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A B S T R A C T
The vegetative development of cabbage (Brassica oleracea var. capitata
) passes through seedling, rosette, folding and heading stages. Leaves that

form the rosette are large andmostly flat. In the following developmental stages, the plants produce leaves that curve inward to produce the leafy

head. ManymicroRNAs and their target genes have been described participating in leaf development and leaf curvature. The aim of this study is to

investigate the role of miRNA-regulated genes in the transition from the rosette to the heading stage. We compared the miRNA and gene

abundances between emerging rosette and heading leaves. To remove transcripts (miRNAs and genes) whose regulation was most likely asso-

ciated with plant age rather than the change from rosette to heading stage, we utilized a non-heading collard green (B. oleracea var. acephala)

morphotype as control. This resulted in 33 DEMs and 1 998 DEGswith likely roles in the transition from rosette to heading stage in cabbage. Among

these 1 998 DEGs, we found enriched GO terms related to DNA-binding transcription factor activity, transcription regulator activity, iron ion

binding, and photosynthesis. We predicted the target genes of these 33 DEMs and focused on the subset that was differentially expressed (1 998

DEGs) between rosette and heading stage leaves to construct miRNA-target gene interaction networks. Our main finding is a role for miR396b-5p

targeting two Arabidopsis thaliana orthologues of GROWTH REGULATING FACTORs 3 (GRF3) and 4 (GRF4) in pointed cabbage head formation.

Keywords: Brassica oleracea var. capitata; RNA sequencing; miRNA-target gene network; leafy head formation
1. Introduction

Cabbage (Brassica oleraceavar. capitata) is an important vegetable
cropconsumedworldwide.Theedible andeconomically important
part of cabbage plants is the leafy head. Cabbage plants undergo
four vegetative stages: seedling, rosette, folding, and heading.
Seedling leaves are mostly flat, have clear petioles, and remain
relatively small. Rosette leaves are mostly flat and are the largest
leaves of the cabbage plant. Folding leaves are curvedupwards and
inwards. Heading leaves show an extreme inward curvature that
causes their overlapping around the shoot apical meristem (SAM)
toproduce the leafyhead. These leaves arenot exposed to light and
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therefore do not photosynthesize; instead, they serve as storage
organs. In cabbage, the molecular pathways that control the
morphological changes from flat rosette leaves to curved heading
leaves remain unclear. Interestingly, studies inArabidopsis thaliana
(Liu et al., 2011; Kalve et al., 2014; Yang et al., 2018) and the heading
Chinese cabbage (Brassica rapa ssp. pekinensis) (Mao et al., 2014; Li
et al., 2019) show the essential participation of microRNAs (miR-
NAs) and their target genes in leaf development and leaf curvature.

Many miRNAs families are very conserved among the plant
kingdom (Zhang et al., 2006), and are involved in many biological
processes such as growth, development, hormone signalling, and
abiotic/biotic stress responses (Dong et al., 2022; Islam et al., 2022;
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Kumar et al., 2022; Zhang et al., 2022; Zhu et al., 2022). Many
miRNAs are involved in leaf initiation and development. Studies
in Arabidopsis thaliana (Palatnik et al., 2003; Williams et al., 2005;
Song et al., 2012) and Chinese cabbage (Ren et al., 2018) showed
that changes in the miRNA-target gene interactions related to
leaf development can affect the morphology of leaves such as
their size, curvature, or margins. The leaf primordia originate
from the peripheral zone in the shoot apical meristem (SAM)
where miR394 negatively regulates the LEAF CURLING RESPON-
SIVENESS (LCR) protein (Knauer et al., 2013). LCR interferes with
the interaction between gene products of homeodomain tran-
scription factor (TF) WUSCHEL (WUS) and CLAVATA (CLV1 and
CLV2), which is an important factor in stem cell maintenance.
Song et al. (2012) overexpressed, in A. thaliana, a version of LCR
not regulated by miR394, which resulted in downward curved
leaves. In contrast, the overexpression of miR394 produced up-
ward curved leaves. After leaf primordia initiation, the
adaxialeabaxial, the proximal-distal, and the medial-lateral po-
larities are established. During the ad/abaxial polarity establish-
ment, the adaxial domain is determined by a group of plant-
specific homeodomain/leucine zipper (HD-ZIP) transcription
factors (TFs), which are positively regulated by ASYMMETRIC
LEAVES AS1 and AS2 (Yang et al., 2018) and negatively regulated
by miR165/166 (Kim et al., 2005). The overexpression of miR166g
in A. thaliana produced downward curving leaves (Williams et al.,
2005). Similarly, the overexpression of miR166g in Chinese cab-
bage caused rosette leaves to change from flat into downward
curving, folding leaves to change from upward curving into flat,
and the production of smaller leafy heads when compared to
non-mutated plants (Ren et al., 2018). Meanwhile, the abaxial
domain is determined by the YABBY (YAB) TFs family, which are
activated by KANADI (KAN) TFs and AUXIN RESPONSE FACTORS 3
and 4 (ARF3/4) (Chitwood et al., 2007, 2009; Yamaguchi et al.,
2012). ARF3 and ARF4 are negatively regulated by miR390-
derived transacting small interfering RNAs (tasiRNA) (Allen
et al., 2005). During cell proliferation, miR319/JAW negatively
regulates the expression of members of the TEOSINTE
BRANCHED/ CYCLOIDEA/PCF (TCP) genes (Palatnik et al., 2003)
which are involved in controlling cell division and cell expansion
to maintain the flatness (shape) of leaves (Nath et al., 2003). The
overexpression of miR319/JAW in A. thaliana produced serrated
and curved leaves (Palatnik et al., 2003). In Chinese cabbage, the
overexpression of miR319a produced rosette leaves with wavy
margins and changed the leafy head shape from round to cylin-
drical (Mao et al., 2014). TCP TFs promote the expression of
miR164 (Koyama et al., 2010) and miR396 (Schommer et al., 2014),
which have opposing functions in leaf cell proliferation: miR164
targets CUP-SHAPEDCOTYLEDON (CUC) genes, which negatively
regulate cell proliferation (Raman et al., 2008), whereas miR396
targets GRF-INTERACTING FACTOR1 (GF1) genes, which promotes
cell proliferation and controls the final number of cells in leaves
(Debernardi et al., 2014). The overexpression of miR396 in A.
thaliana lowered the GRF levels, resulting in reduced cell prolif-
eration and smaller leaves (Rodriguez et al., 2010).

Additionally, variations in themiRNA-target gene interactions
were shown to be involved in the plant age (general development)
and the timing of the phase transition from juvenile to adult. InA.
thaliana, miR156 targets SPL (SQUAMOSA-promoter binding
protein-like) transcription factors, which play essential roles in
plant growth and development and are well known to regulate
the transition of leaves from juvenile to adult stage (Wu and
Poethig, 2006, 2009; Preston and Hileman, 2013). In Chinese cab-
bage, the overexpression of SPL9-2 shortened the seedling and
rosette stage and accelerated the heading process while the
overexpression of miR156 delayed the folding of leaves (Wang
et al., 2014).

Next-generation sequencing (NGS) is a powerful and accurate
technology to identify small RNA (sRNA) and messenger RNA
(mRNA) transcripts and estimate their abundance. This tech-
nology has been utilized in cabbage (Zhang et al., 2022) and
Chinese cabbage (Wang et al., 2012, 2012b, 2013; Gu et al., 2017;
Zhang et al., 2022) to identify differentially expressed miRNAs
(DEMs) or genes (DEGs) putatively involved in the leafy head
formation process. This resulted in the identification of DEMs
like miR399, miR1521, miR2630, and miR3631 (Wang et al., 2013)
and DEGs with significantly enriched gene ontology (GO) terms
like hormone (auxin and abscisic acid) signalling (Gu et al., 2017;
Sun et al., 2019), photosynthesis (Sun et al., 2019; Zhang et al.,
2022), carbohydrate metabolism (Wang et al., 2012; Zhang
et al., 2022), DNA replication (Zhang et al., 2022), transcription
regulator activity (Wang et al., 2012; Zhang et al., 2022) and
cytoskeleton proteins (Wang et al., 2012; Zhang et al., 2022).
Interestingly, Zhang et al. (2022) showed that the heading
transition was independent from the developmental phase
transition (juvenile to adult: aging). Far fewer studies exist that
investigate the leafy head formation in cabbage (B. oleracea) than
in Chinese cabbage (B. rapa). Zhang et al. (2022) however
compared the transcriptome changes during development from
rosette to heading stage of Chinese cabbage with those in cab-
bage. One clear difference was that in the transition stage of
Chinese cabbage the ethylene pathways were highly activated,
which was not the case during cabbage transition to the heading
stage, illustrating differences in leafy head development be-
tween B. rapa and B. oleracea.

Our aim in this study is to understand the involvement of
miRNA-regulated genes in cabbage leafy head formation by using
an integrated analysis of DEMs with DEGs, focusing on the tran-
sition from flat rosette to incurved heading leaves. To achieve
this, we phenotyped leaf initiation and expansion throughout
plant development to determine the rosette and heading stages
for both a pointed and round cabbage morphotype. Additionally,
we determined the equivalent of these cabbage stages for a non-
heading collard green (B. oleracea var. acephala) cultivar. For the
three morphotype specific developmental stages, we performed
RNA sequencing of young leaves destined to develop into rosette
and heading leaves to estimate the miRNA and mRNA abun-
dance. We compared the transcript abundance of both heading
cabbages with the non-heading collard to identify DEMs and
DEGs putatively involved in the transition from rosette to the
leafy head stage. To identify the miRNA-gene interactions, we
integrated the abundance of DEMswith DEGs usingmiRNA target
prediction tools and correlation analysis. Our study provides new
insights into the regulatory network controlling the leafy head
formation in cabbage.
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2. Material and Methods

2.1. Plant material

Three B. oleracea hybrid cultivars were utilized in this study: a
pointed heading cabbage (‘Sonsma’, breeding company “Rijk
Zwaan Zaadteelt en Zaadhandel B.V., De Lier, The Netherlands”),
a round heading cabbage (‘Excalibur’, breeding company “Bejo
Zaden, Warmenhuizen, The Netherlands”), and a non-heading
collard green (‘Teddy’, Chiltern Seeds, Wallingford, England).
The two cabbagemorphotypeswere selected for their contrasting
leafy head shape and the collard morphotype for its close
phylogenetic relationship with the heading cabbages (Cai et al.,
2022). Seeds from these morphotypes were sown in germina-
tion trays with sandy soil in the Unifarm greenhouse at Wage-
ningen University & Research (51◦590110 0N latitude, 05◦390520 0E
longitude) during the last week of August 2020. The seedlings
were cultured in a greenhouse (16 h/8 h day/night cycle, tem-
perature 23.1 �C (on average), relative humidity 60% (on average).
Twelve days after sowing (DAS), the seedlings were transplanted
into two liter pots with potting compost (Lentse potgrond No.2)
and placed within the same greenhouse following a Randomized
Complete Block Design (RCBD) with three blocks. Each of these
blocks served as a biological replicate. Each block included one
plot of 20 plants of each B. oleracea morphotype.
2.2. Collection of leaf tissue

Leaf tissue samples were collected from each morphotype at
nine time points: 28, 35, 42, 49, 56, 63, 70, 77, and 84 days after
sowing (DAS). The leaf tissue collection occurred always between
14:00 and 15:30 (Central European Time). At each time point, two
plants from each morphotype, within the same block, were
selected randomly and leaf tissue from the smallest leaf � 1.5 cm
of each plant was collected and pooled into a single sample. All
leaf tissue samples included only the right portion of the leaf
lamina (proximo-distal perspective) excluding the main vein.
After collection, the leaf samples were quickly frozen with liquid
nitrogen and stored at e80 �C for the extraction of total RNA.
2.3. Phenotyping of leaf development

At each time point, one of the two plants per block of each
morphotype previously utilized for sampling leaf tissue was
randomly selected for phenotyping. This resulted in phenotyping
three plants of each morphotype at each time point. For each of
these plants, the total number of leaves was counted, including
the scars on the stem produced by leaves that had dropped from
the plant. For both cabbage morphotypes, the leaf position (from
theoldest to theyoungest) of thefirstheading leafwasscored.This
wasdefinedas theoldest (outermost) leaf thatwaspart of the leafy
head. For all three morphotypes, the complete set of leaves
(including small inner heading leaves) of each plantwas detached
from the stemand counted. Only leaves of sufficient size (length�
4 cm) were selected for further morphological analysis using
ImageJ software (Schneider et al., 2012). These selected leaves
were positioned from oldest to youngest, photographed (Fig. S1),
and used to extract measurements such as leaf area, height, and
width (at the widest point) (Fig. S1) every single leaf.
2.4. Small RNA and messenger RNA libraries construction and
sequencing

Total RNA was isolated, respectively, from the leaf tissue
samples using TRIzol reagent (Invitrogen, USA) according to the
manufacturer’s protocol. The quality of the RNA samples was
checked for purity (OD260/280� 2.0 andOD260/230� 2.0) and integrity
(RIN � 7.0). In total, 18 RNA samples (two developmental stages,
three B. oleracea morphotypes, three biological replicates) were
shipped to Novogene (UK) for library construction and sequencing.
The total RNA of each sample was utilized to construct two li-
braries: onewith small RNAs and onewithmessenger RNAs. Small
RNA libraries were constructed using the TruSeq Small RNA Li-
brary Preparation Kit (Illumina, United States). Single-end
sequencing was performed to produce reads � 50 bp using the
Illumina NovaSeq 6000 platform (Illumina, United States).
Messenger RNA libraries were purified using Dynabeads™ Oligo
(dT) (Thermo Fisher, United States) and the ribosomal RNA (rRNA)
was removed using the Ribo-Zero kit (Illumina, United States).
Paired-end sequencing was performed to produce 150 bp reads
with an insert size of 250d300 bp using the Illumina NovaSeq 6000
system (Illumina, United States). Table S1 shows the adaptor se-
quences utilized, respectively, in the sequencing of the sRNA and
mRNA libraries. A pre-filtering process was performed for both
sRNA and mRNA libraries to remove reads with low quality. For
this, sRNA and mRNA reads where � 50% of the bases have a
quality score (Qscore) � 5 and/or that contain > 10% of uncertain
nucleotides (N) were removed. Raw sRNA and mRNA sequencing
data can be found in the NCBI Sequence Read Archive under the
accession number PRJNA110106.

2.5. Small RNA analysis

For each sRNA library, we retained reads with lengths ranging
from 18 to 30 nucleotides (nt), which are referred as “clean reads”.
To identify the unique clean reads within each sRNA library and
quantify their occurrence, the “collapse reads” module of miR-
Deep2 v0.1.3 software (Friedl€ander et al., 2012) was utilized with
default parameters. From these, the unique clean sequences
occurring only once were removed from further analyses. To
identify the clean reads present in all biological replicates, the
command “common” from the SeqKit v2.2.0 (Shen et al., 2016)
tool was used with default parameters. These common reads
were mapped to the JZS v2 (Cai et al., 2020) cabbage reference
genome using Bowtie2 v2.4.4 (Langmead and Salzberg, 2012)
software with default parameters (allowing no mismatches) to
determine their overall alignment. To identify the reads anno-
tated as non-miRNAs (like rRNA, tRNA, snRNA, snoRNA) among
the sRNA libraries, the command “cmscan” (parameters: oskip,
oclan, nohmmonly, rfam, and fmt¼2) from Infernal v1.1.4
(Nawrocki and Eddy, 2013) was used, where the non-miRNAs
sequences were obtained from the Rfam database (https://rfam.
xfam.org/; accessed 15 September 2021).

2.6. Identification of known miRNAs

The sRNA libraries include reads 18d30 bp long and only part
of these aremiRNAs. To identify knownmiRNAs among the sRNA
libraries, the “quantifier” module of miRDeep2 v0.1.3 software
was utilized with default parameters (which allows max one
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mismatch). With this algorithm, the known miRNA sequences of
all plants (including members of the Brassicaceae family)
deposited in themiRBase 22.1 database (http://www.mirbase.org/
; accessed 29 September 2021) weremapped to themiRNAhairpin
precursor sequences of members of the Brassicaceae family also
deposited in the miRBase 22.1 database (accessed 29 September
2021). The Brassicaceae hairpin precursors to which any known
miRNA mapped were selected. All the reads included in each
sRNA library were mapped (allowing one mismatch) to these
miRNA hairpin precursor sequences. The number of reads that
completely aligned to an interval 2 nt upstream and 5 nt down-
stream where the sequence of a known miRNA aligned were
quantified and considered as raw counts for the respectively
known miRNA.

2.7. mRNA analysis

The raw mRNA paired-end reads were filtered to obtain high-
quality reads using Trimmomatic e0.39 (Bolger et al., 2014) with
ILLUMINACLIP¼ TruSeq3-PE.fa:2:30:10:2, LEADING¼ 3, TRAILING
¼3 and MINLEN ¼ 36 as parameters. These high-quality paired-
end reads were aligned to the JZS v2 (Cai et al., 2020) reference
genome utilizing the HISTAT2 2.1.0 (Kim et al., 2019) software
with parameters “edta -no-softclip”. We then utilized StringTie
2.1.4. (Pertea et al., 2015) software with ee and eG as parameters
to compute the expression level of each annotated gene in terms
of transcripts per kilobase of exon model per million mapped
reads (TPM).

2.8. Analysis of miRNAs and gene expression levels

The analysis of sRNAs and mRNAs allowed us to identify and
quantify the abundance of known miRNAs and gene transcripts
in pointed cabbage, round cabbage, and collard green plants at
rosette/stage-one and heading/stage-two developmental stages.
We refer to the abundance of a transcript as the expression of a
transcript. To enable an accurate comparison between the sRNA
and mRNA libraries, the size of each library was adjusted
(normalized) using the “calcNormFactors” function from the
edgeR 3.34.1 (Robinson et al., 2010) package by applying the
Trimmed Mean of M-values (TMM) method (Robinson and
Oshlack, 2010). This method applies a linear scaling factor to
each library based on aweightedmean of log ratios between each
library and a reference library (which has the closest average
expression to themean of all libraries). After applying this library
adjustment, the expression levels of all miRNAs/genes are pre-
sented as counts per million (CPM) and transcripts with a low
expression of < 3 CPM were removed. This threshold was
Table 1 Differentially expressed known miR

Contrast Known miRNAs

Down N

Contrast-SR ¼ Round (HS) e Round (RS) 15 8
Contrast-SP ¼ Pointed (HS) e Pointed (RS) 37 7
Contrast-SC ¼ Collard (S2) e Collard (S1) 10 9
Contrast-DR ¼ Contrast-SR e Contrast-SC 6 9
Contrast-DP ¼ Contrast-SP e Contrast-SC 23 8

Note: RS ¼ Rosette stage; HS ¼ Heading stage; S1 ¼ Stage-one; S2 ¼ Stage-two
cabbage and in Collards; Contrast-DR and -DP ¼ Development-specific contra
significantly differentially expressed; Up ¼ Upregulated.
determined based on Sha et al. (2015). To filter against transcripts
with low expression, we calculated for each transcript the
average count over the biological replicates (morphotype e

developmental stage combination). If more than one of the rep-
licates had zero counts of a transcript, that transcript was
considered not to be present in that morphotype at that stage. If
the average count of a transcript over all six morphotypes/stage
combinations was < 3 CPM, the transcript was considered as not
expressed. To estimate the dispersion between libraries based on
their transcripts (miRNAs/genes) expression, the “estimateDisp”
function from the edgeR 3.34.1 (Robinson et al., 2010) packagewas
utilized with default parameters. To visualize these dispersion
estimates on a scatterplot, the function “plotMDS” of the limma
3.48.3 (Ritchie et al., 2015) package was used.

2.9. Differential expression analysis of miRNAs and genes
between B. oleracea tissues

The main aim of this study is to identify the transcripts
(miRNAs and genes) involved in the leafy head formation in
round and pointed cabbage. To achieve this, five contrast were
created to compare the expression of transcripts between the six
tissue samples (Table 1). Contrast-SR (for Stage in Round cabbage)
and -SP (for Stage in Pointed cabbage) identifies differentially
expressed (DE) transcripts in leaf tissue samples collected from
the same cabbagemorphotype at different developmental stages,
while contrast-SC (for Stage in Collard) identifies DE in collard
leaves of different ages. Moreover, contrast-DR (for Development,
Round cabbage) and -DP (for Development, Pointed cabbage)
subtract contrast-SC (age) from contrast-SR and -SP (develop-
mental stages). Contrast-SR, -SP, and -SC were analyzed with the
“glmQLFTest” function of the edgeR 3.34.1 (Robinson et al., 2010)
package which conducts a miRNA-/genewise statistical t-test for
each contrast. Based on Ye et al. (2016), a criterion of |log2FC| � 1
and p. adjusted value < 0.05 were set as the threshold for statis-
tically significant differential expression. To control the problem
of false discovery rate produced by multiple testing, the p.value
from each statistical test was adjusted using the "BH" method
(Benjamini and Hochberg, 1995).

2.10. Gene ontology annotation

To identify the biological functions of the DEGs, we retrieved
the gene ontology (GO) terms for these genes using the TBtools
v1.098746 (Chen et al., 2020) software. For this, the InterPro gene
annotations of the JZS v2 genome obtained from the BRAD
database (http://brassicadb.cn/; accessed 28 March 2022) were
converted into Gene Ontology (GO) terms using the “interpro2go”
NAs and genes among the five contrasts

Genes

ot Sig Up Down Not Sig Up

4 12 911 31 074 423
2 2 1 022 30 714 672
1 10 375 31 908 125
9 6 600 31 482 326
6 2 802 31 008 598

. Contrast-SR, -SP, -SC ¼ contrasts between Stages in Round and Pointed
sts in Round and Pointed cabbage. Down ¼ Downregulated; Not Sig ¼ Not

http://www.mirbase.org/
http://brassicadb.cn/
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annotation file obtained from the InterPro database (https://
www.ebi.ac.uk/interpro/download//; accessed 28 March 2022).

2.11. Prediction of miRNAs targets

To predict the miRNA target genes, the miRNA sequences
were aligned to the coding DNA sequences of the JZS v2 genome
(http://brassicadb.cn/; accessed 22 July 2021) using both miRanda
(Enright et al., 2003) and RNAhybrid (Rehmsmeier et al., 2004)
software. The parameters utilized in these software were based
on Zhang and Verbeek (2010). These parameters were: a mini-
mum free energy threshold ofe18.0 kcal $mole1, and no adjacent
mismatches in positions 2e7 of the miRNA/target duplex. To
visualize in a heatmap (including a dendrogram) the hierarchical
clustering of themRNA libraries based on the expression of these
predicted targeted genes, the R “heatmap” function of the stats
v4.1.0 package (R Core Team, 2022) and the genes expression
values in log2 scale were utilized.
2.12. Correlation analysis of the abundance of miRNAs and
mRNAs

To identify miRNAs significantly negatively correlated to
genes, the expression levels of these transcripts among the six
leaf tissue samples collected from the three B. oleracea morpho-
types were analyzed by the Pearson correlation method included
in the R “cor.test” function from the stats v4.1.0 package (R Core
Team, 2022). To visualize these correlations in scatter plots, the
R “geom_point” and “geom_smooth” function from the ggplot2
v3.3.5 package (Wickham, 2016) was utilized. Moreover, these
negative correlations were utilized to construct themiRNA-target
gene regulatory network using Cytoscape v3.9.1 (Franz et al.,
2016) software. The Arabidopsis Information Resource (TAIR)
database (http://arabidopsis.org, accessed 31 May 2022) was uti-
lized to annotate the cabbage (B. oleracea) orthologous genes in A.
thaliana.
3. Results

3.1. Establishment of developmental stages in cabbage and
collard plants

At weekly intervals from 28 to 84 DAS, all the leaves of three
plants from each of the three B. oleracea morphotypes (pointed
cabbage, round cabbage, and collard green) were counted and
photographed. This provided information concerning the time
intervals between the formation of each leaf. We determined the
size of each leaf at these weekly harvests, to get information of
both the growth speed and the final size of each leaf (Figs. S2, S3,
and S4). Fig.1, A shows the three B. oleracea morphotypes at 77
DAS when both pointed and round cabbages had formed a leafy
head and Fig. 1, B shows all their leaf sizes. Based on these
combined data (growth speed and size), we could identify the
rosette leaves (Fig. 1, A, B), which are defined as those leaves that
reach the largest area, length, and width from the complete set of
leaves included in a cabbage plant. At 77 DAS, the rosette leaves
were at positions 7d14 (from oldest to youngest) in pointed
cabbage plants and positions 8d16 in round cabbages (Fig. 1, A, B;
Figs. S2 and S3). The pointed cabbage plants produced most of
these leaves between 35d49 DAS and round cabbage between
42d56 DAS (Fig. 1, C; Table S2). These DAS are defined as the
rosette stage (in cabbages). As the leaf production rate of collard
plants was very similar to that in round cabbage plants (Fig. 1, C;
Table S2), we defined collard “stage-one” also as 42d56 DAS and
defined it as the equivalent of the rosette stage in cabbage.

Todetermine thestartof theheadingstage inbothcabbages, the
position of the first heading leaf (outer leaf surrounding the leafy
head) observedat77DASwasused (TableS3). Forpointedcabbages,
the first heading leaf was, on average, leaf 21 and for round cab-
bages leaf 24 (Table S3). These leaves were, approximately, pro-
duced at 56DAS inpointed cabbages and 70DAS in round cabbages
(Fig.1, C; Table S2). These time points are determined as the start of
the heading stage. For the non-heading collard plants, the “stage-
two”, which is the equivalent of the heading stage in cabbages, was
also set at 70 DAS as for round cabbages. This was again based on
the similar leaf production rate (Fig.1, C; Table S2) between round
cabbages and collard green plants. Fig. 1, A clearly shows the cur-
vature of heading leaves in both round and pointed cabbages and
the flat/wavy “stage-two” leaves in collard plants.

3.2. Small RNA reads from cabbages and collard show a
similar overall alignment to a cabbage reference genome

For sRNA and RNA sequencing, rosette leaf tissue was
sampled at the midpoint of rosette stage (at 42 DAS for pointed
and at 49 DAS for round) in both cabbage genotypes and at 49 DAS
as “stage-one” in collard plants. For both cabbage genotypes
heading leaf tissue was sampled seven days after the start of the
heading stage (at 63 DAS for pointed and at 77 for round). For
collard “stage-two” leaf tissue was sampled at 77 DAS (like for
round heading leaf tissue).

The young leaf tissue samples yielded 18 sRNA libraries (three
B. oleracea morphotypes, two developmental stages, collected in
triplicate). On average, these 18 sRNA libraries contained 25.1
million (M) of raw reads (Table S4) of which, on average, 20.4 M
were “clean reads” (Tables S4 and S5). A sRNA library constructed
from one replicate of the rosette leaf tissue collected from round
cabbages (Round.RS.1) contained a relatively low number of clean
reads (Fig. 5; Table S5). For this reason, we removed this sRNA
library from further analysis. Since the sRNAs involved in the
leafy head formation should be expressed consistently between
biological replicates, we focus only on those commonly detected
between all biological replicates. On average, 655.6 thousand (K)
unique clean reads were “common” between biological replicates
(Table S5). There was no difference in the matching of these
common reads from both cabbages (78.0%) and the collard (78.2%)
to the JZS v2 reference genome (Table S6). On average, 30.2 K
(4.7%) of the common reads (Table S7) were annotated as non-
miRNAs and removed from further analysis.
3.3. MiRNA expression between pointed and round cabbage is
similar at their rosette stages yet differs between both heading
stages

The interactions betweenmiRNAs and their target genes play a
crucial role in the development of leaf curvature,which is essential
for the formation of the leafy head. To identify the specificmiRNAs
involved in the leafy head formation, we annotated the “common”

https://www.ebi.ac.uk/interpro/download//
https://www.ebi.ac.uk/interpro/download//
http://brassicadb.cn/
http://arabidopsis.org


Fig. 1 Determination of developmental stages in cabbage and collard plants
(A) Upper part and from left to right: round cabbage, pointed cabbage, and collard green plants at 77 Days After Sowing (DAS); lower
part and from left to right: front and lateral perspective of rosette (R) and heading (H) leaves in round and pointed cabbages and of
“stage-one” (S1) and “stage-two” (S2) in collard. (B) Area (cm2), height (cm), and width (cm) of mostly non-heading (seedling, rosette and

folding) leaves of the three B. oleracea morphotypes at 77 DAS. (C) Total number of leaves (length > 1 cm) of the three B. oleracea
morphotypes at different DAS.
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reads as miRNAs. In total, 111 conserved miRNAs, belonging to 43
miRNA families,weredetectedamong the17sRNA libraries (Tables
S8 and S9). The expression of these conserved miRNAs was
normalized by applying a scaling factor (Table S10) to each sRNA
library. These adjusted values (in CPM) (Table S11) were utilized in
all downstream analyses. From these 111 conserved miRNAs, 88
were commonly expressed among the three B. oleracea morpho-
types, threewereonlyexpressed inpointedcabbageat rosettestage
(miR156c-3p, miR156g-3p, and miR9557-3p), one only in round
cabbage at rosette stage (miR156a-3p) and two only in collard
(miR400-5p in S1 and miR9568-5p in S2) (Fig. 2, A; Table S9). The
miR159,miR162,miR165,miR166, andmiR168 families,whichwere
expressed in all three B. oleracea morphotypes, included the most
highly expressedmiRNAswithanexpressionover100kCPM (Fig. 2,
B; Table S11).
The multidimensional scaling (MDS) plots show the disper-
sion of the 17 sRNA libraries based on the expression levels of
conservedmiRNAs (Fig. 2, C). In this plot, the biological replicates
of each morphotype/developmental stage leaf sample cluster
together. Interestingly, the leaf samples collected from both
cabbage morphotypes at rosette stage cluster together. This is
clearly not the case for both cabbage tissue samples collected at
heading stage.
3.4. Messenger RNA expression in pointed and round cabbages
is very similar between rosette- and heading-stages

Like for the small RNA libraries, 18 mRNA libraries were also
constructed from the three B. oleracea morphotypes (pointed
cabbage, round cabbage, and collard) at two developmental



Fig. 2 Summary of conserved miRNAs identified in three B. oleracea morphotypes (round and pointed cabbage and collard)
(A) Venn diagram of the expression of known miRNAs in the six tissue samples. (B) Expression (in counts per million of transcripts) of
the conserved miRNA families. (C) MDS plot (explained variance for dim1 ¼ 39%; dim2 ¼ 24%) of the 17 sRNA libraries based on the
expression levels of conserved miRNAs. RS¼rosette stage, HS¼heading stage in the two cabbage morphotypes, S1 (Stage-one) and S2

(Stage-two) are stages of collard corresponding to these stages.
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stages (rosette/stage-one and heading/stage-two) in triplicate.
For the analysis of mRNAs, we removed the same biological
replicate that was also removed from the sRNA analysis due to a
low number of high-quality reads (Results 3.2 and Fig. S5). On
average, the remaining 17 mRNA libraries contain 22.4 M raw
read pairs (44.8 M paired-end reads) of which, on average, 21.2 M
are high-quality read pairs (Table S12). Like for the sRNA libraries,
the mRNA libraries from both cabbages (90.0%) and collard
(90.2%) show a similar overall alignment to the JZS v2 (Cai et al.,
2020) cabbage genome (Table S13). These aligned reads were
compared to the JZS v2 CDS to estimate the raw gene expression
(Table S14) and by applying a scaling factor (Table S10) to each
mRNA library, the adjusted gene expression values (Table S15)
were obtained. In total, 32 408 genes of the 59 064 JZS v2 (Cai et al.,
2020) predicted genes were expressed in at least one of the six
morphotype/development leaf samples (Table S15). Of these 32
408 genes, 30 532 are expressed in all three morphotypes, 175,
176, and 223 genes are only expressed in respectively pointed
cabbage, round cabbage, and collard (Fig. 3, A; Table S15). More-
over, within a B. oleracea morphotype, the number of expressed
genes varies among developmental stages (Fig. 3, B). Fig. S6 shows
the dispersion of the 17 libraries based on the expression levels of
B. oleracea genes. Unlike the dispersion produced by the
conserved miRNAs (Fig. 2, C), both the biological repeats and the
developmental stages collected from the same B. oleracea mor-
photype cluster tightly together.
3.5. Non-heading Collard control assigns 40% of DEMs and
20% DEGs between rosette and heading stages of cabbage to the
aging pathway

To identify DEMs and DEGs putatively related to the leafy head
formation, we utilized five contrasts (Table 1). For the differential
expression analysis of miRNAs, first we compared the transcript
abundance between leaves of the rosette and heading Stages of
Round (contrast-SR) and Pointed (contrast-SP) cabbages. These
two contrasts (-SR and -SP) identified, in total, 53 DEMs from 21
miRNA families (Table 1, Fig. S7, A, Table S16). Among these 53
DEMs, more miRNAs had lower transcript abundance in heading
stage vs. rosette stage than vice versa in both round and pointed
cabbages (Table 1 and Table S16). Additionally, more DEMs were
identified in the pointed cabbage (39, contrast-SP) than in round
cabbage (27, contrast-SR). Twenty of these 53 DEMs were also
differentially expressed between leaves of the “stage-one” and
“stage-two” of collard (contrast-SC; Table 1, Fig. S7, A and Table
S16). We are especially interested in the miRNAs and mRNAs
that play a role in the development from the rosette to heading
stage of cabbages, but not in those that are involved in aging. We



Fig. 3 Venn diagrams of the number of genes expressed in three B. oleracea morphotypes (round and pointed cabbage and collard)
(A) The total number of genes expressed in the three B. oleraceamorphotypes. (B) The number of genes expressed in each of the three B.
oleracea morphotypes at two developmental stages. RS ¼ rosette stage, HS ¼ heading stage in the two cabbage morphotypes, S1 (Stage-

one) and S2 (Stage-two) are stages of collard corresponding to these stages.
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assume that those 20 DEMs between leaves of the “stage-one”
and “stage-two” of collard (Contrast-SC; Stage Collard) are mostly
in this aging category; therefore, to obtain the DEMs involved in
the Development we subtract those 20 DEMs from the 53 DEMs
identified in the round (contrast-SR) and pointed (contrast-SP)
cabbagemorphotypes. In total, 33 unique DEMswere identified to
be involved in the Development from the rosette to heading stage
in Pointed (contrast-DP) and Round (contrast-DR) cabbage mor-
photypes (Table 1, Fig. S7, A, and Table S16). From these 33 DEMs,
Fig. 4 Heatmap of the 17 mRNA libraries based on the
RS¼rosette stage, HS¼heading stage in the two cabbage morpho

corresponding to
8 miRNAs were identified only in round cabbage (contrast-DR), 21
miRNAs only in pointed cabbage (contrast-DP), and four miRNAs
(miR5718, miR6034, miR9408, and miR9555a-5p) in both cabbages
(Table 1, Fig. S7, A and Table S16). Members of miRNA families
miR156, miR171, miR172, miR398, and miR1885 were only iden-
tified in round cabbage (contrast-DR) whereas members of
miRNA families miR164, miR395, miR396, miR2111, miR5456,
miR9409, and miR9557 were only identified in pointed cabbage
(contrast-DP) (Table S16).
expression of 18 DEGs putatively targeted by DEMs
types, S1 (Stage-one) and S2 (Stage-two) are stages of collard
these stages.
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For the differential expression analysis of genes, we followed
the samemethodology as for the differential expression analysis
of miRNAs. In total, 2 498 DEGs were identified between the
leaves of the rosette and heading Stages of Round (contrast-SR)
and Pointed (contrast-SP) cabbages (Table 1, Fig. S7, B, and Table
S17). Like in the DEMs analysis, more genes had lower transcript
abundance in heading stage compared to rosette stage in both
cabbages, and more DEGs were identified in the pointed cabbage
(1 694; contrast-SP) than in round cabbage (1 334; contrast-SR)
(Table 1, Fig. S7, B and Table S17). Out of the 2 498 DEGs
(contrast-SP and contrast-SR), 500 were differentially expressed
between leaves of the “stage-one” and “stage-two” of collard
(contrast-SC; Table 1, Fig. S7, B and Table S17). These 500 DEGs
(contrast-SC) are assumed to be involved in the plant aging rather
than in the development from the rosette to heading stage in
cabbages. In total, 1 998 DEGs were identified in round (contrast-
DR) and pointed (contrast-DP) cabbages to be putatively involved
in the leafy head formation (Table 1, Fig. S7, B and Table S17).
From these 1 998 DEGs, 598 genes were identified only in round
Fig. 5 Integration of differentially expressed miRNAs
A. Scatter plots of the expression of significantly negatively correlated
the leafy head formation in pointed and round cabbage. Green rectan

pointed cabbage; yellow ellipses ¼ DEGs identified with contra
BolC03g021460.2J and BolC06g020230.2J are A. thalia
cabbage (contrast-DR), 1 072 genes only in pointed cabbage
(contrast-DP), and 328 genes in both cabbages (Table 1, Fig. S7, B
and Table S17). The MDS dispersion plot of the 17 mRNA libraries
based on the expression of these 1 998 DEGs, corrected for genes
involved in aging based on collard samples (Fig. S8), confirms that
both collard tissue samples (stage-one and -two) cluster close to
each other. This is not the case for rosette and heading stage
samples from round and pointed cabbages respectively.

To better understand the functions of these 1 998 DEGs, we
annotated them using GO terms. In total, 69 GO terms are
enriched in these 1 998 DEGs (Table S18). The biological process
categories include terms related to lipid, carbohydrate, and cell
wall metabolic processes, responses to stress, and signal trans-
duction. The cellular component categories include the terms
photosystem, thylakoid, cell wall, and photosynthetic mem-
brane. Themolecular function categories include terms related to
catalytic activity, DNA-binding transcription factor activity,
transcription regulator activity, iron ion binding, and hydrolase
activity.
(DEMs) with differentially expressed genes (DEGs)
DEMs with DEGs; B. MiRNA-gene regulatory network involved in

gles ¼ DEMs identified with contrast-DP (Development Pointed) in
st-DP in pointed cabbage; )¼miR395a/b/c/d; ))¼miR395e/f.
na orthologues of GRF3 and GRF4, respectively.
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3.6. Clustering of differentially expressed miRNA-target gene
pairs separates cabbage heading leaves from cabbage rosette-
and collard leaves

To identify the miRNA-gene interactions with a role in the
cabbage leafy head formation, we predicted the target genes of
the 33 DEMs putatively involved in the development from the
rosette to heading stage of cabbages (contrast-DR and -DP). In
total, 773 putative unique miRNA-target gene interactions were
identified (Tables S19 and S20). Among these interactions, 33
DEMs are predicted to target 439 (0.74%) of the 59 064 predicted
genes from the JZS v2 genome (Cai et al., 2020). Of these 439 target
genes, 274 were expressed in at least one of the six leaf tissue
samples (Tables S14 and S20) and 39 were identified as DEGs in at
least one of the four contrasts that compares the gene abundance
of rosette and heading leaves in cabbage (contrast-SR/-SP/-DR/-
DP) (Tables S17 and S20). We were especially interested in the
miRNA-target gene putative interactions where both transcripts
are differentially expressed within the same cabbage morpho-
type since these should be involved in the leafy head formation
process. In total, 37 unique miRNA-target gene predicted in-
teractions were identified where both transcripts (miRNA and
gene) are putatively involved in the development from the rosette
to heading stage of cabbages (contrast-DR and -DP) (Table S21).
From these predicted interactions, 11 were identified in round
cabbage with seven DEMs targeting five DEGs and 27 in pointed
cabbage with 12 DEMs targeting 14 DEGs. Moreover, one common
interaction (miR9408 targeting BolC06g030010.2J) was identified in
both cabbages. The heatmap with the expression levels of these
18 DEGs predicted to be targets of DEMs (Fig. 4 and Fig. S9) shows
that there is moderate consistency between replicates. The
heatmap also shows that cabbage (pointed and round) leaf
samples collected at heading stage cluster together and disso-
ciate from the cabbage samples collected at rosette stage and
both collard samples. Additionally, the two collard samples
(stage-one/-two) cluster together.

3.7. Integration of DEMs with DEGs suggest gene regulatory
pathways for leafy head formation

To investigate further the 37 unique miRNA-target gene in-
teractions putatively involved in the leafy head formation, we
integrated the expression levels of DEMs with the expression of
targeted DEGs (among the six morphotype/stage combina-
tions). If a miRNA regulates a predicted targeted gene, we
expect to see a negative correlation between the miRNA and
gene expression. Indeed, 12 of the 37 miRNA-target gene in-
teractions, including seven miRNAs interacting with five tar-
geted genes, showed such a negative correlation (P � 0.05, r <
e0.47; Fig. 5, A) (Table S21). Fig. 5, A visualizes these negative
DEMs-DEGs correlations in scatterplots. We are especially
interested in plots showing which contrasts between rosette
and heading stages in either round or pointed cabbages
contributed the most to these overall negative correlations.
This was clearly the case for the contrast of the pointed cab-
bage morphotype with generally low miRNA and high targeted
gene transcript levels in heading leaves and vice versa in
rosette leaves for miRNA395a-5p, miRNA395e, and miRNA396b-
5p (Fig. 5, A). To construct the miRNA-gene regulatory networks
that control the leafy head formation in pointed cabbage, the 12
negatively correlated DEM-DEG interaction pairs were analysed
with Cytoscape v3.9.1 (Franz et al., 2016). These miRNA-gene
regulatory networks highlight the associations of members of
the miR395, and miR396 families and their target genes with
the leafy head formation process in pointed cabbage (Fig. 5, B).
The differentially expressed (DE) miR396b-5p in the pointed
cabbage regulates the DE BolC03g021460.2J and BolC06g020230.2J
genes, which are A. thaliana orthologues of GRF3 and GRF4,
respectively (Table S22).

4. Discussion

4.1. Establishment of developmental stages in cabbage and
collard plants

This study aims to identify the miRNA-gene interactions
controlling the leafy head formation in round and/or pointed-
headed cabbage. We hypothesize that these miRNAs and genes
should be differentially expressed between young cabbage leaves
that will develop into either flat rosette leaves or curved heading
leaves. When comparing these leaves, we expect to identify
differentially expressed miRNAs (DEMs) and genes (DEGs)
involved in the leafy head formation but also those related to the
age (general development) of a Brassica oleracea plant, as the
rosette stage proceeds the heading stage. To filter the DEMs and
DEGs that are involved in the leafy head formation, we removed
the miRNAs and genes that were also differentially expressed in
young collard leaves that will develop into flat “stage-one” or
“stage-two” leaves, which reflect different plant ages, but not
developmental stages since they remain flat and do not change
their phenotype. Collards were chosen as control as they are
closely related to cabbages (Cai et al., 2022), however do not form
a leafy head.

In A. thaliana, the SPL family of transcription factors is well
known to be involved in the plant growth, age, and the transition
from juvenile to adult stage (Wu et al., 2006, 2009; Preston and
Hileman, 2013). In Chinese cabbage (B. rapa), the over-expression
of SPL9-2 accelerated the heading process (Wang et al., 2014),
suggesting that SPL genes are involved in the leafy head develop-
ment. However, in a recent study, Zhang et al., (2022) followed the
geneexpressionof young (5 cm)Chinese cabbage leaves in time. In
this study, a transition stage was identified between the rosette
and heading stages. In order to investigate whether the age
pathways (including SPL genes) were separate from the develop-
mental pathway, characterized by the transition stage between
the rosette and heading stage, they studied the effect of high
temperatures. High temperatures delayed the leafy head forma-
tion, and timing of the so called transition stage, however the SPL
expression profiles were not affected, showing that the age
pathway is different from the leafy head development pathway.
Our study agrees with Zhang et al. (2022) study since no SPL genes
were identified to be related to the leafy head transition when
correcting for age by using collard as a control.

4.2. Analysis of miRNAs

The analysis of the sRNAs identified 111 conserved miRNA
molecules, from 43 miRNA families, expressed among the 17
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sRNA libraries. From these, miRNA molecules from the miR159,
miR162, miR165, miR166, and miR168 families were the most
abundant in all leaf tissue samples collected from the three
Brassica morphotypes. This partially agrees with the results of
Lukasik et al. (2013), Wang et al. (2013) and Chen et al. (2022),
where miRNA molecules from miR166 and miR168 families were
also the most abundant in Brassica leaves. The MDS dispersion
plot (Fig. 2, C) based on the expression of these 111 conserved
miRNAs showed that the round-rosette (tissue from rosette
leaves collected from the round cabbages) and pointed-rosette
samples cluster together. This was not the case for the round-
heading and pointed-heading samples. This suggest that prior
to the heading stage, miRNA regulation in both cabbages is
relatively similar but diverges starting from the transition into
heading stage.

In total, 33 DEMs were identified between rosette and heading
leaves of round and pointed cabbages after correction for age
(general development) by subtracting theDEMs between stage-one
and -two of collard.Wehypothesize that thesemiRNAshave a role
in the leafy head formation process.None of these 33miRNAswere
identified in the study of Wang et al. (2013), which compared the
miRNA abundances of small leaves (5 mm below the shoot tip) of
rosette stage and folding stage plants in Chinese cabbage. The au-
thors do not show data to define what the final destiny of these
small leaveswill be, whether theywill develop into rosette, folding
or heading; also the folding stage precedes the leafy head stage.
This all complicates a comparison between both studies. Interest-
ingly, some of these 33 DEMs were also found by Chen et al. (2022),
who compared miRNA expression in inner and outer leaves of
ornamental kale (Brassica oleracea L. var. acephala). In both our and
the Chen’s study, miR171b, miR398a-3p, miR6034 and miR9408
were differentially expressed. Ornamental kales are phylogeneti-
cally closely related to heading cabbages (Cai et al., 2022) and are
semi-heading, forming an open head like structure, like a rose
flower. This likely explains these comparable results.
4.3. Analysis of genes

The MDS plot (Fig. S6) of the abundance of > 32 000 genes
shows that the overall gene expression separates the three B.
oleracea morphotypes while the samples of the two develop-
mental stages within the same B. oleracea morphotype cluster
together. This indicates that the developmental transition from
rosette to heading stage in both cabbages and from “stage-one” to
“stage-two” in collard is caused by just a fraction of all the
expressed genes (Fig. 3). We performed the analysis of DEGs to
identify among all the expressed genes the fraction related to the
leafy heading process but not the aging in both cabbages mor-
photypes. This was confirmed by the MDS plot based on the
expression of DEGs putatively involved in the leafy head forma-
tion (Fig. S8) where collard “stage-one” and “stage-two” leaf tissue
samples clustered together while the rosette and heading sam-
ples of the same cabbage morphotype separated.

Go enrichment analysis was performed on the genes that are
differentially expressed between rosette and heading stages in
cabbage but not between “stage-one” and “stage-two” in collard,
and therefore possibly involved in leafy head formation. We
found enriched GO terms related to DNA-binding transcription
factor activity, transcription regulator activity, iron ion binding,
photosynthesis, cell wall metabolic processes, response to stress,
and signal transduction. These enriched GO terms were also
identified in other studies related to the leafy head formation in
cabbage (Zhang et al., 2022) and Chinese cabbage (Wang et al.,
2012; Sun et al., 2019; Zhang et al., 2022).

4.4. Regulatory network of the leafy head

In this study, we conducted, separately, the analysis of DEMs
and DEGs putatively involved in the leafy head formation. To
integrate both analyses, we predicted the putative target genes of
these DEMs and selected only the subset of target genes identified
asDEGs.We found that just a small fractionof theDEGs (18of 1 998)
are predicted to interact with DEMs (18 miRNAs). The heatmap of
the expression levels of these DEGs putatively regulated by DEMs
(Fig. 4 and Fig. S9) showed that despite the clear variation between
biological repeats, samples collected from both cabbage morpho-
types at heading stage cluster together and are distinct from the
cabbage samples collected a rosette stage and from both collard
samples (stage-one and -two). This suggests that these DEGs are
associated with the typical heading trait which lacks in the collard
control.Wealsoperformedacorrelationandnetworkanalysiswith
theexpression levelsofmiRNAsand their target genes.Membersof
the miR395 and miR396 families show participation in the inter-
action network underlying the leafy head formation in pointed
cabbage. Moreover, expression of miR396b-5p is negatively corre-
lated with BolC03g021460.2J and BolC06g020230.2J genes, which are
B.oleraceahomologuesofArabidopsis thalianaGROWTHREGULATING
FACTORs3 (GRF3) and 4 (GRF4) genes. Remarkably, our studydidnot
identify a miRNA-gene interaction related to the leafy head in
round cabbage. This can be partially explained by the number of
replicatesutilizedto identifyDEMsandDEGs inrosetteandheading
leavesof roundcabbage.Weutilizedonly twoof the three replicates
of the rosette leaf tissue since one replicate contained a relatively
low number of clean reads. This affected the statistical power to
identifyDEMsandDEGs in roundcabbage.Despite this, someof the
significant interactions identified in pointed cabbage were almost
significant (for BolC06g020230.2J a log2FC ¼ 0.77, p.value ¼ 0.027,
and p.adjusted value ¼ 0.150) in round cabbage (Table S23). It is
important to note that itmay not always be necessary to observe a
negative correlation between miRNA expression levels and the
expression levels of their target genes in the samples. This is
because gene regulation is a complex process involving multiple
factors, and the regulating miRNA is just one of these factors
influencing the expression of target genes. Additionally, there can
bedifferences inthe locationwheremiRNAsareproduced,migrate/
diffuse and where genes are expressed within the leaf. Several
miRNAs are specifically expressed in ad- or abaxial tissues of the
leaves (Kalve et al., 2014, Yang et al., 2018); aswe sampled complete
leaf lamina tissue, we are not able to reveal possible negative cor-
relations between RNA andmiRNA across the leaf blade.

The miR396-GRFs interaction pair is part of the miR319-TCPs-
miR396-GRFs regulatory network that controls leaf development
(Nath et al., 2003; Palatnik et al., 2003; Koyama et al., 2010;
Schommer et al., 2014) and cell proliferation (Rodriguez et al., 2010;
Sarvepalli andNath, 2011;Debernardi et al., 2014). In this regulatory
network, miR319 (also known as JAW) negatively regulates the
expression of TCP genes (Palatnik et al., 2003), which represses the
expressionof cycling genes andcontrols thefinalnumberof cells in
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leaves (Schommer et al., 2014). Part of the effects produced by TCP
genes are mediated by the induction of miR396 (Schommer et al.,
2014), which negatively regulates GRFs (Rodriguez et al., 2010;
Debernardi et al., 2014). GRFs positively regulate cell proliferation
and thus the final cell numbers in leaves (Rodriguez et al., 2010).

In Chinese cabbage, the miR319-TCP4 interaction has been
shown to regulate the leafy head shape (Mao et al., 2014). A cy-
lindrical head shapewas associated with relatively low BrpTCP4-1
expression, while a round head shape was associated with high
BrpTCP4-1 expression. The authors concluded that the miR319a-
targeted BrpTCP gene regulates the round shape of leafy heads
via differential cell division arrest in leaf regions. In our study, we
showed the miR396-GRF interaction to be related to the leafy
head shape in pointed cabbage, while this interaction was not
significant in round cabbage. The possible involvement of the
miR396-GRF interaction in the leafy head shape in cabbage
should be studied by changing the expression of these transcripts
and inspecting the morphology variations produced. It seems
that during the convergent domestication in cabbage (B. oleracea)
and Chinese cabbage (B. rapa), the leafy head trait arose through
different modifications of the miRNA-gene regulatory networks.
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