchronous with stomatal opening

in C. mannii leaves (Supplemental Figure 1). During the day–

night shift, the content of oxaloacetic acid increased until dusk;

this was followed by a dramatic increase in pyruvic acid at night,

whichmay reflect the corresponding increase in phosphoenolpyr-

uvate carboxylase (PPC) activity (Supplemental Figure 1). During

theday, storedmalatewasdecarboxylatedbymalic enzyme (ME),

likely resulting in high concentrations of CO2 around Rubisco.

We then sequenced theC.mannii genome using a combination of

platforms (Supplemental Table 1). The assembly was 2.88 Gb in

length, comprising 1892 contigs with a contig N50 of 22.7 Mb

(Supplemental Tables 2 and 3). Using chromatin interaction

signals from Hi-C data, 20 pseudochromosomes were

constructed, anchoring 2.73 Gb (94.79%) of the genome

sequences; the longest pseudochromosome was 202.7 Mb and

the shortest 79.1 Mb (Figure 1; Supplemental Table 4). The

assembled genome size was consistent with predictions based

on flow cytometry (2.84 Gb) and k-mer frequency distribution

(2.84 Gb) (Supplemental Figure 2), and the continuous

evaluation contig N50 was higher than that of other reported

genome assemblies in Orchidaceae (Supplemental Table 3).

A total of 27 192 protein-coding genes were annotated in the

C. mannii genome, at least 21 960 (79.1%) of which were



A B

Figure 1. Genome characteristics of the CAM plant Cymbidium mannii.
(A)Genome-wide all-by-all Hi-C interactions of the intra-chromosomal contact matrix. The interaction heatmap represents the normalized counts of Hi-C

links in 500-kb bins on a logarithmic scale.

(B) Genomic features of C. mannii. Outer to inner circles show (1) chromosome length, (2) gene density, (3) GC content, (4) LTR sequences, and (5) DNA

transposons. Homologous regions among chromosomes are displayed with connecting lines colored according to the chromosome number.
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supported with transcriptome data. InterProScan analysis re-

vealed that 26 313 (96.4%) genes could be functionally anno-

tated, 10 785 of which encoded metabolic enzymes in Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathways

(Supplemental Table 5). Nine hundred forty-three protein

kinases and 1660 transcription factors (TFs) were identified in

the C. mannii genome (Supplemental Table 6). The coding

regions were typical in size, but the average gene size was

expanded compared with that of basal Orchidaceae species

and selected monocots, probably because of an increase in

noncoding sequences (Supplemental Table 7). The annotation

quality was assessed using Benchmarking Universal Single-

Copy Orthologs (BUSCO); 1566 complete gene models out of

1614 (97.0%) were recovered, consisting of 95.4% single-copy

genes and 1.6% duplicates, suggesting the high quality and

completeness of the gene annotations (Supplemental Figure 3;

Supplemental Table 8).

Transposable element–mediated genome size
expansion

Approximately 82.8% of theC. mannii genome was composed of

repetitive elements, 92.2% of which were transposable elements

(TEs) (Figure 2A; Supplemental Table 9). Long terminal repeats

(LTRs) represented the largest proportion (75.8%) of repetitive

elements, of which Gypsy (30.2%) was the most abundant,

followed by Copia (7.5%) (Figure 2B). The Gypsy:Copia ratio

was approximately 4:1, falling within the general range of most

angiosperm LTR ratios (Zhang et al., 2020). The main bursts of

Gypsy retrotransposons (RTs) occurred about 30–40 million

years ago (MYA), whereas those of Copia retrotransposons

occurred approximately 10–20 MYA (Figure 2C). LTRs were

classified into 10 families, and their abundance and insertion

times were investigated (Figure 2D). CRM and Reina families in
P

Gypsy, which are present only in seed plants (Gorinsek et al.,

2004; Neumann et al., 2019), were markedly expanded. The

non-chromovirus group Retand, which is only found in angio-

sperms (Neumann et al., 2019), was the third most abundant

LTR group. A similar expansion was observed for the

angiosperm-specific group SIRE in the Copia superfamilies.

Thus, specific LTR groups had a major effect on C. mannii

genome size during evolution.

Genome and gene family evolution

The phylogeny of C. mannii and other Orchidaceae species,

along with 10 other representative plant species, was inferred us-

ing a concatenated dataset of 423 single-copy genes (Figure 3A).

The divergence time between Cymbidium (represented by

C. mannii) and its sister clade Phalaenopsis could be dated

back to 30.67 MYA or the Early Oligocene (Figure 3A), which

was also close to the timing of the LTR-Gypsy burst.

Consistent with previous studies (Zhang et al., 2017; Hasing

et al., 2020), our collinearity analysis showed that all orchids,

including the early diverging lineages, shared a single whole-

genome duplication (WGD) event, but there were no genomic

signals of additional WGD events in the formation of the core

Cymbidium species (Supplemental Figure 4). Few syntenic

blocks (42 blocks containing 416 genes) were identified in the

C. mannii genome, further confirming the lack of segmental

or chromosome-level duplication (Figure 1B). A lack of recent

WGD events was also revealed by the distribution of

synonymous substitutions per synonymous site (Ks), in which

the selected orchids shared a similar peak (Figure 3B), and

by the small proportion of duplicated BUSCO genes in the

genomes of C. mannii and other orchids (Supplemental

Figure 3).
lant Communications 4, 100564, September 11 2023 ª 2023 3
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Figure 2. TE-mediated genome size expansion.
(A) Comparison of repetitive sequences in orchids.

(B) Relative contents of the different repetitive element classes. Types lower than 0.5% are not shown.

(C) Insertion time distribution of intact LTRs in the C. mannii genome.

(D) LTR-RT families in C. mannii. The 10 LTR-RT families with R5 LTRs are plotted. Dots in each boxplot represent the identified LTR elements. Box

boundaries indicate 25% and 75% of the distribution of insertion times.
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To obtain a broader picture of the dynamics of gene families,

C. mannii was compared with four sequenced orchids and

four other angiosperms, including typical CAM species

(Supplemental Figure 5). A total of 8353 and 6588 gene families

were shared among orchids and the selected angiosperms,

respectively. Because our focus was on functional toolkits

related to CAM photosynthesis, gene families shared by the

selected CAM plants (Phalaenopsis aphrodite and A. comosus)

were identified and compared with those of the early diverging

C3 orchid Apostasia shenzhenica (Figure 3C). Gene Ontology

(GO) enrichment analysis indicated that C. mannii-specific

genes were enriched in functional categories related to stress

response and internal and external stimuli, as well as energy-

related components such as NADH dehydrogenase and ATP

synthase complex (Figure 3D). Compared with the terrestrial

CAM plant A. comosus and another epiphytic CAM orchid

P. aphrodite, C. mannii shared many gene families related to

photosystems, photosynthetic electron transport, cytochrome-

c oxidase activity, and so forth (Figure 3E). We also compared

the assembled C. mannii genome with the recently published

genome of Cymbidium ensifolium (a C3 plant), and they largely

shared gene clusters enriched in photosynthesis and light

reactions (Supplemental Figure 6).
Rhythmic oscillations of the C. mannii metabolome

Temporal variations in the C. mannii leaf metabolome were

examined using untargeted liquid chromatography–mass spec-

trometry (LC–MS) with six biological replicates at 4-h intervals

within one diel cycle (starting from zeitgeber time [ZT] 0)

(Supplemental Figure 7). A total of 7364 metabolite features
4 Plant Communications 4, 100564, September 11 2023 ª 2023
were measured, and analysis of coefficients of variation across

replicates revealed that 80% of the metabolites had values

<0.4, suggesting that the metabolome data were generally

of high quality. Principal-component analysis clearly separated

the metabolites into different time points, especially metabolic

profiles for the day and night (Supplemental Figure 8).

By comparing the mass-to-charge ratio (m/z), retention time,

and fragmentation pattern data with the KEGG and Human

Metabolome Database, 375 metabolites (from secondary

mass spectrometry) were annotated or structurally identified,

including 16 low-molecular-weight organic acids and derivatives,

11 sugar-related compounds, 69 amino acids and derivatives,

13 nucleosides, 25 flavonoids, 38 glycerolipids and glycerophos-

pholipids, and 52 fatty acids and acyls (Supplemental Table 10).

The 375metabolites were grouped into four clusters according to

their relative abundance at different time points: cluster 1 (141

metabolites) showed higher abundance late in the day (dusk),

cluster 2 (152 metabolites) generally showed higher abundance

in the middle of the night, cluster 3 (22 metabolites) peaked at

the start of the day, and cluster 4 (60 metabolites) displayed

higher abundance in the early morning (dawn) (Figure 4A).

Metabolic pathway enrichment analysis (false-discovery rate

[FDR]-adjusted p < 0.05) indicated that the aminoacyl-tRNA

biosynthetic pathway was enriched in clusters 1 and 2, whereas

metabolites from glutathione and glycerophospholipid metabolic

pathways were enriched in cluster 4. No metabolic pathway

enrichment was detected in cluster 3.

To further characterize rhythmic metabolites, JTK_CYCLE anal-

ysis was performed, and 160 metabolites with rhythmically
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Figure 3. Comparative and evolutionary genomics of C. mannii and other representative plants.
(A)Phylogenetic relationships among orchids and other selected angiosperms. The phylogeny is constructed from single-copy orthologs among selected

taxa. Species names in green belong to the Orchidaceae family. Green circles on the internodes indicate WGD events. Lineage divergence time (black)

and bootstrap support value (blue) are marked at each branch node.

(legend continued on next page)
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oscillating patterns of abundance were identified (FDR-adjusted

p < 0.05) (Figure 4B). Most detected amino acids and

derivatives (69.56%), nucleosides (69.23%), and flavonoids

(56.0%) displayed circadian rhythmicity. Most rhythmic

metabolites showed peak abundance at the end of the day to

early night, accounting for 75.61% of all rhythmic metabolites

(Figure 4C). Moreover, 77.78% of nucleosides, 68.97% of

organic acids and derivatives (e.g., amino acids), 42.11% of

organic oxygen compounds (e.g., sugars, alcohols), and

29.59% of lipids showed rhythmic abundance (Figure 4D).

As a CAMepiphyte,C.mannii can take upCO2 at night as a carbon

source. We therefore investigated levels of central metabolites in

the CAM pathway (e.g., malic acid, fumaric acid, and soluble

sugars) (Figure 4E) and the glycolysis/gluconeogenesis pathway

(Supplemental Figure 9). Malic acid abundance decreased during

the day and increased at night, whereas fumaric acid fluctuated

over the diel cycle but tended to increase at night. Possible

soluble sugars, oxaloacetate, and pyruvate were detected by

primary mass spectrometry. Glucose and fructose displayed a

biphasic pattern in which they accumulated in the middle of the

night and in the morning. The dynamic synthesis and

decomposition of pyruvate during the day were consistent with

the reduced intensity in the day. To compare the fluctuations of

these metabolites with those in other CAM and C3 plants, the

dynamic patterns of malic acid, fumaric acid, and soluble sugar

levels were compared with those in the terrestrial CAM plant

Agave and the C3 model plant Arabidopsis (Supplemental

Figure 10; Supplemental Table 11). The oscillation phase of malic

acid was consistent with CO2 fixation in terrestrial CAM plants

and unlike that in the C3 model plant. Fumaric acid tended to

show a pattern similar to that in Agave, with higher intensity in

the evening. Glucose and fructose displayed similar fluctuations

in Agave and Arabidopsis, indicating more than one carbon

source for malate synthesis (Arrizon et al., 2010; Abraham et al.,

2016). Glycolysis/gluconeogenesis-related metabolites were also

investigated (Supplemental Figure 9), and several metabolites

from this pathway showed relevant changes. However, because

some of the glycolysis/gluconeogenesis-related metabolites were

detected from primary mass spectrometry, further identification

and verification may be required.
Rhythmic time differences between transcriptome and
proteome

To investigate the potential roles of transcription- and translation-

level regulation in the day–night metabolic physiology of an

epiphyte, transcriptomic and proteomic profiling were performed

in triplicate and quadruplicate, respectively, using the same time

points sampled for metabolomic analyses. After excluding low-

expressed genes (transcripts per million [TPM] < 5), 17 648 tran-

scripts (64.63%) (Supplemental Table 12) were used for circadian

analysis, 7568 (27.72%) of which were rhythmically transcribed

(Supplemental Table 13; Supplemental Figure 11). Protein
(B) Distribution of Ks analysis among selected orchids. Gene pairs were base

(C) UpSet plot displaying the orthologous groups present (black circles) or

representative terrestrial CAM plant A. comosus, and the CAM epiphyte P. aph

specific genes and genes shared by selected CAM plants, respectively.

(D) Significant (FDR < 0.05) GO terms annotated in C. mannii-specific ortholo

(E) Significant GO terms derived from shared CAM plant orthologous groups
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abundance was also quantified to evaluate the potential role of

post-transcriptional modifications on functional state changes

in C. mannii, and 40 721 peptide sequences and 5218 protein

groups were obtained (Supplemental Table 14; Supplemental

Figure 12A). Among all detected proteins, the abundance of

508 (9.74%) proteins exhibited rhythmic patterns across

the diel cycle (FDR-adjusted p < 0.05). Among these, 235

proteins were related to metabolic pathways. Enrichment

analysis showed that nucleotide biosynthesis pathways and

CAM-related pathways (e.g., carbohydrate metabolism and

photosynthesis pathways) were enriched (Supplemental

Figure 12B). Moreover, the functions of protein processing in

the endoplasmic reticulum, plant hormone signal transduction,

and carbohydrate metabolism were enriched among the cycling

proteins (Supplemental Figure 12C).

When transcriptome and proteome datawere integrated, multifac-

eted regulation of metabolic physiology was observed inC.mannii

leaves (Figure 5). Specifically, the rhythmic transcripts mainly

showed peak expression at the beginning of the night (ZT12)

(25.17%) (Figure 5A), whereas most proteins peaked at dawn

(ZT20–ZT22) (49.80%) (Figure 5B). This phase shift pattern

suggests that the molecular regulation of circadian physiology

of metabolism occurred at or above post-transcriptional levels.

To gain insight into this pattern, we examined 182 genes

that displayed rhythmicity at both transcriptional and post-

transcriptional levels (Figure 5C). The peak protein abundance

was hysteretic. Approximately 66.67% of the genes displayed a

lag time of 2–12 h, of which 52 genes (47.27%) lagged for 6–8 h

at the protein level relative to their expression level (Figure 5D). To

test whether this molecular pattern resembled or differed from

that in terrestrial CAM plants, published transcriptomic and

proteomic data were reanalyzed using the same pipeline, and

rhythmic transcripts and proteins were identified in Agave

(Supplemental Figure 13). The percentage of rhythmic transcripts

(33.82%) and proteins (9.70%) in Agave was similar to that in

C. mannii. The phase-shift pattern could be clearly observed in

Agave, and 49.64% of the genes displayed a lag time of 2–12 h,

of which 56.52% lagged for 8–10 h. The total proportion of genes

that lagged by 8–10 h in Agave (28.06%) is close to that of genes

that lagged by 6–8 h in C. mannii (31.51%). However, 34.53% of

the genes lagged by 20–22 h in Agave compared with only

16.36% in C. mannii. Our results indicate that the transcript–

protein phase shift pattern was shared by different species, but

the peak times of transcripts and proteinsmay be species specific.

To gain further insight into the post-transcriptional regulation of

epiphytic CAM plants, we analyzed the expression levels and

protein abundance of core genes involved in CO2 fixation in the

CAM pathway, including carbonic anhydrase (CA),ME, malate de-

hydrogenase (MDH), PPC, phosphoenolpyruvate carboxykinase

(PEPCK), phosphoenolpyruvate carboxylase kinase (PPCK), and

pyruvate phosphate dikinase (PPDK) (Supplemental Table 15;

Supplemental Figure 14A). The mRNA expression profiles of the
d on paralogs within a given genome.

missing (gray circles) across genomes of the selected C3 orchids, the

rodite. Highlighted blue and dark red boxes and circles indicate C. mannii-

gous groups.

.
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Figure 4. Rhythmic and selected CAM photosynthesis-related metabolites in C. mannii.
(A) Hierarchical clustering metabolic abundance profiles throughout the diel cycle. The abundance values (log2) were averaged from six replicates, and

the Z score was transformed. The metabolite annotation is summarized in Supplemental Table 10.

(legend continued on next page)
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nine rhythmically expressed CAM pathway genes (three CAs, four

MDHs, one PPC, and one PPDK) were collected and compared

with their protein abundance (Figure 5E). CA catalyzes the

conversion of CO2 to bicarbonate, playing a crucial role in CO2 fix-

ation. Three CA subfamilies (a, b, and g) were present inC. mannii.

bCA is an upstream regulator of CO2-controlled stomatal move-

ments, and plants that overexpress bCA in guard cells exhibit

enhanced water use efficiency (WUE) (Hu et al., 2010). Two

rhythmically expressed bCAs (CA2 and CA4) were identified in

the CAM orchid C. mannii, and one bCA (CA5) showed a high

expression level. CA2 and CA5 exhibited increased expression

levels during the day, followed by a decrease at night, whereas

CA4 and CA9 displayed the opposite pattern. Therefore, CA2

and CA5 might correlate with stomatal movements, but more

evidence is needed to support this possibility. The four cycling

MDH genes showed contrasting expression patterns, indicating

that the different enzymes had their own regulatory schema and

coordinated together in the CAM pathway. Because PPC is a

key enzyme for CO2 fixation in the CAM pathway, gene

expression and protein abundance of all three gene copies were

examined. One copy of PPC showed rhythmic expression

(PPC1;1), but another copy (PPC1;3) had a much higher

expression level, at least 10 times that of PPC1;1. Moreover, only

PPC1;3 displayed significant day–night differences in protein

abundance (Supplemental Figure 14B), implying that PPC1;3

might play a dominant role in catalyzing HCO3-dependent carbox-

ylation. Overall, the protein abundance of these genes changed

asynchronously with their temporal expression levels, suggesting

important roles of post-transcriptional regulation in epiphyte

physiology.

Similarities and differences in CAM-related gene
expression between epiphytic and terrestrial plants

Wenextcompared theexpressionpatternsofcoregenes related to

the CAM pathway in C. mannii and three terrestrial CAM plants

(A. comosus, K. fedtschenkoi, and S. album) using publicly avail-

able cycling data. The genes showed generally coincident expres-

sion patterns with shifted phases (Figure 6). The rhythmic bCA

(CA2) in C. mannii and its S. album homolog displayed a similar

expression pattern, distinct from that of the A. comosus and

K. fedtschenkoi homologs, which showed increased expression

under dark conditions. The expression pattern (peaking at dawn)

of the other highly expressed bCA gene (CA5) was consistent

with that of homologs in A. comosus and S. album, but its peak

time was roughly between those of the A. comosus and S. album

genes (Supplemental Figure 15A), displaying a phase shift. The

other two relatively weakly expressed bCA genes exhibited

fluctuation patterns that did not match those in terrestrial CAM

plants (Supplemental Figure 15B). Likewise, the dominantly

expressed PPC1;3 in C. mannii appeared to show an expression

pattern similar to its K. fedtschenkoi and S. album homologs

(Figure 6), and PPCK showed conserved nighttime expression in

both epiphytic and terrestrial plants. The expression levels of

NADP-ME and PPDK in C. mannii were highly consistent with
(B) Rhythmic metabolites and their functional categories.

(C) Peak times of rhythmic metabolites across the 24-h diel cycle.

(D) Distribution of rhythmic metabolites in the seven major categories.

(E) Abundance profiles of selected metabolites from secondary mass spectrom

fructose, glucose, oxaloacetic acid, and pyruvate). Standard errors of six rep
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those in K. fedtschenkoi and S. album, suggesting that these

species all preferred to utilize NADP-ME and PPDK pathways for

decarboxylation (Yang et al., 2017; Wai et al., 2019). The

intermediate product (pyruvic acid) of these pathways was

present at consistently lower levels during the day (Supplemental

Figure 1). In addition, the extremely lowexpression level of

PEPCK (Supplemental Figure 14A) and the expression pattern of

MDH (Figure 6, Supplemental Figure 15D) did not support the

alternative MDH and PEPCK decarboxylation pathways reported

in A. comosus and the aquatic CAM lycopod Isoetes (Ming et al.,

2015; Wickell et al., 2021).

Circadian clock–associated regulation in CAM and C3

Cymbidium plants

Circadian clock–associated genes and CREs play a crucial role in

regulating the CAM pathway (Ming et al., 2015; Wai et al., 2019;

Wickell et al., 2021). To explore the circadian clock and CAM

gene expression pattern during the diel cycle, we performed a

temporal clustering analysis using Mfuzz (Figure 7A). We

also examined the expression of circadian clock genes

(Supplemental Table 17; Supplemental Figure 16), particularly

CCA1 (CIRCADIAN CLOCK ASSOCIATED 1), LUX (LUX ARRHY

THMO), ELF3 (EARLY FLOWERING 3), LHY (LATE ELONGA

TED HYPOCOTYL), PRR1 (PSEUDO-RESPONSE REGULATOR

1), PRR7 (PSEUDO-RESPONSE REGULATOR 7), and GI (GI-

GANTEA) (Figure 7B). These circadian oscillator genes were

largely similar in expression level, reaching peak abundance

near dusk, with the exception of CCA1. CCA1 was in the same

cluster as CA5, NAP-MDH, and NADP-ME1, whereas the

possibly dominant CO2-fixation gene PPC1;3 was in cluster 3,

which displayed a later peak time.

Because many circadian oscillator genes can regulate gene

expression by binding to specific motifs, we searched for light-

responsive CREs in promoter regions (1 kb upstream) of the

C. mannii genome and that of the closely related C3 plant

C. ensifolium to detect possible factors involved in photoperi-

odism (Supplemental Table 18). The upstream sequences of

these two species were significantly diverse compared with

their protein-coding regions but did not differ significantly from

the housekeeping genes (Supplemental Figure 17). The evening

element (AAATATCT), which can be recognized by CCA1, was

present in CA5, MDH, and NADP-ME genes of C. mannii but

absent from those of C. ensifolium (Figure 7C), indicating that it

may be a possible regulatory factor. The well-known morning

element G-box (CACGTG) was found in many gene promoters

in both CAM and C3 species, as was the widespread Box 4

(ATTAAT), indicating that they may not directly modulate timing.

DISCUSSION

We generated a chromosome-level genome assembly of the

epiphytic CAM orchidC. mannii, one of the higher quality Orchida-

ceae genome assemblies reported to date (Cai et al., 2015; Zhang
etry (malic and fumaric acids) and primarymass spectrometry (potentially

licates are indicated by error bars.
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Figure 5. Phase shifts between proteomic and expression profiles and in core CAM genes.
(A and B) Rose plots representing the number of rhythmic transcripts (A) and proteins (B) with different peak times across the diel cycle.

(C) Unique and shared gene numbers between cycling transcripts and proteins.

(legend continued on next page)
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et al., 2017; Ai et al., 2021; Sun et al., 2021; Yang et al., 2021). The

2.88-GbC.manniigenome is rich in repetitive sequences and is the

largest percentage of repetitive sequences (82.8%) among all

sequenced orchids (Supplemental Table 3). The genome size

expansion in Cymbidium is mainly due to LTR insertions, and

their insertion time is consistent with the timing of Cymbidium

species diversification (Figures 2 and 3). The rapid radiation of

Cymbidium orchids in the mountains of southwest China may

have been triggered by the uplift and subsequent fluvial incision

of the Qinghai–Tibetan Plateau (Wang et al., 2012; Lai et al.,

2021). No recent WGD events have occurred within Orchidaceae,

suggesting that many innovative features, such as the CAM

photosynthesis that evolved in Cymbidium, were unlikely to be

caused by WGD (Deng et al., 2016).

We investigatedday–nightmetaboliteprofilesasan indicatorofCAM

photosynthesis-mediated metabolic physiology and observed

obvious diurnal regulation in C. mannii. The observed rhythmic me-

tabolites and their peak times provide valuable information for

epiphytic Cymbidium species and can be used for future research

on orchids and other CAMplants. The rhythmicmetabolites showed

marked temporal differences from those ofC3 (Zhou et al., 2022) and

C4 (Li et al., 2020) species, andmorediversity remains tobeexplored

in other plants. Using metabolite abundance data, we found that

trends in accumulation of malic acid and glucose were consistent

with features of the tricarboxylic acid cycle in CAM plants (Heyduk

et al., 2019). Studies on tissue-specific rhythmic regulation are

needed to further clarify mechanisms of CAM physiology in epi-

phytes. In addition, although oscillatingmetabolites in the photosyn-

thetic pathway were related to glycolysis/gluconeogenesis to some

extent, only a limited number of such metabolites were identified,

and further targeted metabolomics of this pathway may reveal

more detailed mechanisms.

Integrated analysis of the transcriptome and proteome data re-

vealed the diurnal synchronization of carbon-processing path-

ways, but a phase shift pattern was observed. Analysis of genes

encoding core CAM enzymes (CA, ME, MDH, PPC, and

PPDK) identified specific bCA genes that may function mainly

in the epiphytic CAM pathway. Because guard cell bCA regula-

tion could directly affect WUE, our study provides solid evi-

dence for core CAM gene expression and regulation in adapta-

tion to CAM photosynthesis and enhancing WUE. Expression

and protein abundance data indicated that PPC1;3 may have

been co-opted during evolution to perform a key role in CO2 fix-

ation, suggesting that one isoform of PPC has a critical function

(Winter and Smith, 2022). Suppression of PPC expression can

result in core circadian-clock gene expression changes (Boxall

et al., 2020), indicating that the dominant PPC copy detected

here could be used for future engineering; its protein

abundance alteration is worthy of further study. The other

documented CAM genes and their protein abundance data

provide valuable information on unique post-transcriptional pat-

terns in CAM plants. We also observed that bCA, PPC, and
(D)Phase shift time between transcripts and proteins. The full circle represents

shift are not shown in the chart. Gene numbers at each time point are labeled

(E) Selected core CAM pathway genes with cycling expression levels. Error b

replicates. Significant differences in protein abundance were identified using F

Expression levels were quantified as transcript abundance (TPM), and protein

CA, carbonic anhydrase; NAD-MDH, NAD-malate dehydrogenase; PPC, phos
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other core CAM genes have strong correlations with most

cycling metabolites (Supplemental Figure 18), suggesting that

they play an important role in regulation of the C. mannii leaf

metabolome.

When C. mannii was compared with terrestrial CAM plants, we

found a highly coincident gene expression pattern but a shifted

circadian phase (Figure 6). Comparison with a closely related C3

Cymbidium plant suggested that circadian CREs may affect the

cycling genes in C. mannii, and they have potential for future

regulation to create a more water-use efficient pathway. Overall,

C. mannii represents a valuable model plant in Orchidaceae for

understanding the evolution of epiphytic CAM plants and for

future breeding of ornamental traits. We elucidated the genomic

evolution and CAM pathway of C. mannii using multi-omics data-

sets, offering an important resource for utilization and modifica-

tion of water-use efficient plants in a changing climate.
METHODS

Plant materials for DNA sequencing

C.mannii plants were collected from the fields of Puer, Yunnan, southwest

China, and were grown in Kunming Botanical Garden as previously

described (Yang et al., 2013). Genomic DNA extracted from healthy

leaves of a single individual with the Qiagen Genomic DNA Extraction

Kit (Qiagen, Valencia, CA, USA) was used for both short-read and long-

read DNA sequencing. A BGI-seq library was constructed using the

MGIEasy Library Prep Kit (MGI, Shenzhen, China) and sequenced on

the MGISEQ-2000 platform, generating 292 Gb of high-quality paired-

end short reads for genome size estimation and error correction. For

long-read DNA sequencing, 43 nanopore libraries were constructed

according to the manufacturer’s instructions and sequenced using a

GridION X5 or PromethION sequencer (Oxford Nanopore Technologies,

Oxford, UK), producing 411Gb of nanopore raw reads for genome assem-

bly (Supplemental Table 1).

Genome size estimation

The C. mannii genome size was estimated with Jellyfish v2.2.10 (Marcais

and Kingsford, 2011) using a 17-k-mer frequency distribution and was

experimentally validated by flow cytometry.

Genome assembly, polishing, and evaluation

Raw nanopore long reads were trimmed for adaptor sequences and

quality control (QC). Filtered reads were corrected and used for de novo

assembly performed with NextDenovo (v2.2.0; https://github.com/

Nextomics/NextDenovo) with the parameters: read cutoff = 1000, seed

cutoff = 25 000, block size = 1 g. After 50 iterative rounds, the assembled

genome with the highest continuity was selected and polished with Next-

polish v1.1.0 (Hu et al., 2020).

Assembly completeness was assessed by mapping all paired-end short

reads to the assembly using Burrows–Wheeler Aligner v0.7.17 (Li, 2013).

The base-level error rates of the assembly were evaluatedwith the assem-

bly tool of the Pomoxis toolkit (https://github.com/nanoporetech/

pomoxis). The gene detection rate was measured with BUSCO v5.2.2

(Seppey et al., 2019) against the Embryophyta (odb10) dataset.
24 h, and the angle of each bar represents the shift time. Genes with a 24-h

at the end of each bar, with color indicating high (red) or low (green).

ars for transcript expression data represent the standard errors of three

isher’s least significant difference and are indicated with lowercase letters.

abundance was quantified as log2-transformed peptide intensity.

phoenolpyruvate carboxylase; PPDK, pyruvate orthophosphate dikinase.

https://github.com/Nextomics/NextDenovo
https://github.com/Nextomics/NextDenovo
https://github.com/nanoporetech/pomoxis
https://github.com/nanoporetech/pomoxis


Figure 6. Expression of selected cycling core CAM genes in C. mannii and terrestrial CAM plants.
TPM expression data forC.mannii are plotted with standard error bars (from three replicates). Relative expression patterns in selected terrestrial CAMplants

wereplotted for comparison. Source gene IDsused for comparisonare provided inSupplemental Table16. PPCK,phosphoenolpyruvate carboxylase kinase.
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Pseudochromosome construction with Hi-C data

Five Hi-C libraries were constructed as previously described (Belton et al.,

2012) and sequenced on the Illumina HiSeq platform (Illumina, San Diego,

CA, USA), generating 721.3 Gb of paired-end reads (2 3 150 bp) with

�2503 coverage for pseudochromosome construction. The Hi-C data

were mapped to the polished assembly using Bowtie 2 v2.3.2

(Langmead and Salzberg, 2012), and only uniquely mapped paired-end

reads were retained. Assembled contigs were anchored and ordered us-

ing LACHESIS (Burton et al., 2013). The chromatin interaction signals were

visually inspected using heatmaps at a 100-kb resolution, and any mis-

assembled contigs were split and re-anchored with the Hi-C data.

RNA sequencing for genome annotation

Mixed samples from six healthy tissues (root, young leaf, mature leaf, flower

bud, mature flower, and fruit) were collected for RNA extraction using the

TRIzolUniversalReagent (TiangenBiotech,Beijing,China).RNAsequencing

(RNA-seq) libraries were prepared using the TruSeq Sample Preparation Kit

(Illumina) and sequenced on the HiSeq X Ten platform. Clean Illumina data

were obtained by removing adapters and low-quality reads from the raw

data. For Isoform-sequencing, cDNA products were amplified using KAPA

HiFi PCR kits (Kapa Biosystems, Wilmington, MA, USA), followed by purifi-

cation using the SMRTbell Template Prep Kit (Pacific Biosciences, Menlo

Park, CA, USA). Libraries were sequenced on the PacBio Sequel platform.

Genome annotation

The identification of repetitive sequences, including tandem repeats and

TEs, was performed before the C. mannii genome annotation. Tandem

repeats were identified using Tandem Repeats Finder v4.07b (Benson,

1999), and TEs were identified by a combination of homology-based
P

and de novo approaches. RepeatMasker v4.0.6, RepeatModeler

v1.0.4, and RepeatProteinMask (in RepeatMasker) were used to build

the repeat library (Tarailo-Graovac and Chen, 2009). LTR insertion time

was calculated as described by Hu et al. (2011).

C. mannii gene models were constructed by integrating de novo prediction

and RNA-seq- and homology-based evidence. In brief, RNA-seq data were

mapped to the genome for expression evidence using TopHat (Trapnell

et al., 2009). For homology-based annotation, protein sequences from five

sequenced plants, Asparagus officinalis (Harkess et al., 2017), Arabidopsis

thaliana (Cheng et al., 2017), Oryza sativa (Ouyang et al., 2007),

P. aphrodite (Chao et al., 2018), and Zea mays (Schnable et al., 2009),

were downloaded and mapped onto the C. mannii genome using tBlastn

(Camacho et al., 2009), followed by inferring the exon–intron boundaries us-

ing Exonerate v2.2.0 (Slater and Birney, 2005). Gene structures were also

predicted using Augustus v3.2.2 (Stanke et al., 2006). All annotated

information was integrated using EVidenceModeler v1.1.1 (Haas et al.,

2008) to generate the final gene models. Functional annotation was

performed using InterProScan (Jones et al., 2014) by searching against

the Swiss-Prot, Eukaryotic Orthologous Groups, KEGG, GO, and non-

redundant protein databases. TFs and protein kinases were identified using

the iTAK v1.7 pipeline (Zheng et al., 2016). Gene-encoded metabolic en-

zymes were identified using E2P2 v4.0 as previously described (Schlapfer

et al., 2017). CREs were predicted using PlantCARE (Lescot et al., 2002)

and plotted using TBtools (Chen et al., 2020).

Synteny analysis

Synteny analysis was performed between the C. mannii genome and two

other orchid genomes, A. shenzhenica (Zhang et al., 2017) and Vanilla
lant Communications 4, 100564, September 11 2023 ª 2023 11
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Figure 7. Core circadian clock gene expression level and CREs in selected CAM genes.
(A)Mfuzz clusters showing gene expression patterns inC.mannii throughout the 24-h diel cycle. Circadian clock (black) and core CAMgenes (red) in each

cluster are labeled on the right.

(B) Expression of selected core circadian clock genes in C. mannii.

(C) Predicted CREs in the region 1 kb upstream of the selected core CAM genes in C. mannii and the comparable C3 plant C. ensifolium.
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planifolia (Hasing et al., 2020), using MCScan in the JCVI package

(https://github.com/tanghaibao/jcvi) (Tang et al., 2008) with default

parameters.

Phylogenetic analyses and evolutionary time estimation

Phylogenetic relationships between C. mannii and 15 other species

were analyzed using orthologs identified by OrthoMCL v2.0.9

(https://github.com/apetkau/orthomcl-pipeline) with percentMatchCut

off = 50 and evalueExponentCutoff = �5. Multiple Sequence Compar-

ison by Log-Expectation (Edgar, 2004) was used to align the

sequences, and RAxML v8.2.10 (Stamatakis, 2014) was used to

construct the phylogeny. The PAML package (Yang, 2007) was used

to estimate the species divergence times with the MCMCTree model,

and the calibrations for Amborella trichopoda–Liriodendron chinense,

A. thaliana–P. aphrodite, A. thaliana–Vitis vinifera, and Spirodela
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polyrhiza–Zostera marina were obtained from TimeTree (Kumar et al.,

2017).

Estimation of WGD events

Ortholog divergence (Ks) was calculated between gene pairs using the

Nei–Gojobori method implemented in the JCVI package as previously

described (Hasing et al., 2020).

Physiological data acquisition

Plant materials

Healthy, mature C. mannii plants growing in the greenhouse of Kunming

Institute of Botany were used for imaging and physiological data acquisi-

tion. Data were collected at two night time points (2:00 and 20:00) and two

day time points (8:00 and 14:00).

https://github.com/tanghaibao/jcvi
https://github.com/apetkau/orthomcl-pipeline
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Net CO2 uptake measurement

An LI-6400 portable gas exchange system (Li-Cor Biosciences, Lincoln,

NE, USA) was used to measure the net CO2 uptake. Measurements

were taken at the middle of the leaf, avoiding the leaf vein. At each time

point, four repeated measurements were obtained. All measurements

were taken under standard conditions with photosynthetic photon flux

density set at 100 mmol m�2 s�1 during the day.

Measurement of organic acids

For measurement of each organic acid, 0.15 g of fresh sample was ground

and homogenized with 1.5 ml of water. For preparation of oxaloacetic

acid, the homogenized mixture was ultrasonically crushed for 20 min at

60�C and centrifuged at 12 000 g for 10 min. For preparation of pyruvic

acid, the homogenized mixture was ultrasonically crushed for 40 min at

50�C and centrifuged at 12 000 g for 15 min. For preparation of malic

acid, the homogenized mixture was ultrasonically crushed for 30 min at

40�C and centrifuged at 12 000 g for 15 min. The supernatant of each

organic acid preparation was extracted using a Millipore filter (0.22 mm;

Merck Millipore, Burlington, MA, USA) for testing. The abundance of the

organic acids was estimated by high-performance liquid chromatography

(LC-20AT, Shimadzu, Japan). Standard curves were drawn, and a regres-

sion equation and linear coefficients were calculated to estimate the

content of each organic acid.

Measurement of NAD-ME and PPC activities

NAD-ME and PPC activities were determined according to the kit instruc-

tions (Beijing Solarbio Science & Technology, Beijing, China). For

extraction of enzyme solution, 1 ml of extraction buffer was added to 0.1 g

of tissue for homogenization in an ice bath. For NAD-ME activity measure-

ment, the supernatant was centrifuged at 12 000 rpm at 4�C for 10 min.

The total volume of the reaction solution was 170 ml, the sample solution

was 10 ml, and the working solution was 160 ml. The NAD-ME activity was

calculated by measuring the increased rate of NADH at 340 nm. For the

PPC activity measurement, the supernatant was centrifuged at 8000 rpm

at 4�C for 10 min. According to the kit instructions, 90 ml working solution

was prepared andmixed with 90 ml reagent solution and 20 ml sample solu-

tion. PPC activity was calculated on the basis of absorption at 340 nm.

Multi-omics data analysis

Experimental setup

C. mannii plants were maintained in a growth chamber with 12:12 h of

light:dark with temperatures of 25�C (light) (Jarvis et al., 2017) and 18�C
(dark). Light was provided beginning at 8:00 (ZT0), and dark began at

20:00 (ZT12). Leaf tip zones (�10 cm) were collected at a 4-h interval after

the beginning of the light period over the 24-h time course (ZT0, ZT4, ZT8,

ZT12, ZT16, ZT20, and ZT24) for the multi-omics study (Supplemental

Figure 6). Three, four, and six biological replicates were prepared for

transcriptomic, proteomic, and metabolomic profiling, respectively. All

samples were frozen in liquid nitrogen immediately after harvest and

stored at �80�C until further use.

RNA-seq and analysis

Total RNA was extracted from leaf tissues as described above. Libraries

were sequenced on the Illumina NovaSeq 6000 platform (Illumina) in

paired-end mode (2 3 150 bp). To remove adapters and low-quality

bases, raw reads were trimmed using Trimmomatic v0.39 (Bolger et al.,

2014). The trimmed reads were aligned to the C. mannii genome to

quantify gene expression levels using Kallisto v0.44.0 (Bray et al., 2016)

with default parameters, and the abundance was defined as TPM. The

Mfuzz R package (Kumar and Futschik, 2007) was used to perform gene

clustering according to the time courses using normalized read counts.

Proteomics profiling and analysis

Protein extraction and digestion

Approximately 2 g of ground tissuewas suspended in SDT lysis buffer (4%

SDS, 100 mM Tris–HCl, pH 7.6) and transferred to lysing matrix tubes.

Cells were disrupted using the FastPrep-24 system (MP Biomedicals,

Shanghai, China) (speed 6.0 m/s, 60 s, twice), followed by boiling for

10 min. The protein was extracted by centrifugation at 14 000 g for
P

15 min and quantified by bicinchoninic acid assay. For all samples, a

filter-aided sample preparation method was used for converting proteins

to peptides suitable for proteome analysis (Wisniewski et al., 2009).

Dithiothreitol was added to 200 mg of the extracted crude protein to

reach a final concentration of 100 mM. The mixture was placed in a

boiling water bath for 5 min and cooled to room temperature, followed

by addition of 200 ml UA buffer (8 M urea, 150 mM Tris–HCl, pH 8.5),

and completely mixed before centrifugation at 12 500 g for 25 min. The

pelleted proteins were resuspended in 100 ml of 0.05 M iodoacetamide

buffer (100 mM IAA in UA), incubated at room temperature for 30 min,

and centrifuged again at 12 500 g for 25 min. The denatured protein

was diluted with 100 ml of UA buffer twice (centrifuged at 12 500 g for

15 min) and washed with 100 ml of 100 mM triethylammonium

bicarbonate (TEAB) buffer twice (centrifuged at 12 500 g for 15 min).

The concentrated proteins were digested with 40 ml of trypsin buffer

(4 mg trypsin in 40 ml of 100 mM TEAB buffer) at 37�C for 16–18 h. The

concentrated proteins were then centrifuged at 12 500 g for 15 min,

followed by addition of 20 ml 100 mM TEAB buffer, and centrifuged at

12 500 g for 15 min. After digestion, the combined filtrates were

desalted through a C18 cartridge and solubilized in 40 ml of 0.1% formic

acid. The resulting peptides were quantified by bicinchoninic acid assay.

High-performance LC–MS and peptide identification

The Agilent 1260 Infinity II high-performance liquid chromatography sys-

tem was used for peptide separation. The peptide mixture was automat-

ically loaded (1 ml/min) into the reversed phase Xbridge Peptide BEH C18

column (Waters, Wexford, Ireland). Peptide sequencing analysis was per-

formed using the Easy-nLC system (Thermo Fisher Scientific) andQ Exac-

tive HF-X hybrid quadrupole-orbitrap mass spectrometer (Thermo Fisher

Scientific). The data-independent acquisition method (Chaw et al., 2019)

was used to analyze the spectra. The settings were as follows: (1) mass

spectrometry, scan range (m/z) = 350–1500, resolution = 60 000,

automatic gain control (AGC) target = 3e6, maximum injection time =

50 ms; (2) Data-independent acquisition (DIA), resolution = 15 000, AGC

target = 2e5, maximum injection time = 45 ms, normalized collision

energy = 28%.

Raw DIA data were analyzed with Spectronaut Pulsar X (v12, Biognosys

AG, Zurich, Switzerland) with default settings. A local regression normal-

ization (default) strategy was applied (Callister et al., 2006). The spectral

data were searched against Orchidaceae species from the UniProt data-

base (http://www.uniprot.org) and a customized C. mannii database. The

FDR threshold was 1.0% for precursors, proteins, and peptides.
Metabolite profiling and data analysis

Metabolite extraction

Approximately 100 mg of fast-frozen leaf tissue was ground into fine pow-

der with liquid nitrogen, and the metabolites were extracted with 120 ml of

50% pre-cooled methanol by incubating the well-mixed samples at room

temperature for 10 min. The extracted mixture was then stored at �20�C
overnight. To isolate the metabolites, the mixture was centrifuged at 4000

g for 20 min, and the supernatants were transferred to new 96-well plates.

The samples were stored at �80�C before the LC–MS analysis. Chro-

matographic separation was performed using an ultra-performance liquid

chromatography (UPLC) system (SCIEX, UK). An Acquity UPLC T3 column

(100 mm 3 2.1 mm 3 1.8 mm; Waters) was used for the reversed phase

separation by maintaining the temperature at 35�C. The flow rate was

0.4 ml/min, and the mobile phase consisted of solvent A (0.1% formic

acid in deionized water) and solvent B (0.1% formic acid in acetonitrile).

LC–MS

A high-resolution tandem mass spectrometer TripleTOF 5600 Plus

(SCIEX) was used to detect metabolites eluted from the column. The

quadrupole time-of-flight analysis was performed in both positive (Elec-

trospray ionization, ESI+) and negative (ESI�) ion modes using the

following parameters: ion spray voltage of 5.0 kV in ESI+ and �4.5 kV in

ESI�, curtain gas of 30 psi, ion source gas 1 of 60 psi, ion source gas 2

of 60 psi, and an interface heater temperature of 650�C. The mass
lant Communications 4, 100564, September 11 2023 ª 2023 13
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spectrometry data were acquired in the data-dependent acquisition

mode, and the mass range was set from 60.0 to 1200.0 Da. Mass accu-

racy was calibrated every 20 samples during acquisition. To evaluate

LC–MS stability during the whole acquisition, a QC sample was acquired

after every 10 samples.

Data processing

The acquired LC–MS raw data files were converted to the mzXML format

using MSConvert in ProteoWizard (v3.0.6150) (Chambers et al., 2012) and

processed by the XCMS (Smith et al., 2006), CAMERA (Kuhl et al., 2012),

and metaX (Wen et al., 2017) packages in R. Each ion was identified by

combining retention time and m/z data.

The intensity of peak data were further filtered by removing data detected

in less than 50% of QC samples or 80% of biological samples, and the

remaining missing values were imputed with the k-nearest neighbor

algorithm to further improve the data quality. All retained peaks were

normalized with the probabilistic quotient normalization method, followed

by QC-robust spline batch corrections. The relative standard deviations of

the metabolic features in QC samples were set at a threshold of 30%, and

values higher than the threshold were removed.

Student’s t-test was performed to detect significantly changed metabo-

lites among samples, and the p value was adjusted for multiple tests by

FDR. Multivariate statistical analysis (principal-component analysis, Par-

tial least squares discriminant analysis) was performed to discriminate

the different variables between groups. The variable importance in projec-

tion (VIP) values were calculated, and a VIP cutoff value of 1.0 was used to

select important features.

Metabolite database search and identification

The online KEGG database (Kanehisa and Goto, 2000) and Human

Metabolome Database (Wishart et al., 2018) were used to annotate

the metabolites by matching the exact molecular mass data (m/z) of

samples with those from the database. If the mass difference between

the observed and database value was less than 10 ppm, the metabolites

were annotated and the molecular formulae of metabolites were further

identified and validated by isotopic distribution measurements. An in-

house fragment spectrum library of metabolites was used to validate

metabolite identification.

KEGG enrichment analysis

The annotated metabolites were mapped to KEGG pathways, and enrich-

ment analysis was performed for metabolites in each cluster. Pathways

with p < 0.05 were considered significantly enriched.

Statistical analyses

Diurnal analysis

The JTK_CYCLE algorithm (Hughes et al., 2010) was used to detect the

rhythmic transcripts, proteins, and metabolites, providing the optimal

phase, amplitude, and period estimates for each dataset. The cutoff

score of FDR-adjusted p < 0.05 was used to determine the cycling data.
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