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Abstract

Lycium ruthenicum Murr. is an important ecological and economic species in the Qaidam Basin of Qinghai-Tibet Plateau. Its
black fruits (BF) are rich in anthocyanins, which have health-promoting properties for humans and thus provide nutritional
benefits for this plant. Although the fruit quality of natural white fruit (WF) is affected by the disappearance of pigmentation in
phenotypes, this phenomenon provides an opportunity to unravel the complex color metabolic networks. In this study, antho-
cyanin profiling confirmed that WF was formed due to anthocyanin loss. Transcriptome analysis of BF and WF revealed 101,466
unigenes, 261 of which were identified as the putative homologs of color-related genes in other species. Genes encoding the
enzymes involved in flavonoid biosynthesis were also identified systematically. The structural gene expression levels of chalcone
synthase (CHS), chalcone isomerase (CHI), flavonoid 3'5'-hydroxylase (F3'5'H), dihydroflavonol 4-reductase (DFR),
anthocyanidin synthase (ANS), and anthocyanidin 3-O-glucosyltransferase (UFGT) were highly similar and significantly pos-
itively correlated with anthocyanin accumulation rate in BF. In particular, F3'5'H, UFGT, ANS, and DFR expression levels in BF
were 2391, 119, 96, and 85 times higher than those in WF at S3 (35 days after anthesis), respectively. This result strongly
suggests that the low expression of these genes in WF is responsible for the anthocyanin loss. Meanwhile, the expression patterns
of the anthocyanin regulatory genes were also investigated by qRT-PCR. Mass sequencing data were obtained and annotated by
deep sequencing and provided a platform for future function and molecular biological research on L. ruthenicum Murr.
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Introduction preventing soil desertification and alleviating soil salinity—

alkalinity because of its stress, drought, and salt tolerance
Lycium ruthenicum Murr. is a rare shrub plant belonging to  and resistance to diseases and pest insects (Zheng et al.
the Solanaceae family. This wild-growing species is ideal for ~ 2011). Owing to the abundance of anthocyanins in the black
fruits (BF) of this plant (Zheng et al. 2011; Peng et al. 2012;
Altintas et al. 2006; Zeng et al. 2014a), it has been used as a
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material, which is available to authorized users. Therefore, this plant is an important ecological and economic

species in the Qaidam Basin of Qinghai—Tibet Plateau.
Owing to the high altitude, cold, dry climate, strong sun-
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and subsequent research (Zhang et al. 2018) indicates that the
WEF is a mutant of L. ruthenicum Murr. The disappearance of
the anthocyanins in phenotypes may reduce the plant’s ability
to adapt to the environment of Qaidam Basin and greatly
influence the berry quality. Natural phenotypic variation pro-
vides an opportunity to unravel the role of anthocyanin genes
that lead to the extreme colors of L. ruthenicum Murr.

As the examples of flavonoids, anthocyanins are among the
most studied and understood compounds, and their metabolic
pathway in plants has been extensively described (Grotewold
2006; Tanaka et al. 2008). However, the underlying molecular
mechanisms that control anthocyanin catabolism in different
plant species remain unclear. In particular, loss-of-color adap-
tations are relatively unrestrained in different species because
they can be achieved in many ways (Lou et al. 2014).
Blocking an early gene in anthocyanin biosynthetic pathway
could be more efficient, and thus CHS mutation is the most
common method to induce loss-of-color in flowers or fruits
(Clark and Verwoerd 2011), followed by the absence of more
than one enzyme in anthocyanin biosynthetic pathway (Bogs
et al. 2007; Clark and Verwoerd 2011). Recent research
showed that the lack of color phenotype can be determined
by regulating the branching point of anthocyanin biosynthesis
(Lou et al. 2014). Altering the substrate competition between
flavonol synthase (FLS) and dihydroflavonol 4-reductase
(DFR) may eliminate the blue pigmentation in grape hyacinth
(Lou et al. 2014). Introducing apple ANR genes into tobacco
inhibits the expression of CHI and DFR genes in flowers,
finally leading to anthocyanin loss (Han et al. 2012).
FcMYBI determines the discolored phenotype of white
Chilean strawberry fruit by regulating the branching point of
anthocyanin/proanthocyanidin biosynthesis (Salvatierra et al.
2013).

In this study, RNA-seq for L. ruthenicum Murr. and its
white variant was performed using Illumina technology to
comprehensively analyze and determine the mechanism for
pigmentation loss in its fruits. Bioinformatics analysis re-
vealed the sets of up- and downregulated genes from BFs
and WFs and the candidate genes targeting pigmentation loss
were examined. The annotated transcriptome sequences pro-
vide a valuable genomic resource and platform to further un-
derstand the molecular basis of fruit color variations in
L. ruthenicum Murr. and other members of Solanaceae family.

Materials and methods

Plant material

In September 2015, BF and WF (healthy fruits under natural
light condition) L. ruthenicum Murr. samples and its white

form used in this work were collected from Zongjia Town,
Dulan County, Qinghai Province, P. R. China. The samples
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were harvested during the three fruit developmental stages
(S1-S3) based on fruit epidermis pigmentation and are shown
in Fig. 1a with the following characteristics: unripe green fruit
before color breaker (BS1, WS1, 5 days after anthesis); the
light-color stage, in which the BF appears light aubergine and
the WF appears yellowish white (BS2, WS2, 15 days after
anthesis); and the stage of BFs and WFs (BS3, WS3, 35 days
after anthesis). The fruits were manually collected with scis-
sors while avoiding any mechanical damages. For each devel-
opmental stage, three replicate groups were prepared for phys-
iological and biochemical determination. All samples were
immediately frozen in liquid nitrogen and stored at — 80 °C
for pending measurement.

Anthocyanin determination
Anthocyanin in L. ruthenicum Murr. fruits was extracted and

determined as described previously (Zeng et al. 2014a; Qi
et al. 2019). The petunidin derivatives accounted for 95% of
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Fig. 1 Coloration phenotype and anthocyanin content in developing
L. ruthenicum Murr. fruits. a Coloration phenotype of fruits at three
developmental stages, bar =5 mm. b Anthocyanin contents in fruits at
three developmental stages. Total anthocyanin content in ripening fruits
indicated as the mean = SD of three replicates
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the total anthocyanins in fresh BF that is derived from the
delphinidin branch and mediated by F3'5'H activity, and the
remaining 5% are also derivatives of delphinidin (Zheng et al.
2011). Therefore, delphinidin chloride (ChromaDex, Santa
Ana, CA, USA) was used as standard for quantification.
Mean values and standard deviations (SDs) were obtained
from three biological replicates.

RNA extraction

Total RNA was extracted from tissues using plant RNA puri-
fication reagent according the manufacturer’s instructions
(Invitrogen). Genomic DNA was removed using DNase I
(TaKara), and RNA quality was determined by 2100
Bioanalyzer (Agilent) and quantified using ND-2000
(NanoDrop Technologies, USA). Only high-quality RNA
sample (OD260/280=1.8-2.2, 0D260/230>2.0, RIN>6.5,
28S:185>1.0,> 10 ng) was used to construct the sequencing
library.

Library preparation and lllumina HiSeq 4000
sequencing

RNA-seq transcriptome library was prepared following the
instruction from TruSeq™ RNA sample preparation kit from
[llumina (San Diego, CA) using 5 png of total RNA.
Messenger RNA was isolated according to polyA selection
by oligo(dT) beads and then fragmented by using a fragmen-
tation buffer. Double-stranded cDNA was synthesized using a
SuperScript double-stranded cDNA synthesis kit (Invitrogen,
CA) with random hexamer primers (Illumina) and then sub-
jected to end-repair, phosphorylation, and “A” base addition
according to Illumina’s library construction protocol.
Libraries were size selected for cDNA target fragments of
200-300 bp on 2% low-range ultra-agarose, followed by
PCR amplification using Phusion DNA Polymerase (NEB)
for 15 PCR cycles. After quantification by TBS380, paired-
end RNA-seq sequencing library was sequenced with the
[lumina HiSeq 4000 (2 x 150 bp read length).

De novo assembly and annotation

Raw data were first processed through in-house Perl scripts.
Clean data/reads were obtained by removing adapter- and
ploy-N-containing and low-quality reads from raw data.
Q20, Q30, GC-content, and sequence duplication of clean
data were calculated. The obtained clean data were used for
assembly with Trinity (https://github.com/trinityrnaseq/
trinityrnaseq/wiki). Gene function was annotated based on
the following databases: NR (NCBI non-redundant protein
sequences), Pfam (homologous protein family), KOG/COG/
eggNOG (clusters of orthologous groups of proteins), Swiss-
Prot (manually annotated and reviewed protein sequence

database), Kyoto Encyclopedia of Genes and Genomes
(KEGG), and Gene Ontology (GO).

Differential expression and functional enrichment
analyses

Differential expression analysis between the two groups was
performed using DESeq (http://www.bioco nductor.org/
packages/release/bioc/html/DESeq.html). DESeq provides
statistical routines for determining differential expression in
digital gene expression data by using a model based on the
negative binomial distribution. The resulting P values were
adjusted using Benjamini and Hochberg’s approach for
controlling false discovery rate (FDR). The screening criteria
were FDR <0.01 and fold change >2. In addition, GO
functional enrichment and KEGG pathway analyses were
performed to distinguish the differentially expressed genes
(DEGs) that were significantly enriched in GO terms and met-
abolic pathways by using the topGO R packages (http:/www.
bioconductor.org/packages/release/bioc/html/topGO.html)
based on Kolmogorov—Smirnov test and KOBAS (http://
kobas.cbi.pku.edu.cn/help.do).

Gene validation and expression analysis

The total RNA from the fruits was extracted as described
above, and cDNA was synthesized from the total RNA
(1 pg) using PrimeScript™ RT Master Mix Kit to reach
20 ul total volume according to the manufacturer’s instruc-
tions (TaKaRa). Transcript levels were analyzed by quantita-
tive real-time PCR (qRT-PCR) using the SYBR® Premix Ex
Taq™ II (TaKaRa) and a CFX Connect Real-time PCR
Cycler (Bio-Rad Laboratories, USA) according to the manu-
facturers’ instructions. All biological replicates were analyzed
in triplicate. EF'la gene was used as the internal control for
normalizing gene expression (Zeng et al. 2014b), and the
primers were designed using the Primer Premier software
(Supplementary Table S1). The relative expression levels of
the target genes were calculated using 2“7,

Results

Anthocyanin levels in the fruit of L. ruthenicum Murr
at three developmental stages

The anthocyanin content in fruits at different development
stages was determined to provide a basis for the lack of color
phenotype in WF. The fruits were sampled at three develop-
mental stages (S1-S3) according to BF phenotype (Fig. 1a),
which represents visually increasing fruit pigmentation and
presumably increasing anthocyanin content. The results
showed that the anthocyanin content remained at an extremely
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low level in both fruits at S1. For BF, the amount increased
from S2 and reached a noticeable degree at stage S3.
However, it did not show any changes in WF at S2-S3 (Fig.
1b) and still remained at an extremely low level. Therefore,
the change in fruit color phenotypes in L. ruthenicum Murr. is
mainly caused by the anthocyanin content, which starts to
diminish at the early developmental stage in WF.

RNA-seq and sequence assembly

High-throughput sequencing was conducted to generate 18
libraries from two samples (BF and WF) at three fruit devel-
opmental stages with three biological replicates to understand
the molecular basis of fruit color polymorphism in
L. ruthenicum Murr. (see “Materials and methods” for detailed
sample information). A total of 183.00 Gb clean data were
generated from the 18 libraries, with the pair-end reads in
clean data of each sample of not less than 20.65 million,
Q30 of each sample >92.40%. All sequencing data were de-
posited in NCBI Short Read Archive under BioProject ID
PRINA638483 (accession numbers SRR12149104,
SRR12149105, SRR12149106, SRR12149107,
SRR12149108, SRR12149109, SRR12149110,
SRR12149111, SRR12149112, SRR12149113,
SRR12149114, SRR12149115, SRR12149116,
SRR12149117, SRR12149118, SRR12149119,
SRR12149120, SRR12149121, respectively). The generated
high-quality pair-end reads of de novo assembly, which was
performed by using Trinity software according to standard
parameters, were retrieved after trimming. The assembly pro-
duced 201,581 transcripts with a N50 of 1826 bp, and the
unigene dataset included 101,466 sequences with a N50 of
1492 bp. The distribution of length of transcripts and unigenes
which were used for annotation analysis is shown in Fig. Sla,
b. The public databases including COG, GO, KEGG, KOG,
Pfam, Swiss-Prot, eggNOG, and NR were searched for ho-
mologous sequences. A total of 54,986 unigenes were found
in at least one of these databases (Table 1), and detailed anno-
tation information was listed (Supplementary Table S2).

Differentially expressed genes during fruit
development

The differentially expressed unigenes between BF and WF
libraries were first analyzed to investigate differences in
unigene expression in BF and WF during development. For
the unigene comparison in BF, that is, BS1 versus BS2, BS2
versus BS3, and BS1 versus BS3, 2260, 5465, and 8212
unigenes were differentially expressed, respectively; 1342,
2543, and 4126 were upregulated, respectively; and 918,
2922, and 4086 were downregulated, respectively. For the
unigene comparison in WF, that is, WS1 versus WS2, WS2
versus WS3, and WS1 versus WS3, 2175, 3585, and 7172
unigenes were differentially expressed, respectively; 1072,
1231, and 2813 were upregulated, respectively; and 1103,
2354, and 4359 were downregulated, respectively. For the
DEG comparison between WF and BF, that is, WS1 versus
BS1, WS2 versus BS2, and WS3 versus BS3, 3185, 3962, and
4910 were unigenes, respectively; 1967, 2952, and 3717 were
upregulated, respectively; and 1218, 1010, and 1193 were
downregulated, respectively (Table 2).

KEGG pathway enrichment analysis of DEGs during
fruit development

The DEGs were characterized by KEGG pathway enrichment
analysis to explore the relevant biological functions and depict
the functional differences among the developmental stages of BF
and WF in L. ruthenicum Murr. (Fig. 2, and see for full list of
KEGG pathway in Supplementary Table S3). Comparisons of
these KEGG pathway lists in BF, that is, BS1 versus BS2, BS2
versus BS3, and BS1 versus BS3, revealed five identical path-
ways, namely, cutin, suberine, and wax biosynthesis; carotenoid
biosynthesis; plant hormone signal transduction; phenylpropanoid
biosynthesis; and starch and sucrose metabolism (Supplementary
Table S3). The pathway of flavonoid biosynthesis appeared in
BS2 versus BS3 and BS1 versus BS3 but not in BS1 versus
BS2, suggesting no remarkable difference in the gene expression
on the pigment pathway at stages 1 and 2 (Supplementary

Table 1 Statistics of annotation

analysis for unigenes Annotation database

Annotated number

300 < length< 1000 length > 1000

COG 18,199 4471 7526

GO 33,129 10,880 13,351
KEGG 17,663 6019 7758

KOG 25,761 8246 11,830
Pfam 34,744 9547 18,418
Swiss-Prot 27,231 8701 13,970
eggNOG 46,606 14,802 18,866
NR 51,898 17,542 20,259
All 54,986 17,882 20,320
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Table 2  Statistics of DEG number

DEG set All DEG Upregulated Downregulated
BS1 vs BS2 2260 1342 918
BS2 vs BS3 5465 2543 2922
BS1 vs BS3 8212 4126 4086
WSI1 vs WS2 2175 1072 1103
WS2 vs WS3 3585 1231 2354
WSI1 vs WS3 7172 2813 4359
WS1 vs BS1 3185 1967 1218
WS2 vs BS2 3962 2952 1010
WS3 vs BS3 4910 3717 1193

Table S3). This result was in agreement with those on morpholog-
ical changes and gene expression profiling. In WF, 11 similar
pathways were found in WS1 versus WS2, WS2 versus WS3,
and WSI versus WS3. Flavonoid biosynthesis was significantly
different in all three groups, and this finding was not consistent
with morphological observations (Supplementary Table S3).
Comparative analysis for BF and WF revealed that WSI1 versus
BSI1 differed from WS2 versus BS2 and WS3 versus BS3 in terms
of KEGG pathway composition, and only one identical difference
pathway, namely, flavonoid biosynthesis, was found among the
three comparisons. Meanwhile, anthocyanin biosynthesis was on-
ly identified in WS1 versus BS1, suggesting that the differences in
the expression of anthocyanin synthetic genes in BF and WF were
initiated early in the development (Fig. 2, Supplementary
Table S3).

Defining DEGs related to color development during
the developmental stages of BF and WF

The genes involved in the secondary metabolic pathways of
pigmentation (flavonoid, anthocyanin, flavones, flavonol, and

flavanone biosynthesis) were analyzed using 18 libraries. A
total of 261 unigenes were assigned to these pathways. Digital
expression analysis identified that all these unigenes were dif-
ferentially expressed between BF and WF (Supplementary
Table S4) and thus were selected for further study.

DEGs between samples were identified to investigate molec-
ular differences between BF and WF under various developmen-
tal stages. Expression levels were compared among stages to
identify significant DEGs. Table 3 revealed 20, 65, and 83
DEGs in BS1 versus BS2, BS2 versus BS3, and BS1 versus
BS3, respectively, and 39, 40, and 79 DEGs in WSI1 versus
WS2, WS2 versus WS3, and WS1 versus WS3 (Table 3), re-
spectively. The numbers of DEGs in BS2 versus BS3 and BS1
versus BS3 were greater than that in BS1 versus BS2, indicating
the involvement of complex developmental events at stage 2.

Table 3 shows that in the comparisons of BS1 versus BS2,
BS2 versus BS3, BS1 versus BS3, WS1 versus WS2, WS2
versus WS3, and WS1 versus WS3, 11, 36, 39, 26, 22, and 46
were upregulated, respectively, and 9, 29, 44, 13, 18, and 33
were downregulated, respectively.

Comparison of the transcriptional profiles of genes
involved in anthocyanin metabolism between BF and
WF

The color distinction between the BF and WF of
L. ruthenicum Murr. is caused by the difference of anthocya-
nin content (Fig. 1). The DEGs between BF and WF were
identified to compare their molecular differences under vari-
ous developmental stages. In comparisons of WS1 versus
BS1, WS2 versus BS2, and WS3 versus BS3, 35, 41, and
41 were DEGs, respectively, 28, 26, and 29 were upregulated,
respectively; and 7, 15, and 12 were downregulated, respec-
tively. The number of upregulated genes was remarkably

a WS1 vs BS1 b WS2 vs BS2 c WS3 vs BS3
alpha-Linolenic acid metabolism { ® Zeatin biosynthesis Starch and sucrose metabolism | ¢
Zeatin biosynthesis { + Valine, leucine and isoleucine degradation - + SNARE interactions in vesicular transport |
Vitamin B6 metabolism{  + Steroid biosynthesis Pyruvate metabolism -+
Stilbenold, diarylheptanoid and gingerol biosynthesis § SNARE interactions in vesicular transport - Pentose and glucuronate interconversions §
Selenocompound metabolism < « Riboflavin metabolism - Other types of O-glycan biosynthosis
Phenylalanine motabolism < ® Propanoate metabolism - Monoterpenold biosynthesis -|  gene_number
S —— gene_number S —— i S S . =
Glycosaminoglycan degradation{ ® 20 Oxidative phosphorylation - ® 100 Glycerophospholipid metabolism -+ 7100
Galactose metabolism - @ @30 Limonene and pinene degradation - @ 150 Galactose metabolism 4+ ; ;gg
Flavonold biosynthesis | * qvaliie Isoquinoline alkaloid biosynthesis - — Flavonold biosynthesis
Cysteino and methionine metabolism @ 1.00 Flavonoid biosynthesis 1.00 Fatty acid elongation ualiie,
Anthocyanin biosynthesis - 0.75 Cyanoamino acid metabolism {  + 978 Fatty acid biosynthesis |+ 0.75
Fructose and mannose metabolism - 0.50 Citrate cycle (TCA cycle) | * 0.50 Citrate cycle (TCA cycle){  © 0.50
Photosynthesis ~ antenna proteins | 025 Carotenoid biosynthesis - - 025 Circadian thythm - plant |~ + 0.25
Starch and sucroso motabolism - 0.0 Amino sugar and nuclootido sugar metabolism -+ 9.00 Propanoats metabolism - & 0.00
Cyanoamino acid metabolism - Proteasome - Fatty acid metabolism -
Fatty acid elongation Oxidative phosphorylation |
Fatty acid metabolism - Biosynthosis of unsaturated fatty acids -
Cutin, suberine and wax biosynthesis - . Biosynthesis of unsaturated fatty acids - . Proteasome -
Phenylpropanoid biosynthesis @ Ribosome - [ ] Ribosome - @

Rich factor
Fig. 2 Top 20 enriched KEGG pathways of DEGs between BF and WF
at different developmental stages. a Scatterplot of enriched KEGG
pathway between BF and WF at stage 1. b Scatterplot of enriched
KEGG pathway between BF and WF at stage 2. ¢ Scatterplot of
enriched KEGG pathway between BF and WF at stage 3. Y-axis on the

20 12

’Igich f;nctor ® é{ich factior

left represents KEGG pathways, and X-axis indicates the enrichment
factor. Pathways with g-values less than 0.05 are significantly enriched.
The size of the spot reflects the number of DEGs, and the color of the spot

corresponds to different g-value ranges
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Table 3 Statistics of DEG
number Type BSlvs BS2vs BSIvs WSIvs WS2vs WSIvs WSlvs WS2vs WS3vs
BS2 BS3 BS3 WS2 WS3 WS3 BS1 BS2 BS3
Num 20 65 83 39 40 79 35 41 41
Up 11 36 39 26 22 46 28 26 29
Down 9 29 44 13 18 33 7 15 12

higher than that of downregulated ones at all three fruit devel-
opmental stages. This phenomenon indicated that anthocyanin
loss is due to the low transcript abundance of many genes and
was initiated during the early development of the fruit. This
result was in agreement with the markedly phenotypic chang-
es in fruit color at S2 and S3 (Fig. 1a).

Genes related to anthocyanin biosynthesis

A total of 261 DEGs related to fruit pigmentation were
searched based on standard gene names and synonyms in
the combined functional annotations and analyzed to identify
the key ones for black-to-white transition. The structural genes
(55), including CHS, CHI, flavanone 3-hydroxylase (F3H),
flavonoid 3'-hydroxylase (F3'H), F3'5'H, DFR, ANS, UFGT,
anthocyanin 5-aromatic acyltransferase (5AT), anthocyanin
5-O-glucoside-6"-O-malonyltransferase (5MaTl), flavonol
synthase (FLS), and anthocyanidin reductase (ANR), and reg-
ulatory genes or transcription factors (TFs) (10) participating
in each step of the flavonoid biosynthesis, such as MYB, bZIP,
C2H2, and HD-Zip, were subsequently identified from the
261 DEG database and studied in detail. A heat map
representing the transcript levels for these candidate tran-
scripts in BF and WF at different stages was generated

(Fig. 3).

Expression profiles of anthocyanin biosynthesis
structural genes in BF and WF

Among the six CHS genes identified in BF, c105048, ¢89559,
and ¢90263 had the lowest expression at S1 and highest ex-
pression at S3, c61114 expression exhibited poor repeatabili-
ty, and the remaining genes showed relatively constant ex-
pression during coloration. Two distinct expression patterns
were noticed among the three CHI genes. The transcription
levels of ¢103053 and c101670 were low in S1 but high in S3.
Opposite expression pattern was observed for ¢83433. Three
F3H genes (c87407, ¢123966, and c¢185382) were identified
in the fruit transcriptome of L. ruthenicum Murr. c87407 up-
regulation was evident during coloration, and ¢123966 and
c185382 expression levels were low with minimal changes
during development. In the five F3'H genes, c98294,
¢19510, and ¢73739 had similar expression patterns and were
downregulated with maturity, whereas c86844 showed the
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opposite expression pattern. ¢54636 was lowly expressed at
S2 but highly expressed at S1 and S3. Three genes (c102345,
c138562, and ¢27994) corresponding for F3'5'H displayed
different expression patterns, except for ¢138562 with poor
repeatability. Highest expression of ¢102345 was detected in
S3 and that of ¢27994 was detected in S1. Five of the DEGs,
namely, 92376, c104645, c104723, c107855, and c40236,
encoded the predicted DFR. ¢92376 and c40236 expression
increased during coloration, and ¢104645 and c104723
showed the opposite expression pattern. Among the four
genes encoding ANS, ¢70865 was upregulated from the green
to the black stage, c83989 was highly expressed at the green
stage, and the remaining genes showed relatively constant
expression during coloration. The increasing expression of
the 12 genes was correlated with anthocyanin accumulation
in five transcripts (c87418, c103977, ¢85443, ¢90215, and
¢99939), whereas the opposite expression pattern was ob-
served for ¢c84984. Moreover, the transcription levels of
c103688, ¢103507, and c38776 were the lowest in the transi-
tion period of fruit color (S2). The other three UFGTs
(c101538, ¢95396, and c38776) showed relatively constant
expression during coloration. Three genes (91064, c88939,
and ¢27976) corresponding for SAT displayed the same ex-
pression pattern: the highest expression was detected at the
early stage of fruit development, followed by a decrease in
levels. Among the 5MaTl genes, c37514, c74476, c39903,
and ¢82232 showed relatively high and stable expression
throughout the development period, and c60991 was not in-
cluded due to its poor repeatability. The gene-encoding en-
zymes involved in other subgroups of flavonoid end products
were also investigated. For example, three genes specifically
participating in proanthocyanidin biosynthesis and encoding
anthocyanidin reductase (ANR, c97618, c105446, and
¢79009) were identified in the database of L. ruthenicum
Murr. ¢97618 and c105446 were downregulated during fruit
development, and ¢79009 showed relatively constant expres-
sion at S1-S2 but was upregulated sharply during ripening.
Three flavonol synthase genes, namely, c63178, ¢106360, and
¢89254, showed the opposite pattern. The expression of the
latter was the lowest at S2, whereas the expression of the
former was the highest at S2.

The expression patterns of 55 structural genes in WF were
also analyzed (Fig. 3). ¢89559 (CHS), c81030 (CHS), c90263
(CHS), c87407 (F3H), c86844 (F3'H), c98294 (F3'H),
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Fig. 3 Hierarchical clustering of
DEGs in BF and WF of

L. ruthenicum Murr.. Each
column (WS1 1, WS1 2, WS1 3,
WS2 1, WS2 2, WS2 3, WS3 1,
WS3 2, WS3 3,BSI1 1, BS1 2, -3
BS13,BS21,BS22,BS23,BS3

1, BS3 2, and BS3 3) represents

the expression value of each

RNA-Seq, and each row -14
represents a differentially

expressed gene. WS1 1, WS1 2,

WS1 3, WS2 1, WS2 2, WS2 3,

WS3 1, WS3 2, and WS3 3: WF

at three developmental stages

(S1-S3, every stage included

three biological replicates),

respectively; BS1 1, BS1 2, BS1

3,BS21,BS22,BS23,BS3 1, —

BS3 2, and BS3 3: BF at three
developmental stages (S1-S3,
every stage included three
biological replicates),
respectively. The levels are color
coded: red indicates high
expression levels, and blue
indicates low expression levels

€54636 (F3'H), c83989 (ANS), c87418 (UFGT), c103688
(UFGT), c103507 (UFGT), c101538 (UFGT), c85443
(UFGT), ¢90215 (UFGT), ¢93992 (UFGT), c91064 (5AT),
c74476 (5MaTl), c39903 (5MaTl), c63178 (FLS), and
c106360 (FLS) had similar expression pattern of gradual in-
crease, whereas the opposite pattern was observed for
c100418 (CHS), ¢35393 (ANS), c88939 (5AT), c27976
(5AT), and ¢82232 (5MaT1) with downregulated expression
during fruit ripening. c107855 (DFR) showed high expression
in S1, and the remaining genes belonging to 12 families main-
tained a relatively low expression throughout the development
period.

Comparison of the expression profiles of anthocyanin
biosynthesis structural genes between BF and WF

Comparison of the expression patterns of 55 structural genes
in BF and WF revealed that 26 genes showed different pat-
terns and were arranged into four groups (Fig. 3) according to
the expression pattern in WF. Group 1 was the largest group
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containing 14 genes (54%), which were all underexpressed
during the whole growth period of WF. In BF, nine genes
(c105048 (CHS), c103053 (CHI), c101670 (CHI), c102345
(F3'5'H), ¢92376 (DFR), c40236(DFR), c70865 (ANS),
c103977 (UFGT), and c79009 (ANR)) were upregulated, four
genes (c104723 (DFR), c84984 (UFGT), c97618 (ANR), and
c105446 (ANR)) were downregulated, and one gene (c37514
(5MaTTl)) was highly expressed throughout the development
period. Nine of the genes (34%) in group 2 were upregulated
in WF along with the fruit ripening. In BF, three genes
(c89559 (CHS), c86844 (F3'H), and c87418 (UFGT)) were
upregulated. Although showing the same trend, their expres-
sion was higher than that in WF. In addition, two genes
(c101538 (UFGT) and c¢74476 (5MaTl)) maintained high ex-
pression during development, another two (c54636 (F3'H)
and c103688 (UFGT)) were downregulated from green-to-
light color stage but upregulated from light-to-black color
stage, and the last two (98294 (F3'H) and c91064 (5AT))
were downregulated. Group 3 contained only two genes
(8%), both of which were downregulated in WF. In BF, the
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¢83433 (CHI) expression was consistent with that in WF, and
c82232 (5MaTl) was highly expressed throughout the devel-
opment period. The last group contained only one gene
(c107855 (DFR), 4%), which was highly expressed through-
out the developmental stages in WF but showed the opposite
pattern in BF.

Comparison of expression profiles of anthocyanin
biosynthesis transcription factors between BF and WF

Ten transcription factors, namely, MYB (c75274, c94823),
bZIP (c93507), C2H2 (c71956, c84178), and HD-Zip
(c101652, ¢13343, ¢39706, c67782, and c88135), were iden-
tified among the 261 DEGs. The heat map revealed that
c101652, c75274, ¢71956, and c39706 expression showed
poor repeatability between samples. The remaining six tran-
scription factors showed a consistent trend in BF and WF, but
expression of ¢13343, c88135, c94823, c67782, and c93507
in BF was higher than that in WF (Fig. 3).

Validation of the expression of genes related to
anthocyanin biosynthesis in L. ruthenicum Murr.

The transcript abundances of 21 selected differentially
expressed structural genes from the anthocyanin biosynthesis
pathways and 6 transcription factors at the five coloration
stages between BF and WF were analyzed by qRT-PCR to
verify the reliability of transcription data and understand the
relationship between gene expression and anthocyanin con-
tent in fruit. Compared with the three key periods of fruit
coloration for the establishment of the transcriptome database,
two additional stages were added before (S3-be, 25 days after
anthesis) and after S3 (S3-af, 45 days after anthesis) to com-
prehensively reflect the expression trend, bringing the total to
five developmental periods (Fig. S2). Figure 4 shows that in
the ripening fruits of BF, the expression of the structural genes
CHS (c105048), CHS (c89559), CHI (c101670), F3'5'H
(c102345), DFR (c92376), ANS (c70865), UFGT (c87418),
and UFGT (c103977) was significantly positively correlated
with anthocyanin accumulation rate. The expression profiles
of all these genes were highly similar, with maximum tran-
script levels noted at S3-be and/or S3 (Fig. 4). All of these
genes were lowly expressed in WF, especially F3'5'H
(c102345), UFGT (c103977), ANS (c70865), DFR (c92376),
and CHS (c105048) with expression levels that were 2391,
119, 96, 85, and 25 times lower than those in BF at S3, re-
spectively. The expression patterns of anthocyanin regulatory
genes, including MYB, HD-Zip, and bZIP, were also investi-
gated by qRT-PCR, and nothing noteworthy was found. The
expression levels of all six transcription factors were low with
minimal changes during development between BF and WF.
Regulatory genes may not be responsible for color differences
between BF and WF.
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Discussion

In this study, the major biosynthetic pathways related to the
fruit pigmentation of L. ruthenicum Murr. were investigated
through transcriptomic analyses. The candidate genes that de-
termined the biosynthesis and branch were isolated, and the
regulatory mechanism of key genes was discussed.

The black pigmentation of ripe L. ruthenicum Murr. fruit is
due to the high accumulation of specific anthocyanin
(petunidin derivatives accounted for 95% of the total antho-
cyanins in fresh fruit that is derived from the delphinidin
branch and mediated by F3'5'H activity) (Zheng et al. 2011).
By contrast, extremely low anthocyanin was detected in the
WFs of L. ruthenicum Murr. (Fig. 1a, b). The naturally white
fruits provide an opportunity to unravel the complex molecu-
lar mechanism underlying certain color traits and to illustrate
differences in anthocyanin accumulation between BF and
WEF.

The anthocyanin biosynthesis pathway is blocked and
leads to the production of white L. ruthenicum Murr. berry.
The expression levels of many genes in the pathway are
inhibited. In particular, the expression levels of F3'5'H
(c102345), UFGT (c103977), ANS (c70865), DFR (c92376),
and CHS (c105048) were 2391, 119, 96, 85, and 25 times
lower than those in BF at S3, respectively. This result strongly
suggests that the low expression of these genes is responsible
for the anthocyanin loss in WF. The anthocyanin biosynthesis
pathway is usually divided into two parts: early and late sec-
tions (Deroles 2009). The early section leads to the formation
of the dihydroflavonols, which comprises CHS, CHI, F3H,
and CHS, the primary precursor for all classes of flavonoids.
When CHS reactions are strongly constrained, the production
of anthocyanin and nearly all other flavonoids is effectively
eliminated (Clark et al., 2011). Hence, CHS mutation is the
most common technique of inducing color loss (Clark and
Verwoerd 2011; Saito et al. 2006; Spitzer et al. 2007). On
the contrary, F3'H and F3'5'H catalyze the hydroxylation of
the B-ring of flavonoids and are necessary to biosynthesize
cyanidin (red to magenta) and delphinidin (violet to blue)
based anthocyanins, respectively. As expected, the transcript
level of three F3'H was low, and that of one F3'5'H was
extremely high in BF. These findings are consistent with their
funneling role for the metabolic flux toward the delphinidin-
derived anthocyanin accumulation in L. ruthenicum Murr. in-
stead of to the cyanidin-derived anthocyanin direction (Fig. 4,
Zheng et al. 2011). All these genes are underexpressed in WF.
The transcripts of F3'5'H-like sequence showed substantially
higher levels in BF than in WF, particularly in S3 cases that
are >2391 times higher (Fig. 4). The delphinidin synthesis
reactions are constrained to almost zero, but the metabolic flux
does not induce the cyanidin accumulation in WF. DFR, ANS,
and UFGT are key genes for anthocyanin formation and re-
duce the colorless leucoanthocyanidins to stabilize the colored
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compounds. In this study, the expression of DFR (c92376),
ANS (c70865), and UFGT (c103977) in WF showed lower
transcriptional abundance than in BF throughout the fruit de-
velopment. DFRs have two variants: non-specific DFRs that
convert all types of dihydroflavonols and specific DFRs that
convert only dihydroquercetin (DHQ) and dihydromyricetin
(DHM) (Miosic et al. 2014; Jin et al. 2016). Approximately
95% of anthocyanins in the fresh fruit of L. ruthenicum Murr.
are petunidin (Zheng et al. 2011), indicating that the DFR in
this plant is specific to only converting DHM and thus is
similar to the DFR of gentians (Katsumoto et al. 2007), when
it is co-expressed with F3'5'H, more efficient for metabolic
flux toward delphinidin biosynthesis. Hence, the inhibited ex-
pression of these genes in WF may explain the lack of
delphinidin. Furthermore, the suppression of the expression
of regulatory genes may be the reason underlying the absence
of structural genes. The mutation of genes encoding transcrip-
tion factors that cause white flower formation has been report-
ed in many species (Espley et al. 2009; Chiu et al. 2010; Jin
et al. 2016). In the study, the expression patterns of anthocy-
anin regulatory genes (MYB, HD-Zip, and bZIP) were also
investigated by qRT-PCR, and nothing noteworthy was
found. The results revealed that the low expression of struc-
tural genes is not caused by the inhibition of regulatory genes
and the regulatory genes are not responsible for the loss of
anthocyanin in WF. Here, a hypothesis is proposed explaining
the lack of color phenotype of L. ruthenicum Murr. fruits. The
actual mechanism might be highly complicated. Thus, further
elucidation and verification will be conducted through the
quantitative analysis of compounds in the metabolic pathways
of color substances and the transformation of key DEGs.
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