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Abstract

Background: Primulina pungentisepala is suitable for use as a potted plant because of its beautiful leaf variegation,
which is significantly different in its selfed offspring. However, the mechanism of P pungentisepala leaf variegation is
unclear. In this study, two types of offspring showing the greatest differences were compared in terms of leaf struc-
ture, chlorophyll contents, chlorophyll fluorescence parameters and transcriptomes to provide a reference for study-
ing the molecular mechanism of structural leaf variegation.

Results: Air spaces were found between water storage tissue, and the palisade tissue cells were spherical in the
white type. The content of chlorophyll a and total chlorophyll (chlorophyll a4+ b) was significantly lower in the white
type, but there were no significant differences in the content of chlorophyll b, chlorophyll a/b or chlorophyll fluores-
cence parameters between the white and green types. We performed transcriptomic sequencing to identify differen-
tially expressed genes (DEGs) involved in cell division and differentiation, chlorophyll metabolism and photosynthesis.
Among these genes, the expression of the cell division- and differentiation-related leucine-rich repeat receptor-like
kinases (LRR-RLKSs), xyloglucan endotransglycosylase/hydrolase (XET/H), pectinesterase (PE), expansin (EXP), cellulose
synthase-like (CSL), VARIEGATED 3 (VAR3), and ZAT10 genes were downregulated in the white type, which might have
promoted the development air spaces and variant palisade cells. Chlorophyll biosynthesis-related hydroxymethylbi-
lane synthase (HEMC) and the H subunit of magnesium chelatase (CHLH) were downregulated, while chlorophyll
degradation-related chlorophyllase-2 (CHL2) was upregulated in the white type, which might have led to lower chlo-
rophyll accumulation.

Conclusion: Leaf variegation in P pungentisepala was caused by a combination of mechanisms involving structural
variegation and low chlorophyll levels. Our research provides significant insights into the molecular mechanisms of
structural leaf variegation.
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show high shade tolerance and are suitable for displaying
indoors as ornamentals. Zhang et al. [5] classified varie-
gated leaves into 5 types: the chlorophyll, pigment, epi-
dermis, air space and appendage types. The chlorophyll
and pigment types can be collectively called pigment-
related variegation category, while the epidermis, air
space and appendage types can be combined into a struc-
tural variegation category. However, the mechanisms of
leaf variegation is not always composed of a single pro-
gramme and, in contrast, comprises multiple mecha-
nisms [6].

The formation of leaf variegation has biological sig-
nificance and is beneficial to plant survival. Some stud-
ies have shown that leaf variegation plays important roles
in plant adaptation to abiotic factors in the environment,
predation prevention, and enhances reproduction. The
high photosynthetic efficiency in the variegated leaves
of Arum italicum was found to be closely related to the
palisade tissue structure, which might be a result of the
long-term adaptation of this plant to the low light envi-
ronment under shade [7]. Stehlik et al. [8] suggested that
various foliar patterns formed by structural variegation
might provide protection against herbivores. Moreo-
ver, the leaf variegation of Silybum marianum has been
shown to provide thermal benefits in cold weather [9].

Mutations of nuclear variegation-related genes were
identified in Arabidopsis 40 years ago; these mutants
include immutans (im), variegated 1 (varl), variegated 2
(var2) and variegated 3 (var3) [10]. This discovery con-
tributed to a deeper understanding of the leaf variega-
tion formation mechanism [11]. At present, most plants,
including crops, fruits, vegetables, and ornamental plants
with variegated leaves, are classified into the pigment-
related category, for which the molecular mechanism
is relatively clear, consisting of 3 main mechanisms:
blocked chlorophyll synthesis, chlorophyll degradation,
and incomplete chloroplast development. However,
structural variegation is mainly related to air spaces and
abnormal development of palisade tissue cells. In terms
of air spaces, Grimbly [12] suggested that the loose struc-
ture between layers L1 (epidermal cells and water-storage
cells) and L2 (green tissue) might be caused by slow cell
division. Ishizaki [13] pointed out that some transmem-
brane proteins, such as LRR-RLKSs, can regulate cell divi-
sion, leading to the formation of intercellular spaces [14].
Cell walls are dynamic structures which play key roles in
plant cell growth and development [15]. Genes related to
cell wall structure and function including XET/H [16], PE
[17], EXP [18], and CSL [19] can regulate cell wall loosen-
ing and stiffening. In terms of the development of pali-
sade tissue cells, mutants of this type mainly present with
reduced palisade tissue and spongy tissue cells, especially
irregular shaped and incompletely developed palisade
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tissue cells. For example, mutations in genes includ-
ing Variegated and Distorted Leaf (VDL) [20], Defec-
tive Chloroplasts and Leaves (DCL) [21], VAR3 [22] and
ZAT1I0 [23] might be the origins of white leaf mutations
in tomato, tobacco and Arabidopsis, among which the
palisade tissue was atypical, with the shape similar to that
of spongy tissue.

P. pungentisepala is suitable for use as a potted plant
because of its morphological characteristics, especially
its beautiful leaf variegation, which is significantly differ-
ent from that of its selfed offspring. Thus, the selfed oft-
spring of P. pungentisepala make ideal subjects for better
understanding the mechanism of leaf variegation forma-
tion in P pungentisepala. Hara and Sheue’s [1, 2] classic
study has laid the foundation for the study of structural
leaf variegation. In the past 10 years, more studies on
the formation of structural leaf variegation have been
reported, but these studies did not include the molecu-
lar mechanism involved in structural leaf variegation. To
better understand the mechanism of leaf variegation for-
mation, transcriptomic analysis was added to the basic
research into the optical characteristics of leaves, leaf
anatomy, chloroplast ultrastructure, chlorophyll contents
and chlorophyll fluorescence parameters.

Results
Optical characteristics of the Leaves
The selfed offspring of P pungentisepala present with
different types of leaf variegation. The white type and
green type show the greatest difference in the proportion
of variegated area, accounting for 70-100% and 0-10%
respectively (Fig. 1).

Under reflected light, the white type (Fig. 2 A) showed
2 different light reflection patterns: the spotted pattern
(SP) and the polygonal pattern (PP). The SP manifests
as white spots formed in the centre of epidermal cells,
and the PP manifests as irregular white rings formed
around epidermal cell edges. However, in the green type
(Fig. 2B), only the SP was found. Under transmitted light,
an irregular black ring outlining the epidermal cell edges
is seen in the white type (Fig. 2D), while the cell edges
are not very clear in the green type (Fig. 2E). After air
removal, the differences of the PP and cell edges in the
white type compared to those observed in the green type
(Fig. 2 C, F) were diminished. Figure S1 shows more
details of Fig. 2.

Anatomical characteristics of the leaves
Leaf width of the white type and green type were meas-
ured. According to Table 1, there was no significant dif-
ference in leaf width between the two types.

Traverse sections of the white type and green type
leaves were prepared. These sections revealed that the
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The White Type

Fig. 1 The white type and green type. Scale bar =2.5 cm

The Green Type __

reflected light (A-C) and transmitted light (D-F). Scale bars=0.5 mm

Fig. 2 Adaxial surface patterns of leaves of the white type (A, D) and the green type (B, E) and the leaves of the white type without air (C, F) under

Table 1 The leaf width of the white type and green type

w G

Width of Leaf / mm 141+£0.04° 1.364+0.32°

Values were presented as the mean = SE of 9 biological replicates. The
independent-samples T test was used for comparison analysis. Same
superscript a denotes no statistically significant differences (p>0.05). WThe
white type, G The green type

epidermal cells of both types formed one layer, and
the water storage tissue was composed of three layers,
occupying approximately 1/3 of the whole leaf thickness

(Fig. 3 A-B). Chlorenchyma cells were found below the
water storage tissue, and the green type was darker. In
the white type (Fig. 3 C, E), the air spaces were typically
found among water storage tissue and palisade tissue,
while in the green type (Fig. 3D, F), the water storage
tissue and palisade tissue cells were closely arranged.
The air spaces, however, were not the only anatomical
features distinguishing the white and green types: the
shape of the palisade tissue was also obviously different.
The palisade tissue was differentiated normally with
arranged cylindrical cells in the green type. However,
in the white type, some of the palisade tissue cells were
spherical and loose, similar to spongy tissue cells.
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and green type (B) leaves prepared by

Fig. 3 Transverse sections of leaves of the white type (left) and green type (right). (A, B) White type (A)
freehand sectioning. (C-F) Paraffin sections of white type leaves (B, C) and green type leaves (E, F). Arrows: air spaces; W: white type; G: green type;

E.,: abaxial epidermis; E_: adaxial epidermis; WS: water storage tissue; P: palisade tissue; S: spongy tissue. Scale bars (A-B) =400 um; (C-D) =500 pum;

(E-F) =250 um

in the white and green types were similar, with both types
showing abundant thylakoid membranes and dense grana

Ultrastructure of chloroplasts
stacking. Some plastoglobuli were apparent in the sections.

According to the transmission electron microscope (TEM)
observations (Fig. 4), the ultrastructure of the chloroplasts
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Ciicn - M _
Fig. 4 Ultrastructure of the chloroplasts in white type (A-B) and green type (C-D) leaves. W: white type; G: green type; GL: grana lamella; Pi:
plastoglobuli. Scale bar =2 um

Table 2 The size and density of chloroplasts

w G
Chloroplasts number/ cell 11.60+267° 1130+2.79°
Palisade cell number/ mm? 156.694 17.16° 223334+2146°
Chloroplasts size/ um? 16.07 4 1.85° 153042.9°

Values were presented as the mean =+ SE of 10 replicates. The independent-

samples T test was used for comparison analysis. Superscript a and b denote
statistically significant differences (p <0.05) in the corresponding parameters
between the white type and green type. W The white type, G The green type

According to Table 2, there was no significant difference
in chloroplast size and chloroplasts number per cell, but
the cell density of palisade tissue was significantly lower in
the white type than that of the green type.

The chlorophyll contents and chlorophyll fluorescence
parameters

Table 3 shows the chlorophyll levels and chlorophyll
fluorescence parameters in the white type and green
type. The contents of chlorophyll a and total chlorophyll
(chlorophyll a+b) in the green type were significantly
higher than those in the white type. The chlorophyll &
and chlorophyll a/b contents in the white and green
types were not significantly different. For the chlorophyll
fluorescence parameters, no significant differences in the

Table 3 Chlorophyll content and chlorophyll fluorescence
parameters in the white type and green types
w G

Chla (mg-g~' FW) 0.27+0.02° 047 +0.06%
Chl b (mg-g~' FW) 0.14£0.04° 0.2040.05°
Chla+b(mg-g~" FW) 04240.06° 068=+0.11°
Chla/b 2.00+042° 236+0.34°
Fv/Fm 0.76340.010° 0.76540.003°
Y(PSII) 0490+ 0.027° 0456+0.032%

Values are presented as the mean + SE of 3 replicates. The independent-
samples T test was used for comparison analysis. Superscript a and b denote
statistically significant differences (p <0.05) in the corresponding parameters
between the white type and green type. Chl a Chlorophyll a, Chl b Chlorophyll

b, Chl a+b Chlorophyll a+b, Chl a/b The ratio of chlorophyll a to chlorophyll

b, Fv/Fm Maximum photochemical quantum yield of PS, Y(PSlI) Effective
photochemical quantum yield of PS I, FW Fresh weight, W The white type, G The
green type

maximum photochemical quantum yield of the photosys-
tem II (PSII) (Fv/Fm) or effective photochemical quan-
tum yield of PS II [Y(PSII)] were found.

Transcriptomic analysis

The leaves of the white type and green type were used
for RNA-Seq analysis, and a total of 6 samples (3 biologi-
cal replicates for each type) were sequenced. After the
low-quality reads were removed, 93,827 unigenes were
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identified with an average length of 554 bp. The length
distribution of the unigenes is presented in Fig. S2. An
overview of the RNA-Seq data can be seen in Table S1.

DEGs in different type of leaves

A total of 2880 DEGs were identified in the green type
vs. white type, among which 1131 genes (39.27%) were
upregulated and 1749 genes (60.79%) were downregu-
lated. Cluster analysis and volcano plots of DEGs are dis-
played in Figs. S3 and S4. Subsequently, more functional
information on the DEGs was obtained through Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis.

Based on the GO classification (Fig. 5 A), the DEGs
could be assigned to 3 major GO categories: CC (cellular
component), MF (molecular function) and BP (biologi-
cal process). Specifically, 15 GO classes were identified
in the CC category, 15 GO classes were identified in the
MEF category, and 24 classes were identified in the BP cat-
egory. The analysis of transverse leaf sections indicated
that air spaces and the shape of the palisade cells played a
vital role in the development of variegated leaves; there-
fore, we focused on cell development and division, which
are related to the plasma membrane. In the CC category,
‘integral component of membrane’ (GO: 0016021) and
‘membrane’ (GO: 0016020) were significantly enriched.
Specifically, a total of 340 DEGs were identified with
‘integral component of membrane, among which 224
DEGs were downregulated and 116 DEGs were upregu-
lated. In ‘membrane; the number of enriching DEGs
was 94, which included 73 downregulated DEGs and 21
upregulated DEGs. Cell development and division also
largely depend on the cell wall loosening and stiffening.
In ‘cell wall, the number of enriching DEGs was 20, which
included 16 downregulated DEGs and 4 upregulated
DEGs.

To investigate the specific pathways related to the for-
mation of leaf variegation, the DEGs were subjected to a
KEGG pathway enrichment analysis (Fig. 5B). The DEGs
fell into 285 pathways in the KEGG database. ‘Photosyn-
thesis-antenna proteins’ (ko00196) and ‘phototransduc-
tion’ (ko04744) were both identified among the 20 most
enriched KEGG pathways, and 6 DEGs and 9 DEGs were
involved with these 2 pathways, respectively. Because the
chlorophyll content of the white type was lower than that
in the green type, more attention should be directed to
pathways related to chlorophyll metabolism. Seven DEGs
were identified in the ‘porphyrin and chlorophyll metab-
olism’ (ko00860) pathways.
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Genes involved in cell development and division

A GO enrichment analysis revealed that DEGs in ‘inte-
gral component of membrane’ and ‘membrane’ were
dominant, and some key functional genes affected cell
development and division. LRR-RLKs play important
roles in the regulation of cell wall remodelling during cell
division [13]. According to Figs. 6 and 7 DEGs encoding
LRR-RLKs were downregulated, and 1 DEG was upregu-
lated. The plant cell wall is a dynamic structure that is the
foundation of plant growth and development [24]. In our
study, 10 DEGs belonging to the XET/H, PE, EXP, and
CSL gene families were all downregulated.

Zinc finger proteins play a key role in the regulation
of cell differentiation, and the zinc finger proteins VAR3
and ZAT10 have been previously shown to regulate pali-
sade cell development [17, 18]. In our transcriptomic
analyses, 1 DEG identified as zinc finger protein VAR3
and 3 DEGs encoding ZAT10 were downregulated. These
DEGs might promote the variation in the shape of pali-
sade cells.

Genes related to chlorophyll metabolism

and photosynthesis

CHLH insertion of Mg?" into protoporphyrin IX [25]
and chlorophyll degradation are vital processes in the
chlorophyll metabolism pathway. The KEGG enrichment
analysis revealed that 7 DEGs were closely related to por-
phyrin and chlorophyll metabolism, and 3 of these DEGs
were involved in chlorophyll metabolism (Fig. 7). Spe-
cifically, 1 DEG encoding CHL2 was upregulated, and 2
DEGs encoding CHLH and HEMC were downregulated;
all these DEGs contributed to a decrease in chlorophyll
levels.

In the pathway of photosynthesis-antenna proteins
(Fig. 8), the light-harvesting chlorophyll protein complex
was differentially expressed between the white type and
green type. Six DEGs encoded chlorophyll a-b binding
proteins, among which 1 DEG was upregulated and 5
DEGs were downregulated. Three DEGs related to PS II
were all downregulated.

Verification of RNA sequencing data by qRT-PCR

To validate the RNA-Seq results, 10 DEGs were selected
and subjected to qRT-PCR analysis with Actin7 used
as an internal reference gene (Fig. 9). Four DEGs were
shown to be related to cell development and division,
including LRR-RLKs and VAR3. Six DEGs were shown to
be related to chlorophyll metabolism and photosynthesis,
such as chlorophyll a-b binding protein, psbP domain-
containing protein, PS II 22 kDa protein and CHL2.
The qRT-PCR results showed that 8 DEGs were down-
regulated and 2 were upregulated. These results were
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DEGs involved in cell development and division
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Fig. 6 DEGs involved in cell development and division. W: white type; G: green type. The expression levels of each gene (log2 FPKM) in the white
type and green type are indicated by red and blue rectangles, with the red rectangles representing upregulated gene expression, and blue
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generally consistent with the RNA-Seq data, indicating
that the transcriptome data were reliable.

Discussion

Hara [1] indicated that many plant genera belong to the
‘air space’ variegation type, such as Arisaema, Begonia,
Clematis, Cyclamen, Ornithogalum, Pyrola, Saxifraga
and Viola. The location of the air spaces varies from plant
to plant, with some found between the adaxial epidermal
cells and the upper mesophyll, such as in Sonerila heter-
ostemon [27], Begonia formosana [2] and Nervilia nip-
ponica [28]; others surrounding spongy tissue [7]; and

others located between the chlorenchyma and the water
storage tissue, as in a Begonia cultivar [2]. In our study,
air spaces were identified between the water storage tis-
sue in the white type, which had not been observed in
previous studies.

Leaf transverse sectioning is not the only way to pre-
pare plants to observe air spaces. A PP is a unique feature
of the variegation in Begonia [29], and it is composed of
irregular white rings around the adaxial epidermal cell
edges, which can be viewed under reflected light. This
phenomenon has also been seen in the white type. Prov-
ing the presence of air spaces, the PP in the white type
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Fig. 7 DEGs involved in chlorophyll metabolism. W: the white type; G: the green type. The expression levels of each gene (log2 FPKM) in the
white type and green type are indicated by red/blue rectangles. Red rectangles represent upregulated genes, and blue rectangles represent
downregulated genes
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Fig. 8 DEGs involved in the photosynthesis-annotated proteins (ko00196) [26]. W: white type; G: green type. The expression levels of each gene
(log2 FPKM) in the white type and green type are indicated by red/green rectangles, with the red rectangles representing upregulated gene
expression, and blue rectangles representing downregulated gene expression
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disappeared when the air space was replaced with water.
After the air was replaced, no difference was observed
between the white type and green type under reflected or
transmitted light.

Differences in air space are not the only difference
between these two types. Air space variegation is related
to variations in palisade-cell development. In Begonia, the
typical funnel-shaped chlorenchyma appears isodiamet-
ric in light areas [2]. In pale-green sectors of A. italicum
leaf, the palisade tissue is reduced to a loose layer that
is half the thickness of that in dark-green sectors and is
composed of small, underdeveloped cells [7]. In the white
area of leaves in Blastus cochinchinensis [6], the upper
mesophyll is composed of three or four layers of colour-
less sponge-like cells, which contribute to the higher leaf
thickness. In our study, we found that the palisade cells in

the green type were tightly arranged and column-shaped,
while in the white type, they were rounded, sponge-like
cells with air spaces between them. In addition, there was
no significant difference in leaf width between the two
types.

We found no significant difference in chloroplasts
size, chloroplasts number per cell and the ultrastructure
of chloroplasts between the white type and green type.
Both types presented well-developed grana and entirely
filled thylakoid membranes in chloroplasts, but the cell
density of palisade tissue was significantly lower in the
white type than that of the green type. We further exam-
ined the chlorophyll contents. The levels of chlorophyll a
and chlorophyll a + b in the white type were significantly
lower than those in the green type. We considered that it
might be due to the lower cell density of palisade tissue in
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the white type. In previous studies of structural variega-
tion, the chlorophyll levels in variegated areas, such as in
B. cochinchinensis [6], (A) italicum [7], (B) rex [29], and
Cyclamen persicum [27], were lower than those in green
areas. Rocca [6] suggested that the decreased content of
chlorophyll in the variegated area was due to the reduc-
tion in layer numbers and size of the palisade tissue cells.
However, in Aglaonema nitidum, no significant difference
was found [30]. The chlorophyll fluorescence parameters
in both the white and green types were not significantly
different, which indicated that the white type underwent
normal photosynthesis. In previous studies, the chloro-
phyll fluorescence parameters of structural leaf variega-
tion were normal and similar to those in green areas [2, 6,
7]. Aelita [27] pointed out that although some leaves with
structural variegation show a low chlorophyll content,
photosynthesis proceeds normally. We hypothesized that
photosynthesis might have reached saturation at a low
chlorophyll content.

RNA-Seq analyses have been widely used to identify
DEGs in different developmental stages or under dif-
ferent physiological conditions. Through an RNA-Seq
analysis, the mechanisms of leaf variegation in Ginkgo
biloba [31] and Ilex x altaclerensis ‘Belgica Aurea’ [32]
were clarified. Thus, RNA-Seq technology and related
analysis methods enable the identification of leaf varie-
gation mechanisms. In our study, the Illumina sequenc-
ing results led to the identification of 2880 DEGs in the
leaves of the white type and green type P pumngentise-
pala. Some DEGs related to the development and growth
of cells, chlorophyll metabolism and photosynthesis
are likely involved in leaf variegation formation in P
pungentisepala.

Air spaces and variant palisade tissue are critical for
structural leaf variegation. DEGs known to encode LRR-
RLKs play major roles in regulating the development and
growth of cells in plants. Interestingly, these DEGs were
classified into ‘integral component of membrane’ and
‘membrane’ categories, and approximately 80% of them
showed downregulated expression. In our study, 5 DEGs
encoding LRR-RLKs were downregulated. In Arabidop-
sis thaliana, LRR-RLKs and HAESA regulate floral organ
abscission, and the amount of HAESA protein is inversely
correlated with defective cell separation [33]. The devel-
opment and division of cells are also closely related to
cell wall loosening and stiffening [34]. In our study, the
expression of 10 DEGs in the XET/H, PE, EXP, and CSL
gene families, which are related to cell wall structure, was
downregulated. These DEGs might differentially slow
cell division in the L1 and L2 layers. In addition, zinc fin-
ger proteins, such as VAR3 and ZATI0, play important
roles in cell differentiation. Naested [16] suggested that
VAR3 is an important protein required for palisade cell
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development, and palisade cells fail to expand in the var-
iegated sectors in var3 [35]. The Arabidopsis var3 mutant
with white leaf variegation and variant palisade tissue was
found to be similar to P. pungentisepala. ZAT10 induced
the formation of cylindrical palisade tissue cells mainly
by controlling the expansion of palisade cell width [23].
In our study, the expression of 1 DEG encoding VAR3
and 4 DEGs encoding ZAT10 was downregulated, which
might have promoted variegation based on the shape of
the palisade cells.

The chlorophyll metabolism pathway plays a key role
in mutant leaf variegation and cell senescence [36], and
depending on the chlorophyll type, these mutants may
present with defective chloroplasts and thus disrupted
photosynthesis. In previous studies, leaves with structural
variegation were thought to contain functional chloro-
plasts and perform normal photosynthesis, although the
chlorophyll levels were low, but normal for a green leaf
[27]. In our study, the contents of chlorophyll  and chlo-
rophyll a+ b were significantly lower in the white type.
Moreover, 3 DEGs related to chlorophyll metabolism
were associated with a decrease in chlorophyll content,
which was consistent with the lower chlorophyll levels
observed. Magnesium chelatase is a key factor in the bio-
synthesis of chlorophyll [37]. A decrease in magnesium
chelatase activity results in a decrease in the content of
chlorophyll in a leaf variegation mutant [38]. The higher
expression of genes involved in the chlorophyll deg-
radation pathway might also result in a decrease in the
content of chlorophyll. The expression of CHL2 in Cym-
bidium sinense ‘Dharma’ mutants was higher, leading to
a decrease in chlorophyll content, which might be the
reason for its colour difference [39]. In our study, 1 DEG,
encoding CHL2, was upregulated, which might have led
to a decrease in the chlorophyll content. Moreover, the
expression of 6 DEGs encoding chlorophyll a-b-binding
proteins was decreased in the white type. This might
have been due to the decrease in chlorophyll content [31,
40]. However, these changes did not affect the chloro-
phyll fluorescence parameters. In a previous study, leaf
variegation of the chlorophyll type often exhibited both
low chlorophyll levels and low chlorophyll fluorescence
parameters, which differed from the leaf variegation of P
pungentisepala.

In addition, we found cutin-related processes were
enriched in GO terms and KEGG pathways, which
might be due to the stress resistance. Cutin-related pro-
cesses are closely related to the stress resistance [41]. We
hypothesized that the white type might be significantly
different from the green type in stress resistance.

In summary, we proposed a pathway that leads to leaf
variegation in P. pungentisepala (Fig. 10). Changes in the
expression of genes related to chlorophyll biosynthesis
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Chlorophyll biosythesis
HEMC CHLH \

Chlorophyll degration
CHL2/

Chlorophyll content decreased

Cell development and division
LRR-RLKs \

XET/H, PE, EXP, CSLD 3\
ZATI10 VAR3\

Air spaces and variant palisade cells formed

Fig. 10 The proposed pathway of leaf variegation in P pungentisepala

Primulina pungentisepala
White leaf variegation

and degradation lead to reduced chlorophyll accumula-
tion in white leaf variegation. Furthermore, changes in
the expression of genes related to cell division and cell
differentiation lead to air space formation and variant
palisade cell development. These changes might exhibit a
close connection with white leaf variegation.

Conclusion

P. pungentisepala is a potential material of potted plants
and its beautiful leaf variegation was significantly dif-
ferent in its selfed offspring. Especially the white type,
which leaves have silvery metallic luster. In this study,
we investigated differences between the white type and
green type. Performing a cytological analysis, we found
that air spaces were abundant between water storage
tissues and the normal ultrastructural characteristics
of chloroplasts. Performing a physiological analysis, we
found lower chlorophyll levels in the white type; how-
ever, these leaves showed the same normal chlorophyll
fluorescence parameters as the green type. Therefore, we
suggest that the leaf variegation in P pungentisepala is
caused by a combination of mechanisms, including struc-
tural variegation and lower chlorophyll levels. A tran-
scriptional sequence analysis leads to the identification of
DEGs involved in cell division and differentiation. LRR-
RLKs are related to membrane; XET/H, PE, EXP, and
CSL family genes are related to cell walls; and ZAT10 and
VARS3 are related to cell differentiation; the expression
of all these DEGs was downregulated. The downregula-
tion of these genes might have led to air space and vari-
ant palisade cell formation. DEGs involved in chlorophyll
metabolism and photosynthesis were also identified. The

upregulation of HEMC and CHLH and the downregula-
tion of CHL2 might have caused a decrease in chloro-
phyll levels. Thus, these DEGs might have caused white
leaf variegation. Moreover, qRT-PCR verified that these
DEGs were differentially expressed between the white
type and green type. Our findings provide a reference for
the molecular mechanism of structural leaf variegation.

Methods

Plant materials

P pungentisepala in the greenhouse were introduced
from an area between Guangxi and Beijing and have been
domesticated for years. The green type and white type
showed the largest differences in variegation area pro-
duced in the selfed offspring of P. pungentisepala in 2019.
All the plant materials were properly maintained in a
greenhouse of Beijing Forestry University, which is main-
tained at an average annual temperature of 20 °C and a
relative humidity of 75%. The maximum light intensity
was 30,000 lx.

Optical properties of the leaves

The adaxial surfaces of fresh leaves of the white type
and green type and the leaves of the white type without
air spaces were observed under both transmitted and
reflected light with a LEICA M165FC fluorescent stereo
microscope (Wetzlar, Germany).

The leaves of the white type without air spaces were
prepared by cutting into 5.0 mm x 5.0 mm leaf discs and
then placed in a centrifuge tube with distilled water. The
samples were subjected to a vacuum (-40 kPa) for 5 h.
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The vacuum pump was not turned off until all the disks
sank to the bottom [29].

Leaf structure and chloroplast ultrastructure
Small pieces of leaves (2.0 mm x 2.0 mm) from the white
type and green type were prepared. Some of the samples
were prepared by freehand sectioning. Some samples
were fixed in formaldehyde-acetic acid-ethanol fixative
(FAA) for 24—48 h at room temperature. After the tissues
were dehydrated in ethanol, they were subjected to xylene
for making them transparent and then embedded in par-
affin. The samples were cut into paraffin Sect. (8 um) with
a microtome [42]. Other samples were fixed in 2.5% glut-
araldehyde overnight at 4 °C. After the tissues were dehy-
drated in ethanol, postfixed with 1% OsO, and embedded
in resin, they were cut into ultrathin Sect. (70 nm) with
an MTX ultramicrotome (RMC, Tucson, AZ, USA).
The paraffin Sect. (8 um) were stained with toluidine
blue, and the ultrathin Sect. (70 nm) were stained with
5% uranyl acetate (in 50% methanol) and 1% lead citrate
(in water). The freehand-prepared and paraffin-embed-
ded sections were observed with an optical microscope
(Leica DMC4500, Wetzlar, Germany), and the anatomi-
cal characteristics were compared. The ultrathin sections
were observed with a transmission electron microscope
(JEOLJEM-1400, Tokyo, Japan), and the chloroplast
ultrastructures were compared. The chloroplasts in 10
randomly selected cells were counted using the ultras-
tructural images, and the average number of chloroplasts
per cell was calculated. The mean size of chloroplasts in
10 intact chloroplasts distributed in cells was determined
using Image]. The palisade cells in 10 randomly selected
area were counted using the paraffin section images, and
the area was calculated using Image] [31].

Leaf width of the white type and green type were meas-
ured by digital vernier caliper, and the measurement
points were at the same position of the leaf [43].

Measurements of the chlorophyll content and chlorophyli
fluorescence parameters
Approximately 0.2 g (fresh weight) of leaf tissue from
white leaves and green leaves was placed into separate
mortars, and a small amount of quartz sand, calcium
carbonate powder and 95% ethanol were added to each
mortar, and the leaves were thoroughly ground. After fil-
tration and washing, the solutions were put into a 25-mL
volumetric flask with ethanol. The absorbance of ethanol
extracts was measured at 665 and 649 nm with a Biomate
3 S UV-visible spectrophotometer (Thermo Fisher Scien-
tific, USA). The chlorophyll a and b contents were sub-
sequently calculated with the appropriate equations [44].
Chlorophyll fluorescence parameters were measured in
the second or third round of leaves of the white type and
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green type with a PAM-2500 portable amplitude modula-
tion fluorometer (Walz, Germany). The chlorophyll fluo-
rescence parameters were measured after the leaves had
been adapted to the dark for 20 min. The F_ (the minimal
fluorescence value) was determined after dark adapta-
tion, and a 0.8-s saturating light pulse at an intensity of
8000 pumol m~2 s~! was applied to obtain the F, (the
maximal fluorescence). The light intensity was 1000 pmol
m~ % s~ ! during the measurement of the F,’ (the minimal
fluorescence at the light-adapted state) and F,’ (the light-
adapted maximal fluorescence yield) [45].

Fv/Fm and Y(PSII) were calculated according to the
appropriate formulas [46, 47].

RNA-Seq

For the transcriptome sequencing experiment, plants
were grown in a greenhouse with sun-shading nets, and
the temperature was approximately 25°C. The inner-
most leaves of the white and green types were sampled
and frozen in liquid nitrogen and then stored at —80°C.
Each sample weighed 0.2 g, and 3 biological replicates
were established. Total RNA was isolated from the differ-
ent samples. The quality and quantity of the RNA were
determined with a Nanodrop 1000 Spectrophotometer
(Thermo Fisher Scientific, Wilmington, DE) and Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA). The mRNAs of each sample were enriched using
oligo (dT)-attached magnetic beads. Then, the mRNAs
were sheared into short fragments with fragmentation
buffer, and first-strand ¢cDNA was synthesized using
random hexamers and reverse transcription. Then,
buffer, INTPs and DNA Polymerase I were added to the
c¢DNA to synthesize second-strand cDNA. Subsequently,
AMPure XP Beads were used to purify the double-
stranded cDNA. The double-stranded cDNA fragments
were ligated to an adapter with a “T” at the 3’ end. Then,
AMPure XP beads were used for fragment size selec-
tion, and PCR enrichment was performed to obtain the
final cDNA library. Finally, Illumina sequencing was
performed with an Illumina NovaSeq6000 instrument
at Beijing Biomics Biotech Co., Ltd. The raw sequenc-
ing data have been deposited with the National Center
for Biotechnology Information (accession number:
PRJNA815489).

Transcriptome data processing and analysis

We removed adapter sequences, reads with ambiguous
bases ‘N, low-quality reads (Q value<10) and fragments
less than 20 bp in length from the raw data to obtain
high-quality clean data. The full-length transcriptome of
P pungentisepala was constructed without a reference
genome from RNA-Seq data by using Trinity [48].
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Gene expression levels were estimated by RSEM for
each sample. Differential expression analysis between dif-
ferent samples was performed with DESeq2 [49]. Genes
with a fold change>2 and FDR<0.01 were considered
DEGs. All DEGs were mapped to each term in the GO
and KEGG databases.

qRT-PCR validation of transcript levels

Ten DEGs were selected from all the DEGs identified to
validate the reliability of the RNA-Seq analysis. The prim-
ers used for these assays were designed using Primer 5.0
software [50] and are presented in Table S2. qRT-PCR was
carried out with a TAKARA PrimeScript’" RT reagent Kit
with gDNA Eraser and TB Green® Premix Ex Taq" II [51].
Expression levels were calculated by the 2744 method [52]
and normalized to the level of the reference gene Actin?.

Statistical analysis

The data obtained were analysed using IBM SPSS Statis-
tics 26 and are presented as the mean £ SE. Independent-
samples T test was used for comparisons analysis.
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