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ABSTRACT

Pseudogenes are important resources for investigation of genome evolution and genomic diversity

because they are nonfunctional but have regulatory effects that influence plant adaptation and diversifica-

tion. However, few systematic comparative analyses of pseudogenes in closely related species have been

conducted. Here, we present a turnip (Brassica rapa ssp. rapa) genome sequence and characterize pseu-

dogenes among diploid Brassica species/subspecies. The results revealed that the number of pseudo-

genes was greatest in Brassica oleracea (CC genome), followed by B. rapa (AA genome) and then Brassica

nigra (BB genome), implying that pseudogene differences emerged after species differentiation. In Bras-

sica AA genomes, pseudogenes were distributed asymmetrically on chromosomes because of numerous

chromosomal insertions/rearrangements, which contributed to the diversity among subspecies.

Pseudogene differences among subspecies were reflected in the flavor-related glucosinolate (GSL)

pathway. Specifically, turnip had the highest content of pungent substances, probably because of expan-

sion of the methylthioalkylmalate synthase-encoding gene family in turnips; these genes were converted

into pseudogenes in B. rapa ssp. pekinensis (Chiifu). RNA interference-based silencing of the gene encod-

ing 2-oxoglutarate-dependent dioxygenase 2, which is also associated with flavor and anticancer sub-

stances in the GSL pathway, resulted in increased abundance of anticancer compounds and decreased

pungency of turnip and Chiifu. These findings revealed that pseudogene differences between turnip and

Chiifu influenced the evolution of flavor-associated GSL metabolism-related genes, ultimately resulting

in the different flavors of turnip and Chiifu.
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INTRODUCTION

The ‘‘triangle of U model’’ represents the genetic relationships

among Brassica species (Nagaharu, 1935), including three

diploid species, Brassica rapa (AA, 2n = 20) (Cheng et al., 2016;

Zhang et al., 2018), Brassica nigra (BB, 2n = 16), and Brassica

oleracea (CC, 2n = 18) (Liu et al., 2014). Hybridizations involving
Plant Com
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these species resulted in three amphidiploid species: Brassica

juncea (AABB, 2n = 36) (Yang et al., 2016), Brassica napus
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(AACC, 2n = 38) (Chalhoub, 2014), and Brassica carinata

(BBCC, 2n = 34) (Johnston et al., 2005; Song et al., 2021).

These analyses of Brassica reference genome sequences

structurally characterized Brassica ancestral genes and revealed

candidate genes controlling target traits. Because Brassica is

closely related to Arabidopsis thaliana, both underwent

paleopolyploidization events (g, �300 million years ago [mya]; b,

�112–235 mya; and a, �20–100 mya) (Bowers et al., 2003).

Brassicaceae lineage-specific polyploidization events (whole-

genome triplication [WGT], �12.4–22.5 mya) (Beilstein et al.,

2010; Wang et al., 2011b) occurred after their divergence from

the Arabidopsis lineage. These events were followed by a

diploidization that involved substantial genomic recombination,

pseudogenization, and eventual gene loss (Bowers et al., 2003;

Lysak et al., 2005; Town et al., 2006; Mun et al., 2009; Wang

et al., 2011b; Cheng et al., 2013; Chalhoub, 2014; Guo et al.,

2021; Yang et al., 2022). Gene loss is an important process in

the two-step evolutionary model of Brassica diploid plants (least

fractionated subgenome [LF], medium fractionated subgenome

[MF1], and most fractionated subgenome [MF2]) (Wang et al.,

2011b; Cheng et al., 2012). Ancient polyploidization events

generated Brassica vegetable and oilseed crops with various

shapes and tastes that developed under natural conditions or

through human activities (Wang et al., 2011b; Graham and May,

2011). Brassica vegetable crops include B. rapa (Chinese

cabbage, pak choi, and turnip) and B. oleracea (broccoli,

cabbage, and cauliflower), and oilseed crops include B. napus,

B. juncea, and B. carinata. The same Brassica species may

exhibit morphological diversity, and different Brassica species

can form morphologically similar organs.

Pseudogenes are genetic elements related to functional genes,

but they are nonfunctional because of disabling mutations that

have occurred during long-term evolution (Xie et al., 2019).

Pseudogenes may include in-frame stop codons, frameshifts,

and truncated gene sequences (Zhang et al., 2003). Although

pseudogenes are nonfunctional, they can affect plant

development and adaptation (Gujas et al., 2012; Wu et al.,

2017; Xie et al., 2019; Xu et al., 2019). They have also been

associated with intellectual disabilities in humans (Green et al.,

2017) and incipient balancing selection in bacteria (Will et al.,

2010). Polyploidization events have produced thousands of

pseudogenes in plant genomes (Wolfe, 2001; Xie et al., 2019).

For example, analyses of B. napus and B. oleracea indicated

that some genes in Brassica ancestors were lost or underwent

pseudogenization, mainly affecting flowering time (Schiessl

et al., 2014). Pseudogenes related to production of anticancer

phytochemicals and morphological variations represent the

consequences of genome duplications and genetic divergence

via polyploidization, resulting in biochemical and morphological

changes in B. oleracea (Liu et al., 2014). Brassica pseudogenes

contributed to genome evolution after ancient polyploidization

events, but there have been relatively few genome-wide, multi-

species analyses of their rates of evolution and surrounding chro-

matin environment.

Glucosinolates (GSLs) and the products of their hydrolysis, espe-

cially isothiocyanates, are important secondarymetabolites related

to the typical flavors (bitterness and pungency) of Brassicaceae

plants (Bell et al., 2018). Degradation of glucoraphanin generates

products (e.g., sulforaphane) that reportedly have anticancer
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activities (Fimognari et al., 2002; Tortorella et al., 2015). GSLs and

their hydrolysates that affect plant flavors vary greatly between

species. Aliphatic GSLs (e.g., sinigrin, gluconapin, and progoitrin)

and indolic GSLs (e.g., glucobrassicin and neoglucobrassicin)

are responsible for the bitter taste of broccoli and some

cauliflower varieties (Engel et al., 2002; Jones et al., 2006; Stotz

et al., 2011). Isothiocyanate compounds derived from sinigrin,

gluconapin, gluconasturtiin, glucoputranjivin, glucosinalbin,

glucobrassicanapin, and glucoraphasatin are associated with the

pungency of several Brassicaceae crops, including cabbage,

broccoli, kale, wasabi, caper, maca, and radish (Bell et al., 2018).

In other species, such as papaya, glucotropaeolin production

leads to increased pungency (Bell et al., 2018). Because

pungency is an undesirable trait, decreasing the abundance of

these compounds may be critical for satisfying consumer taste

preferences (Drewnowski and Gomez-Carneros, 2000; Suzuki

et al., 2006; Bell et al., 2018). However, the effects of ancient

polyploidizationeventson the flavor-related traits ofBrassicacrops

have not been resolved at the genomic level.

Turnip (Brassica rapa ssp. rapa; AA, 2n = 20), an importantB. rapa

crop, is one of the oldest known taproot vegetables (Liang et al.,

2006; Zhang et al., 2014). It was initially cultivated in Europe in

2500–2000 BC, but it subsequently spread to other parts of the

world (Song et al., 1990; Wu et al., 2019). The turnip taproot is

often used in French and Japanese cooking (Sasaki and

Takahashi, 2002). In China, turnip has traditionally been

cultivated on the Qinghai–Tibet Plateau as an edible crop used

as animal feed; it is also valued for its pharmaceutical properties

(Zheng et al., 2018). Thus, turnips were domesticated and

cultivated by our ancestors (Ignatov et al., 2008; Cheng et al.,

2016; Qi et al., 2017). Many studies have confirmed that turnips

are a good source of vitamin C, dietary fiber, folate, niacin, and

calcium (Parveen et al., 2015; Ma et al., 2016). However, the

turnip taproot has a pungent taste, possibly because of the

considerable abundance of aliphatic GSLs, which are the most

abundant GSLs in turnip (Bell et al., 2018). Accordingly, the

taste of turnip varies substantially from that of other B. rapa

crops with the AA genome, and this has influenced the

acceptance of turnips by consumers. A draft genome assembly

at the scaffold level and a genome assembly using PacBio and

chromosome conformation capture (Hi-C) technologies at the

chromosome level have recently been constructed on the basis

of an analysis of a European turnip (ECD04) (Park et al., 2021;

Yang et al., 2022). Large-scale resequencing of B. rapa and a

pan-genome revealed the diverse morphotypes and structural

variations that arose during intraspecific diversification of

B. rapa, providing researchers with useful genomic information

on Chinese and European turnips (Cheng et al., 2016; Cai et al.,

2021). However, studies of differences in the evolution of

flavors between turnip and other B. rapa crops have been

lacking. For the benefit of people living in need of turnips on

the Tibetan plateau or other environmentally hostile areas, the

effect of the evolution of the GSL biosynthesis pathway on the

pungency of turnips should be elucidated.

In this study, we compared pseudogene evolution among Bras-

sica diploid species. We analyzed a chromosome-level turnip

genome sequence that was obtained using Illumina and PacBio

data and was assembled according to information generated

by Hi-C technologies. The results of this investigation highlight
thors.



Figure 1. Genome sequencing of turnip.
(A) Turnip sample collection sites in Tibet.

(B) Overview of the turnip draft genome assembly. chr1–chr10, circular representation of the pseudomolecules. a, gene duplications; b, total number of

repetitive elements; c, copia elements; d, gypsy elements; e, terminal inverted repeat elements; f, large retrotransposon derivative elements; g, GC

density; h, gene density. The presented data are for a 100-kb window.

(C) Structure and segmental collinearity of the genomes of turnip, Chiifu A03, and A. thaliana. Syntenic blocks are labeled according to the A. thaliana

genome (A–X).

(D) Gene retention ratio of the three subgenomes (LF, MF1, and MF2) of turnip and Chiifu A03 on the basis of a comparison with A. thaliana (A–X blocks).

The x axis presents the physical position of each A. thaliana block (A–X). The y axis presents the percentage of the retained orthologous genes corre-

sponding to a gene in the A. thaliana A–X blocks.
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the differences in the pseudogenes of Brassica species. The

objective of this study was to clarify the dynamics of Brassica

pseudogene evolution and the effects of GSL metabolism on

turnip pungency. The data presented here provide useful insights

into turnip genome evolution and will serve as an important

resource for breeding programs interested in optimizing the

content of beneficial GSLs in turnips and other Brassica crops.
RESULTS

Genome sequencing, assembly, and annotation

For the turnip genome sequencing analysis, a single plant was

collected in Nangqen, Qinghai province, China (96�2902400,
32�1203600) (Figure 1A). Genomic DNA was extracted and

sequenced using PacBio and Illumina sequencing strategies.

We obtained 44.93 Gb of PacBio reads, which corresponded to

about 1103 coverage of the 446.09-Mb genome; the genome

size was estimated on the basis of k-mer statistics

(Supplemental Tables 1 and 2). The assembled genome was
Plant Com
409.69 Mb, which included 2437 contigs with an N50

value of 1.21 Mb (Table 1), making it similar in size to the

assembled Chiifu A03 genome (403.20 Mb with a contig N50

value of 4.29 Mb) (Sun et al., 2022). To evaluate the genome

assembly quality, Illumina short reads were mapped to the

assembly, which resulted in a mapping efficiency of 96.69%

(Supplemental Table 3). The genome integrity, determined on

the basis of benchmarking universal single-copy orthologs

(BUSCO), was 97.20% (Supplemental Table 4).

To anchor the scaffolds to chromosomes, 26.79 Gb of clean reads

(65.503) were obtained via Hi-C library sequencing (Supplemental

Table 5). Read pairs were mapped to the draft assembly using

BWA (version 0.7.10-r789) (Li and Durbin, 2009). We determined

that 85.28% of the reads were correctly mapped to the genome

(Supplemental Table 6), including 22.01% uniquely mapped read

pairs. LACHESIS (Burton et al., 2013) was used to group, sort,

and orient all contigs, and 1501 scaffolds were successfully

anchored to 10 pseudochromosomes (chr01–chr10) (Figure 1B;

Supplemental Table 7). The scaffold N50 value for the final
munications 4, 100427, January 9 2023 ª 2022 The Authors. 3



Primary genome assembly

Sequenced genome size (Mb) 409.69

Number of contigs 2437

Contig N50 (bp) 1 214 203

Contig N90 (bp) 54 084

Maximum contig size (bp) 8 713 068

Total size (bp) 409 691 509

Chromosome-level genome assembly

Number of chromosomes/scaffolds 10/1501

Scaffold N50 37 215 573

Scaffold N90 26 283 954

GC content (%) 35.14

Maximum scaffold size 57 405 788

Total size 355 929 172

Table 1. Summary of the turnip genome assembly and annotation.
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assembly was 37.22 Mb. Thus, the chromosome-level genome

assembly for turnip comprised pseudochromosomes ranging

in length from 23.02 to 57.40 Mb (Supplemental Figure 1;

Supplemental Table 7). The number of pseudochromosomes

was consistent with the previously reported number of

chromosomes in the Brassica AA genome (i.e., n = 10 and 2n =

20) (Zhang et al., 2018).

The de novo prediction of repetitive sequences in the turnip

genome indicated that repetitive sequences represented 42.60%

of the assembled genome; this proportion was lower than that of

Chiifu A03 (50.31%) (Sun et al., 2022) and ECD04 (46.9%) (Yang

et al., 2022) (Supplemental Table 8). The long terminal repeat

(LTR) retrotransposon was the most common repetitive

sequence, accounting for 17.13% of the genome, and this

proportion was between that of Chiifu A03 (19.62%) and ECD04

(20.77%) (Supplemental Table 8; Sun et al., 2022; Yang et al.,

2022). Protein-coding genes were predicted via ab initio gene

predictions, homology-based predictions, and RNA sequencing

(RNA-seq) and then integrated using EVidenceModeler (version

1.1.1) (Haas et al., 2008). In total, 56 832 genes were obtained. In

addition, 98.57% of the genes were annotated by screening

databases (e.g., NR) (Supplemental Table 9), and microRNA

target genes were predicted (Supplemental Table 10).

We next assessed the quality of the turnip genome. Specifically,

the LTR assembly index score for the turnip genome was 13.8,

indicative of good assembly continuity. Genome annotation

completeness was estimated to be 95.30% on the basis of the

BUSCO assessment. Illumina paired-end reads for TUA, TUE,

A03, and ECD04 and reads derived from 48A resequencing

data for a turnip population (Yang et al., 2019) were mapped to

turnip chromosomes (Supplemental Figure 2; Supplemental

Table 11). Approximately 96.47%–97.42% of these reads were

mapped to the turnip chromosomes, indicating that the turnip

genome assembly contained almost all of the information

provided by the Illumina reads and 48A resequencing data.

Similarly, 96.34%–98.56% of the Illumina paired-end reads and

reads obtained from48A resequencing data were mapped to

the TUA, TUE, A03, and ECD04 chromosomes (Supplemental
4 Plant Communications 4, 100427, January 9 2023 ª 2022 The Au
Figure 3; Supplemental Tables 12, 13, 14, and 15). These

results confirmed that the turnip genome used in this study was

assembled and annotated appropriately.

The whole-genome triplication (WGT) inBrassica species was fol-

lowed by extensive gene loss and frequent reshuffling of tripli-

cated genomic blocks (Liu et al., 2014). Triplicated regions,

which were determined on the basis of homologous gene

pairing between A. thaliana and turnip, as well as Chiifu A03,

were constructed; they were related to the 24 ancestral crucifer

karyotype blocks (A–X) in A. thaliana (Schranz et al., 2006).

Most of the regions in the turnip genome shared a conserved

syntenic block with the A. thaliana genome (Figure 1C). The

WGT-derived triplicated blocks in the turnip and Chiifu A03 ge-

nomes were partitioned into the LF, MF1, and MF2 subgenomes

(Figure 1D; Wang et al., 2011b). These syntenic blocks occupied

most of the genome assemblies of A. thaliana (25 054 genes,

90.59% of 27 655 genes), turnip (26 973 genes, 47.46%), and

Chiifu A03 (26 738 genes, 55.96%), providing the foundation for

comparative analyses (Supplemental Table 16).
Comparative genomics analysis

To analyze turnip evolution, 3593 single-copy orthologs from 12

species, including Brassica species with an AA genome (Chiifu

v3.5, Chiifu A03, B. rapa L. ssp. chinensis [Bras], TUA, TUE,

ECD04, B. rapa Z1 [Z1], and turnip) (Cai et al., 2021; Istace

et al., 2021; Li et al., 2021; Sun et al., 2022; Yang et al., 2022;

Zhang et al., 2022), a BB genome (B. nigra) (Perumal et al.,

2020), and a CC genome (B. oleracea) (Cai et al., 2020), as well

as Raphanus sativus (Kitashiba et al., 2014), were used for

protein sequence alignments, with the A. thaliana genome

(Cheng et al., 2017) serving as an outgroup (Figure 2A and

Supplemental Figure 4). Turnips and other B. rapa subspecies,

which were derived from a common ancestral Brassica

species (AA genome), were clustered together on a branch. The

divergence time between B. nigra and B. oleracea was

approximately 8.42 mya, whereas the divergence time between

B. oleracea and B. rapa subspecies was about 2.29 mya. The

timing of this evolutionary process was consistent with the
thors.



Figure 2. Evolution of the turnip genome.
(A) Phylogenetic tree, with the number of gene family expansion and contraction events indicated by green and red numbers, respectively, below each

species name. The estimated divergence times (million years ago) are indicated at each node (95% credibility intervals).

(B) Dot plot for the segmental collinearity between the turnip and TUA genomes and between the turnip and TUE genomes. The TUA and TUE chro-

mosomes are indicated by different colors, and the orthologous chromosomal segments in turnip are indicated by the same color. Conserved collinear

blocks of gene models are presented for the 10 turnip chromosomes and the TUA and TUE genomes.

(C) GO enrichment analysis of the most significantly expanded gene families in turnip. The enrichment factor indicates �Log10 (P value). The 15 most

significantly enriched pathways are shown.

(D) Distribution of the synonymous substitution rate (Ks).
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findings of an earlier study (Guo et al., 2021). The divergence

times between turnip and ECD04 and between turnip and

other B. rapa subspecies were approximately 0.79 and 0.68

mya, respectively. LTR retrotransposons were actively

inserted into the turnip, ECD04, and Chiifu A03 genomes

approximately 1.34, 1.88, and 1.65 mya, respectively (i.e.,

before the divergence between turnip and ECD04 and between

turnip and B. rapa subspecies). A comparative analysis of the

timing of LTR retrotransposon insertion into the genomes

revealed that turnip and B. rapa subspecies had similar

evolutionary histories (Supplemental Figure 5).

The MCScanX package (Wang et al., 2012) was used to analyze

the collinearity between turnip and Chiifu A03, ECD04, TUA, and

TUE (Figure 2B and Supplemental Figure 6). A total of 643 and

631 large syntenic blocks were detected between the turnip

genome and the TUA and TUE genomes, respectively.

Moreover, 335.62 Mb (97.00%) and 336.31 Mb (97.20%) of

the sequences on the 10 turnip chromosomes were revealed

to be collinear, covering almost all of the TUA and TUE

chromosomes, respectively (Figure 2B). To verify the accuracy

and continuity of the assembled sequences, sequence

collinearity between the turnip genome and the Chiifu A03,

ECD04, TUA, and TUE genomes was determined using the

nucmer program of the MUMmer package (v4.0rc1) (Marcais

et al., 2018), after which NGenomeSyn was used to detect highly
Plant Com
similar sequence segments (Supplemental Figure 7). This

analysis indicated that turnip is closely related to TUA, TUE,

ECD04, and Chiifu A03. However, there were numerous

chromosomal insertions/rearrangements that differentiated

turnip from TUA, TUE, ECD04, and Chiifu A03. This is in

accordance with previous studies that detected many genomic

insertions/rearrangements after the WGT event in Brassica (Liu

et al., 2014). An earlier analysis of retained or lost genes after

the WGT in Brassica revealed over-retention of genes involved

in metabolic pathways (Liu et al., 2014; Lou et al., 2012). To

further resolve the diversity between turnip and B. rapa

subspecies, we detected 4578 and 1010 gene families that had

expanded in the turnip and Chiifu A03 genomes, respectively

(Figure 2A). Gene Ontology (GO) enrichment analysis indicated

that the expanded gene families in turnip were mainly related to

metabolic processes and responses to environmental

stimuli (Figure 2C), whereas those in Chiifu A03 were mainly

associated with S-glycoside catabolism (Supplemental

Figure 8). This implies that there may be differences in the

survival strategies of turnip growing on the Tibetan plateau and

domesticated Chiifu A03 (Cheng et al., 2016; Zhao et al., 2005).

On the basis of duplicated gene pairs, we calculated the

age distribution of the synonymous substitution rate (Ks)

(Figure 2D). The results indicated that, other than the common

polyploidization events among Brassica species, there were no

additional species-specific WGD events in turnip, consistent
munications 4, 100427, January 9 2023 ª 2022 The Authors. 5



Figure 3. Identification and comparison of pseudogenes in diploid Brassica species.
(A)Number of genes/pseudogenes in eight diploid Brassica genomes, including the AA genomes of turnip, ECD04, Chiifu A03, Chiifu v3.5, B. rapa L. ssp.

chinensis (Bras), and B. rapa Z1, as well as the BB genome of B. nigra (Bni) and the CC genome of B. oleracea (Bol).

(B)Comparison of pseudogene evolution rates (Ks) in eight diploidBrassica species/subspecies. Turnipc–others indicates the pseudogenes of turnip and

functional genes of other species/subspecies. Turnip–othersc indicates the pseudogenes of other species/subspecies and functional genes of turnip.

(C) Comparison of pseudogene distribution between the turnip genome and the genomes of other diploid Brassica species/subspecies. Numbers

represent the corresponding chromosome numbers.

(D) Distribution of pseudogenes 10 kb upstream and downstream of coding sequences (CDSs) in eight diploid Brassica species/subspecies. The

presence of a pseudogene downstream of the transcription termination site or upstream of the transcription start site of each gene is indicated by 1,

whereas the absence of a pseudogene is indicated by 0, with a total window size of 100 kb. The data presented on the y axis were calculated by dividing

the number of genes with an upstream or downstream pseudogene (1) by the total number of genes.

(E)Comparative analysis of pseudogenes between turnip and other diploid Brassica species/subspecies. Syntenic blocks were determined according to

alignment of the turnip chromosomes with the chromosomes of other diploid Brassica species/subspecies.

(F) Comparison of the number of unique and shared pseudogene families between turnip and other diploid Brassica species/subspecies.
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with the results of the phylogenetic analysis of the Brassica AA

genome. Thismay also explain the similarity in the genomic struc-

tures of turnip and B. rapa subspecies.
Comparative analysis of pseudogenes in diploid
Brassica genomes

To systematically identify candidate pseudogenes in the ge-

nomes of eight diploid Brassica species, including the AA

genomes of turnip, ECD04, Chiifu A03, Chiifu v3.5, Bras, and

Z1, the BB genome of B. nigra (Bni), and the CC genome of

B. oleracea (Bol), we used prediction software and

performed homology searches with stringent filters to minimize

noise and enhance positive signals (Figure 3A and

Supplemental Figure 9A). Among the examined species, Bol

(CC genome) and Bni (BB genome) had the most and fewest

pseudogenes, respectively. The AA genomes included 3933–

5847 pseudogenes. Turnip, ECD04, Chiifu A03, Chiifu v3.5, and

Bras had similar numbers of pseudogenes (Figure 3A). We

subsequently determined the pseudogene evolution rate by

estimating the Ks values for the pseudogenes and their
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functional paralogs (Figure 3B). The Chiifu A03 pseudogenes

evolved faster than the turnip pseudogenes, possibly because

of the high artificial selection pressure to which Chiifu A03 was

subjected.

Anchoring of the Brassica pseudogenes to each chromosome re-

vealed an asymmetrical distribution, with the greatest variation in

the distribution of pseudogenes on chr02 of turnip and on A02 of

the other species. Considering the rearrangement results for

chromosome A02, we hypothesized that genomic rearrange-

ments may be responsible for the differences in pseudogene

distribution (Figure 3C and Supplemental Figure 9B). We

analyzed the distribution of pseudogenes 10 kb upstream and

downstream of coding sequences (CDSs) in eight Brassica

diploid species. Turnip had the most pseudogenes in the

upstream/downstream regions, with similar pseudogene

distribution trends detected in the AA genomes of Bras, Chiifu

v3.5, and Chiifu A03. By contrast, the BB genome (Bni) had the

fewest pseudogenes in the upstream/downstream regions. This

result provides further evidence of the asymmetrical distribution

of pseudogenes in eight Brassica diploid species (Figure 3D). In
thors.
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addition, we identified syntenic blocks of pseudogenes in

Brassica. More specifically, the synteny between turnip and

other species/subspecies (i.e., the percentage of syntenic

regions) was as follows: 38.40% (Chiifu A03), 43.10% (Bras),

40.20% (Chiifu v3.5), 41.00% (ECD04), 29.20% (Z1), 21.20%

(Bni), and 19.90% (Bol) (Figure 3E and Supplemental

Figure 9C). The lowest synteny between turnip and Bol may be

related to the relatively extensive chromosomal rearrangements

and asymmetrical gene loss in duplicated genomic blocks that

occurred in the Bol genome (Liu et al., 2014). To further

characterize the pseudogenes specific to turnip, syntenic

orthologs of pseudogenes in Brassica were identified (Figure 3F).

We then performed a GO enrichment analysis of the pseudo-

genes in eight diploidBrassica species/subspecies by annotating

their closest functional paralogs (Supplemental Figure 10). The

turnip pseudogenes were mainly annotated with the GO terms

‘‘multicellular organismal process,’’ ‘‘anatomical structure

development,’’ and ‘‘macromolecule biosynthetic process,’’

probably because some nonfunctional or dispensable genes

became pseudogenes. The Chiifu A03 pseudogenes are related

to ‘‘cellular localization,’’ ‘‘signal transduction,’’ and ‘‘signaling,’’

suggesting that Chiifu A03 had more pseudogenes related

to stress responses. These findings may reflect functional

differences in pseudogenes between the two subspecies,

which may be the result of selection pressure during

domestication. We assessed the functions associated with the

Pfam domains encoded by the pseudogenes on the basis of

the annotations of their functional paralogs (Supplemental

Figure 11). A relatively small proportion of the pseudogenes

were related to core genes, such as transcription factor genes

(0.20%–1.41%) and kinase genes (0.86%–2.59%), but most of

the pseudogenes were functionally unknown and unclassified.

Accordingly, there were relatively few regulatory genes among

the pseudogenes.
Effect of pseudogenes on theGSL biosynthesis pathway

GSLs and the products of their hydrolysis are determinants of

the unique taste of Brassica crops (Bell et al., 2018).

Compared with other Brassica species, turnips contain more

aliphatic GSLs (Yang et al., 2020). On the basis of the

pseudogene functional annotations, we analyzed the genes

involved in the aliphatic GSL metabolic pathway (Figure 4A

and Supplemental Figure 12); these genes are the

predominant GSL-related genes in the Brassica AA genome.

Genes encoding methylthioalkylmalate (MAM) synthase were

identified in turnip, ECD04 (Yang et al., 2022), Chiifu A03 (Sun

et al., 2022), Bras (Li et al., 2021), and 10 other representative

Brassica species/subspecies (Cai et al., 2021), including TUA,

TUE, Chiifu v3.5, BRO, Z1, CCA, CCB, MIZ, PCA, and

TCA (Figure 4B, Supplemental Figure 13; Supplemental

Table 17). Turnip had the most MAM functional genes, which

were distributed mainly on chr02 but also on chr03 and

chr04. In the other species/subspecies, the MAM genes

were distributed on chromosomes A02, A03, and A04

(Supplemental Figure 14). Syntenic relationships were

detected between the turnip MAM genes on chr03 and chr04

and the MAM genes on chromosomes A03 and A04 in the

other species/subspecies. However, all five MAM genes on

chr02 in turnip were functional, whereas the syntenic
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regions on chromosome A02 in the other species/subspecies

contained 1–3 MAM pseudogenes. There were two main

pseudogene types, those on blocks homologous to a turnip

MAM gene (Gene0495830), which had a premature

termination codon (Supplemental Figure 15), and those on

blocks homologous to turnip MAM genes (Gene0228790 or

Gene0464890), which became pseudogenes. Because of the

decrease in MAM gene family size in the other species/

subspecies as a result of the development of pseudogenes,

we hypothesized that MAM genes (Gene0495830,

Gene0228790, and Gene0464890) may be critical for

explaining the differences in GSL synthesis between turnip

and the other species/subspecies.

To test this hypothesis, we first compared the aliphatic GSL

content in Brassica species with the AA genome (turnip, Chiifu,

Bras, and Z1) and Bol (CC genome) (Figure 4C). The aliphatic

GSL content varied among organs (leaves/taproots) and

developmental stages (10, 20, and 30 days). Compared with their

abundance in other Brassica species/subspecies, several

aliphatic GSLs were more abundant in turnip taproots

(gluconapin, progoitrin, glucobrassicanapin, glucoraphanin,

glucoerucin, and glucoberteroin) or turnip leaves (gluconapin and

glucobrassicanapin). These compounds are the main sources of

the pungency of Brassica plants (Bell et al., 2018; Kusznierewicz

et al., 2013; Depree et al., 1998). We also obtained hairy

roots from Chiifu and turnip plants that had been transformed

using Agrobacterium rhizogenes for overexpression or

silencing (via RNA interference [RNAi]) of the MAM genes

(Gene0228790, Gene0464890, and Gene0495830) (Figure 4D

and Supplemental Figure 16). The glucobrassicanapin and

gluconapoleiferin contents determined by liquid chromatography-

mass spectrometry (MS) were significantly higher in Chiifu hairy

roots overexpressing Gene0228790, Gene0464890, and

Gene0495830 than in the control. As expected, the RNAi-

mediated silencing of Gene0228790, Gene0464890, and

Gene0495830 in turnip hairy roots decreased the gluconapin, pro-

goitrin, and glucobrassicanapin content. These results imply that

MAM is important for development of the pungent flavor of turnips.
Effect of 2-oxoglutarate-dependent dioxygenase
(AOP2)-encoding gene on the GSL biosynthesis
pathway

Degradation of glucoraphanin produces sulforaphane, one of the

best anticancer compounds identified to date (Fimognari, 2002;

Tortorella et al., 2015). Other genes that influence the

production of specific anticancer- and flavor-related aliphatic

GSLs are AOP genes, which encode enzymes that convert

sulforaphane-related GSLs into GSLs that lack anticancer prop-

erties (Liu et al., 2014). We identified AOP2 genes in turnip, Bol

(CC genome), Bni (BB genome), and nine other representative

Brassica AA genome species/subspecies (ECD04, Chiifu A03,

Bras, Chiifu v3.5, Z1, CXA, CXB, PCA, and TCA) (Cai et al.,

2021; Figure 5A). Most species/subspecies had three AOP2

genes, but among the three Bol AOP2 genes, one was

functional, whereas the other two were pseudogenes. This may

help to explain the high glucoraphanin levels in Bol (inactive

AOP2 genes) but not in Chiifu (three active AOP2 genes) (Wang

et al., 2011a; Liu et al., 2014). Two AOP2 genes in Z1 had

syntenic relationships with two AOP2 genes in turnip, but there
munications 4, 100427, January 9 2023 ª 2022 The Authors. 7



Figure 4. Comparison of pseudogenes and determination of flavor-related metabolite content in the aliphatic GSL metabolic
pathways of diploid Brassica species.
(A) Overview of the aliphatic GSL biosynthesis pathway.

(B) Analysis of synteny among MAM genes in 14 diploid Brassica species/subspecies. Turnip chromosome chr02 with MAM genes and the collinear

chromosome A02 in otherBrassica species/subspecies are presented. Identical colors represent the same homologous region. Arrows indicate the gene

orientation on the chromosome. Boxes represent pseudogenes into which those on blocks homologous to turnipMAM (Gene0495830,Gene0228790, or

Gene0464890) were converted in other species/subspecies. Specifically, MAM (Gene0495830) in turnip was converted into pseudogenes because of

codon termination in other species/subspecies. Syntenic regions in both genomes, with one turnip genome containing a functional gene (Gene0228790 or

Gene0464890) and the other containing a homologous sequence with clear markers indicative of a pseudogene, are presented.

(C) Differences in aliphatic GSL content in the leaves and taproots of Brassica species/subspecies 10, 20, and 30 days after germination (n = 4) as

determined by HPLC-MS/MS. AA genome: turnip, Chiifu, Bras, and B. rapa Z1; CC genome: Bol.

(D)Pungency-related compound content in Chiifu hairy roots overexpressingMAM genes (Gene0228790,Gene0464890, andGene0495830) (top graphs)

and in turnip hairy roots in which these three genes were silenced via RNAi (bottom graphs). The compound content was determined by HPLC-MS/MS.

Error bars indicate the standard deviation (n = 4). Asterisks indicate significant differences between the transgenic turnip/Chiifu hairy roots and the control

(Student’s t-test; *P < 0.05, **P < 0.01).
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was no synteny between Z1 AOP2 genes and one of the turnip

AOP2 genes (Gene0486840) (Figure 5B).

The three AOP2 genes in turnip were expressed in taproots and

leaves at different developmental stages, implying that the

sulforaphane-related GSLs in turnip are converted by AOP2 to

GSLs that lack anticancer activities (Figure 5A, Supplemental

Table 18, and Supplemental Figure 17). Thus, we attempted to

inactivate all AOP2 genes to decrease pungency and increase

sulforaphane formation. We used RNAi technology to silence

the expression of three AOP2 genes in turnip (Gene0405960,

Gene0250680, and Gene0486840) and Chiifu (BraA02g028320,

BraA09g001360, and BraA03g029140) and then analyzed the

pungency and accumulation of glucoraphanin in the resulting

samples (Figure 5C and Supplemental Figure 18). As expected,

inhibition of AOP2 expression significantly decreased the

content of pungency-related compounds (gluconapin and

glucobrassicanapin) in turnip and enhanced glucoraphanin

accumulation in turnip and Chiifu. These findings are relevant
8 Plant Communications 4, 100427, January 9 2023 ª 2022 The Au
for future attempts to modulate turnip pungency (Supplemental

Figure 19).

DISCUSSION

Pseudogenes are important for research on evolution and

comparative genomics because they represent the molecular

remnants of ancient genes that existed in the genome millions

of years ago (Zou et al., 2009; Moghe et al., 2014; Xie et al.,

2019; Xu et al., 2019). The only cross-species comparisons of

pseudogenes in plants have focused on the evolution and

expression signatures of pseudogenes in the Arabidopsis and

rice genomes (Zou et al., 2009), the pseudogenization of

duplicated genes in wild radish (Raphanus raphanistrum) and

three other Brassicaceae species (Moghe et al., 2014), and the

evolutionary origins of pseudogenes and their associations with

regulatory sequences among seven angiosperms (Xie et al.,

2019). The diversity in pseudogene evolution among Brassica

species remains unclear. The comparison of Brassica
thors.



Figure 5. Effect of AOP2 genes on the GSL biosynthesis pathway.
(A) Neighbor-joining trees of AOP gene families in genomes of 13 species, including the AA genome of CXA, CXB, Z1, ECD04, TCA, Chiifu v3.5, turnip,

Chiifu A03, Bras, and PCA, the BB genome of Bni, and the CC genome of Bol, with A. thaliana serving as an outgroup, were constructed by aligning the

CDSs with 1000 bootstrap replicates. ThreeAOP2 genes were present in the turnip (purple circles;Gene0405960,Gene0250680, andGene0486840) and

Chiifu (blue circles; BraA02g028320, BraA09g001360, and BraA03g029140) genomes. Red asterisks and J represent pseudogenes in Bol.

(B) Analysis of the synteny between the AOP2 genes in B. rapa Z1 and turnip. Of the three AOP2 genes in turnip, B. rapa Z1 lacked a collinear gene for

Gene0486840.

(C) Pungency-related compound and glucoraphanin content inAOP2-RNAi turnip and Chiifu hairy roots. Error bars indicate the standard deviation (n = 4).

Asterisks indicate significant differences between the transgenic turnip/Chiifu hairy roots and the control (Student’s t-test; *P < 0.05, **P < 0.01).
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pseudogenes revealed in this study suggests that the CC

genome had more pseudogenes than the AA genome and

fewer pseudogenes derived from a common ancestor, with

relatively few syntenic blocks, indicating that the pseudogenes

in the AA genome appeared after the divergence from

Bol. The pseudogenes were asymmetrically distributed on

the chromosomes among the subspecies. The Chiifu A03

pseudogenes evolved faster than the turnip pseudogenes.

Hence, although Chiifu A03 and turnip have the AA genome,

the genetic diversification of these two subspecies may be

related to selection pressure imposed during domestication.

Pseudogenes usually result from gene duplications or retrotrans-

positions related to WGD events (Wolfe, 2001; Xie et al., 2019).

The small difference in the number of pseudogenes among

Brassica species with the AA genome is consistent with the lack

of additional WGD and LTR events after divergence in these

species. The asymmetrical distribution of pseudogenes on the

chromosomes was due to numerous chromosomal insertions/

rearrangements in the Brassica AA genomes (Lou et al., 2012;

Liu et al., 2014). These pseudogene differences were revealed

by gene functional annotations, which indicated that core

genes, including those encoding transcription factors, were

generally not converted to pseudogenes. Previous studies have
Plant Com
determined that Brassica crops exhibit extreme morphological

characteristics and diverse environmental adaptability because

of artificial selection during domestication and breeding (Cheng

t al., 2016; Qi et al., 2017). This phenomenon demonstrates that

plant survival is the first priority and that the diversity in specific

characteristics increased after domestication. Accordingly, the

metabolic differences may have been the result of selection for

agriculturally desirable traits by humans, especially the flavor-

related characteristics of domesticated/semi-domesticated Chiifu

and turnip.

The production of four aliphatic GSLs (gluconapin, progoitrin, glu-

cobrassicanapin, and gluconapoleiferin) influences formation of

the distinct flavors of Brassica crops (Bell et al., 2018). The

variability in aliphatic GSL structures is due mainly to two major

genetic loci (MAM and AOP) (Keurentjes et al., 2006; Wentzell

et al., 2007; Liu et al., 2014). Specifically, MAM controls the

variability in aliphatic GSL carbon chain length, whereas AOP is

responsible for modification of side chain structure (Benderoth

et al., 2009; Liu et al., 2014). Detailed analysis of five Brassica

species in this study revealed considerable variation in the

relative content of aliphatic GSLs among species and

subspecies, consistent with the findings of earlier studies (Chen

et al., 2008; Yang et al., 2020). Previous research confirmed
munications 4, 100427, January 9 2023 ª 2022 The Authors. 9
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that there were significant differences in the GSL content of

Chinese cabbage (Chiifu) germplasm, due largely to genetic

changes because of selection pressure influenced by consumer

preference (Kang et al., 2006). Thus, the high concentrations of

pungency-related substances in turnip plants grown on the Ti-

betan plateau may be related to their minimal domestication by

humans. In Bol, two nonfunctional AOP2 genes are associated

with decreased accumulation of these four metabolites, which,

in turn, is related to an increase in anticancer GSL content (Liu

et al., 2014); this may also be the result of flavor-related selection

pressure during domestication. We determined that the Chiifu fla-

vor preferred by humans is influenced mainly by nonfunctional

MAM genes, whereas the pungency of turnip ismainly associated

with expansion of the MAM gene family. This is in accordance

with the results of GSL content surveys and explains why gluco-

napin and glucobrassicanapin are abundant in turnip (Padilla

et al., 2007; Lee et al., 2013) but not in Chiifu. This inspired us

to attempt to convert AOP2 in turnip into a nonfunctional gene

via RNAi. Doing so will enhance accumulation of anticancer

substances and optimize turnip flavor. Therefore, agriculturally

important Brassica crop traits may be improved by focusing on

GSL pathway-related genes. The data generated in this study

will help researchers and breeders develop crops with more

desirable flavors and a greater abundance of anticancer com-

pounds, satisfying worldwide consumer demands.

METHODS

Plant materials

Turnip seeds collected from Nangqen county, Qinghai province (N

32�1201100, E 96�2805000) were sown in a seedling raising plate. Seedlings

were cultivated under controlled greenhouse conditions (12 h light

[28�C]/12 h dark [25�C] cycle, 200 mmol photons m�2 s�1 light intensity,

and 75%–80% relative humidity) and were watered appropriately.

Genomic DNA was extracted from the leaves and used for subsequent

genomic DNA sequencing analysis and construction of Hi-C libraries.

Illumina and PacBio sequencing

Genomic DNA was extracted from leaves according to a standard cetyl-

trimethylammonium bromide (CTAB) method. DNA quality was assessed

using a 2100 Bioanalyzer (Agilent Technologies, USA). The Illumina

sequencing library was constructed and then sequenced (150-bp

paired-end mode) using the Illumina X Ten platform as described by the

manufacturer. For PacBio sequencing, 10 mg genomic DNA was sheared,

and then approximately 20-kb fractions were selected using the

BluePippin Selection system (Sage Science, USA). The library was

sequenced using the Pacific Biosciences Sequel platform.

Estimation of genome size

The turnip genome size was estimated on the basis of a k-mer frequency

analysis of the Illumina short reads using the Jellyfish program (version

2.2.6) (http://www.genome.umd.edu/jellyfish.html) with a k-mer fre-

quency of 21. The heterozygosity ratio was estimated using the

GenomeScope online tool (http://qb.cshl.edu/genomescope/). Finally,

genome size was calculated using the following formula: genome size =

k-mer coverage/mean k-mer depth.

De novo assembly and genome refinement

The PacBio SMRT (Single Molecule Real Time) analysis package (https://

www.pacb.com) was used for quality control screening of the raw reads

with the following parameters: readScore, 0.75; minSubReadLength, 500,

including removal of sequencing adapters and low-quality short reads.

Errors in the PacBio long reads were corrected using the error correction
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module embedded in Canu (version 1.3) (Koren et al., 2017) with

correctedErrorRate set to 0.045. De novo sequence assembly was

performed using the default parameters of Canu to produce contigs. The

clean PacBio reads were then aligned with the assembled contigs using

Basic Local Alignment with Successive Refinement (version 1.3.1)

(Chaisson and Tesler, 2012). The contigs were further corrected using

Quiver from the SMRT Analysis package. Illumina paired-end reads from

the same turnip species were aligned to the optimized contigs using

BWA (version 0.7.10-r789) (Li, 2014). The assembled sequences were

polished using Pilon (version 1.22) (Walker et al., 2014) with the following

parameters: -mindepth 10 -changes -fix bases. The completeness of the

genome assembly was evaluated using BUSCO (version 4.0.6) and the em-

bryophyta_odb10 single-copy gene dataset (Simao et al., 2015).

Hi-C library construction

Leaves from individual turnip plants were harvested and immersed in a

formaldehyde solution to crosslink and fix chromatin. The leaf cells were

lysed, and HindIII endonuclease was used to digest the fixed chromatin.

The DNA ends were marked with biotin-14-dCTP (20-deoxycytidine
50-triphosphate), and the blunt ends were ligated to each other using

DNA ligase. Next, the nuclear complexes were reverse crosslinked

during incubation with proteinase K at 65�C. The DNA was purified and

sheared (100–500 bp) by sonication. The biotin-labeled fragments were en-

riched using streptavidin magnetic beads. Poly(A) tails were added to the

fragment ends using the Klenow fragment (exo-) before adding the Illumina

paired-end sequencing adapter in a ligation mixture. PCR amplification of

fractions was performed using 12 cycles, and the PCR products were

sequenced using the Illumina HiSeq platform (150-bp paired-end reads).

Pseudomolecule construction by Hi-C

Clean Hi-C reads were used with HiC-Pro (Servant et al., 2015) to map the

Hi-C sequencing reads to the assembled contigs using the BWA-aln algo-

rithm without any mismatches and with detection of valid contacts (Li and

Durbin, 2009). The preassembled contigs split into 50-kb segments (on

average) combined with uniquely matched Hi-C data were clustered, or-

dered, and directed onto the pseudochromosomes using LACHESIS soft-

ware (Burton et al., 2013). Orientation errors with obvious discrete

chromatin interaction patterns were manually adjusted to improve the

chromosome-scale assembly quality. The final chromosome assemblies

were divided into 100-kb bins with equal lengths. The interaction signals

generated by the valid mapped read pairs between each bin were visual-

ized in a heatmap.

Genome annotation

To annotate repetitive sequences, the assembled turnip genome was

screened using LTR_FINDER (version 1.05) (Xu and Wang, 2007), MITE-

Hunter (Han and Wessler, 2010), RepeatScout (version 1.0.5) (Price et al.,

2005), and PILER-DF (version 2.4) (Edgar and Myers, 2005). All isolated

sequences were then classified using PASTEClassifier (Hoede et al.,

2014) and mapped using the Repbase database and RepeatMasker

software (version 4.0.6) (Tarailo-Graovac and Chen, 2009). Using a

substitution rate (r) of 7.3 3 10�9 substitutions per site per year (Exposito-

Alonso et al., 2018), the insertion date (T) was calculated for each LTR

retrotransposon (T = K/2r; K, genetic distance). Next, ab initio, homology-

based, and RNA-seq-based prediction methods were combined to anno-

tate gene models. The ab initio predictions were obtained using Genscan

(Haas et al., 2008), Augustus (version 2.4) (Stanke and Morgenstern,

2005), GlimmerHMM (version 3.0.4) (Majoros et al., 2004), GeneID (version

1.4) (Blanco et al., 2007), and SNAP (version 2006-07-28) (Korf, 2004).

GeMoMa software (version 1.3.1) was used to predict homologous

species (mainly A. thaliana, B. juncea, B. napus, and Chiifu v3.0). Protein

sequences were downloaded from the Brassica database (http://

brassicadb.cn/#/). TheRNA-seqreadsweremapped to thegenomeassem-

bly using HISAT and StringTie (Kim et al., 2015). TransDecoder (http://

transdecoder.github.io) and GeneMarkS-T (Tang et al., 2015) were used

to identify transcripts according to the mapping results. Finally, all
thors.
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prediction results were integrated using EVidenceModeler (version 1.1.1)

(Haas et al., 2008). Turnip genes were functionally annotated using the

eggNOG, GO, KEGG_ko, and Pfam databases and the eggNOG online

service (http://eggnog-mapper.embl.de/; Huerta-Cepas et al., 2019;

Cantalapiedra et al., 2021). DIAMOND BLASTP (default alignment param-

eter) (Buchfink et al., 2021) was used to align turnip proteins to sequences

in the NR and Swiss-Prot databases, with the best hit (-k 1) used for

annotations.

Phylogenetic tree construction

Orthologous groupswere identified usingOrthoFinder (version 2.3.12) and

all-versus-all BLASTP alignments (E < 1e�5) with protein sequences en-

coded by the genomes of the following 12 species: turnip,B. rapa ssp. pe-

kinensis (Chiifu-401-41, v3.5) (Zhang et al., 2022), B. rapa L. ssp.

pekinensis cv. A03 (Chiifu A03) (Sun et al., 2022), European turnip

ECD04 (Yang et al., 2022), Bras (Li et al., 2021), B. rapa ssp. rapa (TUA

and TUE) (Cai et al., 2021), and B. rapa (Z1) (Chaisson and Tesler, 2012)

with the AA genome; Bol (To1000, v2.0) (Cai et al., 2020) with the CC

genome; Bni (Ni100_V2) (Perumal et al., 2020) with the BB genome;

Raphanus sativus (Kitashiba et al., 2014; http://radish.kazusa.or.jp); and

A. thaliana (Athaliana_447_Araport11) (Cheng et al., 2017) (E < 1e�5,

inflation factor = 1.5). Protein sequences encoded by single-copy genes

were used to generate a multiple sequence alignment concatenated to

a super alignment matrix. A maximum-likelihood phylogenetic tree was

constructed according to the PROTCATJTT model in RAxML software

(version 8.2.12) (Stamatakis, 2014). Species divergence times were

estimated using MCMCtree in PAML (Yang, 2007) with an independent

substitution rate (clock = 2) and GTR substitution model l. A Markov

chain Monte Carlo analysis was run for 10 000 generations using a

burn-in of 1000 iterations. Calibration points were applied according to

the core Brassicaceae origin time of 21.3–29.8 mya (Guo et al., 2017).

Homozygous gene pairs were identified for turnip, Chiifu A03, ECD04,

and A. thaliana, and Ks values were calculated using WGDI (https://

github.com/SunPengChuan/wgdi).

Determination of syntenic relationships between turnip and its
relatives

Homologous genes were analyzed using MCScanX (Wang et al.,

2012) with the following parameters: E <1e�10; Gap_penalty, �3.

Syntenic blocks were defined as those with at least five syntenic genes.

The sequence collinearity between turnip and other genomes was

assessed using the nucmer program of the MUMmer package (v4.0rc1)

(Marcais et al., 2018), and the syntenic relationships were visualized

using NGenomeSyn (https://github.com/Hewm2008/NGenomeSyn). We

assigned and partitioned multiple turnip or Chiifu A03 chromosomal seg-

ments that matched the same A. thaliana (Athaliana_447_Araport11)

segment (24 ancestral crucifer blocks A–X) into the LF,MF1, andMF2 sub-

genomes (Schranz et al., 2006; Wang et al., 2011b).

Gene family expansion analysis

The expansion and contraction of gene families were determined using

CAFE5 (default parameters) (https://github.com/hahnlab/CAFE5). Func-

tional annotations were performed using eggNOG-mapper (http://

eggnog-mapper.embl.de/). The GO annotation analysis was performed

using TBtools_windows-x64_1_098685 (eggNOG-mapper Helper), and

the results were visualized using online tools (http://www.bioinformatics.

com.cn/).

Identification of pseudogenes in the Brassica diploid genomes

Pseudogenes were identified using two methods. Pseudogenes were first

identified by examining the assembled genomes of turnip and seven other

Brassica species (Chiifu v3.5, Chiifu A03, Z1, ECD04, Bol, Bni, and Bras) as

described previously (Xie et al., 2019). In brief, the analysis consisted of five

major steps. First, we identified intergenic regions (masked genic and

transposon regions) with sequences similar to known proteins using

Exonerate (https://github.com/nathanweeks/exonerate). The following
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steps focused on intergenic non-TE (transposable element) regions. We

preliminarily screened the candidate pseudogene regions by comparing

the genomic regions with known proteins; we accepted alignments with

an E value of less than 1e�5, identity of 20% or greater, match length of

30 amino acids or more, and match length of 5% or greater of the query

sequence. In chromosomal segments with multiple hits, the alignment hit

with the bestmatchwas retained. Next, homologous segmentswere linked

into contigs according to the distance between the hits on the chromosome

(Gc) and the distance on the query protein (Gq); the distance was set to

50 bp. The candidate contigs were then realigned using a more accurate

alignment program, tfasty, with the following parameters: -A -m3 ‘q’. Accu-

rate sequences and the positions of frameshifts and stop codons as well as

insertions and deletions were determined in this step. In the final step,

Exonerate was used to identify pseudogene–functional paralog pairs.

The second method was as follows. The CDSs and protein sequences

were extracted from each genome using the gffread tool in Cufflinks

(version 2.2.1). The annotated genes on the genome were masked to

obtain the new genome mask_gene_genome.fa; the above pep was

done after the query sequence using GenBlastA (version 1.0.4) (Gough

and Chothia, 2002) to the new genome for homologous gene prediction

using the following parameters: genblasta -P wublast -pg tblastn -q

query.pep.fa -t mask_gene_genome.fa -p T -e 1e-5 -g T -f F -a 0.5 -d

100000 -r 10 -c 0.5 -s 0. Pseudogene prediction was performed using

GeneWise v0.2 (Lees et al., 2012) to obtain the final results with the

following parameters: -Identity 0.95 -cover 0.95.

Finally, the predicted pseudogenes were combinedwith the pseudogenes

identified in the abovementioned search to obtain the final number of

pseudogenes for each examined species. Numerical computations

were performed at the Heifei Advanced Computing Center.

Pseudogene annotation and evolutionary analysis

Pseudogeneswere annotated according to their functional paralogs in the

non-redundant protein sequence (NR), Swiss-Prot, kyoto encyclopedia of

genes and genomes (KEGG), gene ontology (GO), clusters of orthologous

genes (COG), nucleotide sequence (NT), and Pfam databases. To eval-

uate the level of the selective constraint on the pseudogenes, we calcu-

lated the Ks and Ka values for each pseudogene and its closest functional

paralog (Xie et al., 2019). First, collinear blocks in the genomes of turnip

and the other species/subspecies were compared using MCScanX

(Wang et al., 2012).We then extracted the pseudogene–functional paralog

pairs, the pseudogenes in the other species/subspecies and the closest

functional paralogs in turnip, and the turnip pseudogenes and the closest

functional paralogs in the other species/subspecies. We subsequently ex-

tracted the paired nucleotide sequences separately and translated them

into protein sequences for a comparison using multiple alignment using

fast fourier transform (MAFFT, version 7.487) (Katoh and Standley,

2013). The protein sequence comparison results were converted to CDS

comparison results using ParaAT. Finally, selection pressure was calcu-

lated using the KaKs Calculator (version 2.0) (Wang et al., 2010). A

Fisher’s test with KaKs < 3 was also performed.

Pseudogene Pfam domain analysis

We annotated all pseudogenes according to their functional paralogs in

the Pfam database (Pfam-A.hmm) using HMMER 3.1b2 (February 2015)

(http://hmmer.org/) with %1e�5 set as the threshold.

GSL extraction and analysis

GSL content was measured as described previously (Yang et al., 2020). In

brief, 200 mg plant tissue was added to 80% (v/v) methanol solution

containing 50 mL 1 mM sinalbin as an internal standard. The solution was

mixed and then centrifuged. The collected supernatant was added to

DEAE-Sephadex A-25 ion-exchange columns. The columns were washed

with 80% methanol, double distilled H2O (ddH2O), and 20 mM [2(N-mor-

pholino)ethanesulfonic acid] MES buffer (pH 5.2) before 30 mL sulfatase so-

lution was applied. After overnight incubation at room temperature, the
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eluted desulfo-GSLswere separated using a high-performance liquid chro-

matography system (HPLC, Agilent 1100) and a ultra-performance liquid

chromatography/mass spectrometry/mass spectrometry (UPLC-MS/MS)

system (LCMS-8040 system, Shimadzu) with a reverse-phase C18 column

and a water–acetonitrile gradient. GSL content was calculated on the basis

of the peak areas at 229 nm relative to the peak area of the internal standard

using the recommended relative response factors reported in DIN EN ISO

9167. The results were calculated in terms of mmol/g fresh weight.

Generation of transgenic turnip and Chiifu hairy roots

The full-length CDSs of turnip BrrMAM genes (Gene0495830,

Gene0464890, and Gene0228790) were cloned into the binary vector

pRI101-AN to generate 35S::BrrMAM-GFP constructs. For the RNAi con-

structs, the reverse complementary sequences of BrrMAM genes

(Gene0495830, Gene0464890, Gene0228790) and AOP2 genes (Gene04

05960, Gene0250680, and Gene0486840 in turnip; BraA02g08320,

BraA09g001360, and BraA03g029140 in Chiifu) were cloned into pRI101-

AN-FLAG vectors. The resulting recombinant plasmids and the negative

control vectors (35S::GFP and 35S::FLAG) were inserted separately into

A. rhizogenes strain LBA9402 cells.

Turnip and Chiifu hairy root cultures were established as described previ-

ously (Chung et al., 2016; Yin et al., 2020). In brief, a cotyledon infection

method was used to insert the abovementioned genes into the turnip

and Chiifu roots. The 35S::GFP and 35S::FLAG vectors were used as

controls. The GSL content in the hairy roots was quantified using the

UPLC-MS/MS system as described above. All primers are listed in

Supplemental Table 19.
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