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Abstract 

Background  Goji (Lycium barbarum) is an important economic crop that is widely cultivated in Northwest China 
and is known as superfood. Goji plants are often affected by powdery mildew (Arthrocladiella mougeotii) in the field, 
resulting in considerable reduction in production and serious economic losses. The long-term reliance on agricul‑
tural chemicals to control powdery mildew not only leads to environmental pollution, but also causes excessive 
residues to accumulate in fruits, endangering human health. The plant epicuticular wax is the first physical barrier 
between land plants and the atmospheric environment, and plays an important role in the interactions of plants 
with pathogenic microorganisms. However, the relationship between epicuticular wax and powdery mildew resist‑
ance in goji plants is not well understood.

Results  The leaf epicuticular wax crystals of ‘Ningqi I’ goji were dense and small, and the wax load was 121.74 μg/
cm2, which was 3.36 times greater than that of ‘Huangguo’ goji. The ratio of alcohol components in ‘Ningqi I’ goji 
was 121.18% greater than that in ‘Huangguo’ goji. The incidence rate and disease index of ‘Ningqi I’ goji inoculated 
with powdery mildew were significantly lower than those inoculated ‘Huangguo’ goji, showing high resistance 
and moderate susceptibility, respectively. After mechanical wax removal, the disease indices of the two goji varieties 
increased significantly, indicating extreme susceptibility. Seventeen differential expression genes showing significantly 
greater expression in ‘Ningqi’ goji leaves than in ‘Huangguo’ goji leaves were enriched in genes involved in fatty acid 
elongation and the wax biosynthesis pathway. The FAR activity and relative expression levels of LbaFAR and LbaWSD1 
in ‘Ningqi I’ goji were significantly greater than those in ‘Huangguo’ goji. The relative expression levels of these genes 
significantly increased in the overexpression tobacco lines FAR-OE and WSD1-OE, and the wax load were augmented 
by 46.10% and 22.23%, respectively.

Conclusions  The increased expression of the LbaFAR and LbaWSD1 genes in ‘Ningqi I’ leaves led to increased FAR 
and WSD1 activity, increasing the wax load and alcohol content of the epicuticular of leaves, and improving leaf 
glossiness, resulting in strengthened resistance to powdery mildew. Therefore, the production of leaf epicuticular 
wax mediated by the LbaFAR and LbaWSD1 genes could be the main reason for the difference in powdery mildew 
resistance between the two goji varieties, which can provide a theoretical basis for the selection of resistant varieties 
to control goji powdery mildew.
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Graphical Abstract

Background
Plant epicuticular wax is a hydrophobic layer that covers 
the surface of all terrestrial plant epicuticular cells, con-
tributing to plant adaptation to the terrestrial environ-
ments by acting in plants as a physical barrier [1]. Studies 
have shown that, epicuticular wax has important func-
tions, such as resisting UV damage [2], maintaining plant 
surface cleanliness [3], resisting pest and disease inva-
sion [4] and preventing nonstomatal water evaporation 
[5]. The load and composition of plant wax are regulated 
by plant species, developmental stages, and organs [6] as 
well as by the environment [7]. The load, crystal struc-
ture, and components of plant wax substantially impact 
the occurrence of infectious diseases [8]. Epicuticular 
wax not only affects the adhesion and colonization of 
microorganisms [9], but its components and special car-
bon chain lengths may also act as signaling substances 
for plant resistance to pathogens [10, 11]. Mutations in 
SHINE transcription factors related to Arabidopsis cuti-
cle wax induce defects in the stratum corneum and ulti-
mately susceptibility to grey mould (Botrytis cinerea) 
[12]. The cuticle wax of maize (Zea mays) silk plays a pos-
itive role resistance to Fusarium verticillioides infection 
[13]. Sorghum (Sorghum bicolor) increases the resistance 
to anthracnose (Colletotrichum graminicola) by affecting 
the physiological and transcriptomic responses of epithe-
lial wax [14].

Goji (Lycium barbarum) berries, which are considered 
as a superfood by consumers [15, 16] with high eco-
nomic value, are mainly cultivated in Northwest China. 
However, during the cultivation of goji berries, they are 
susceptible to invasion by pests and diseases. Powdery 
mildew (Arthrocladiella mougeotii) is an extremely seri-
ous disease of goji plants, that mainly harms new shoots 
and leaves, causing the affected leaves to shrink, curl, and 
deform, which severely affects leaf photosynthesis and 
thus leads to decrease in yield [17]. In September 2014, 

powdery mildew occurred in ~ 70% of goji fields around 
Wuzhong city, Ningxia Province [18]. Powdery mildew 
not only occurs in Ningxia, but also rapidly spreads in 
production areas such as Gansu, Qinghai, and Xinjiang, 
seriously affecting the development of goji industry [19]. 
Currently, goji powdery mildew mainly controlled by 
agricultural chemicals [20], which pose hidden dangers 
to food safety [21].

At present, research on goji has focused on the medical 
application of its fruit [22], and research on wax and dis-
ease resistance has been limited. Wang found that CER1, 
CER6, LACS1 and other genes in goji were related to wax 
synthesis [23], while Li showed that F. solani was strongly 
pathogenic for goji root rot [24]. However, there are no 
reports on the screening and validation of wax synthesis 
genes, or correlations between wax and powdery mil-
dew in goji. During the long-term cultivation process, we 
found that the leaves of ‘Ningqi I’ goji plants were smooth 
and possessed a silverly white lustre, while the leaves of 
‘Huangguo’ goji plants were rough and yellow green and 
had no silvery white lustre. Are these phenotypes caused 
by differences in leaf wax load and composition? What 
genes regulate this process? What is the relationship 
between wax and powdery mildew? The answers to these 
inquiries have not yet been confirmed.

Therefore, in this study ‘Ningqi I’ and ‘Huangguo’ 
goji plants were used as experimental materials. First, 
we observed the leaf structure through paraffin sec-
tions, measured the wax load, and observed the differ-
ences in crystal morphology and density by scanning 
electron microscopy (SEM). Then, the two goji varieties 
were inoculated with powdery mildew to observe the 
disease incidence to analyze the mechanism by which 
wax synthesis genes regulate wax load and mediate the 
resistance of goji to powdery mildew. The key differen-
tially expressed genes (DEGs) involved in fatty acid bio-
synthesis and wax biosynthesis were identified through 
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high-throughput transcriptome sequencing, the expres-
sion levels of coding genes were determined by RT‒
qPCR, and the activity levels of enzymes were measured 
by enzyme-linked immunosorbent assay (ELISA). Finally, 
the selected genes were subsequently transformed into 
Nicotiana benthamiana, after which the expression levels 
and wax loads on the leaves of the overexpression lines 
were determined. The results could provide a theoretical 
basis for controlling goji powdery mildew and breeding 
disease-resistant varieties.

Methods
Plant material
Ten-years-old ‘Ningqi I’ and ‘Huangguo’ goji plants were 
cultivated in fields under the same conditions with prun-
ing, water and fertilizer management and pest control. 
Fungicide use was suspended throughout the year of the 
experiment.

Leaf structure analysis
Mature leaves were cut to 0.5 cm2 with the middle of 
the leaves as samples, fixed with formaldehyde-acetic 
acid–ethanol (FAA) solution, dehydrated and dried with 
gradient of ethanol solutions, embedded in paraffin, 
and sectioned at a thickness of 12 μm [25]. Images were 
taken with an Olympus BX51 optical microscope, and 
the thicknesses of the leaves, upper and lower epidermis, 
palisade tissue, and sponge tissue were measured with a 
micrometre. The process for each sample was repeated 
six times.

Leaf cuticular wax load and component analysis
The mature leaves were selected as materials, the wax 
load was determined by the chloroform method [26], 
the wax-extracted leaves were scanned, the area was 
calculated by Image J software, and the wax load was 
expressed as μg/cm2. Each sample analysis was repeated 
three times.

The wax components were determined according to 
the methods described by Chu et  al. [27]. The samples 
for which the wax load was measured transferred to a 
GC bottle, 20 μL of C24 was added as an internal refer-
ence, the samples were air-dried in a fume hood, and 
pyridine and BSTFA were added to the GC bottle at a 
volume ratio of 1:1. The samples were reacted for 30 min 
at a constant temperature of 70  °C, quickly dried with a 
Termovap sample concentrator, dissolved in chloroform 
and allowed to reach volume. The wax components were 
identified by gas spectrometry-mass spectrometry (GC/
MS-QP2010, Shimadzu, Japan). The GC capillary column 
was 12 m long and 0.2 mm in diameter. The carrier gas 
was nitrogen. The FID detector (Clarus 680, PE, USA) 

conditions were as follows: The temperature of the col-
umn membrane and FID detector was 300 ℃ and 320 ℃, 
respectively; the initial temperature was 80  °C, the tem-
perature was increased to 260 ℃ at a rate of 15 ℃/min, 
and the temperature was maintained for10  min. Then, 
the temperature was increased to 320 ℃ at 5 ℃ per min-
ute for 15 min. Wax quantification was based on the FID 
peaks. Each sample analysis was repeated three times.

Leaf cuticular wax crystallization patterns
The leaf cuticular wax crystallization patterns were 
imaged by SEM. The leaves were stored overnight in 
a 5% glutaraldehyde fixation solution at 4 ℃ and then 
transferred to a supercritical dryer for to dehydrate for 
more than 4  h [28, 29]. The dried samples were coated 
with gold for 2 min in a sputter coater (MC1000, Hitachi, 
Japan) and observed via SEM (S3400N, Hitachi, Japan). 
The leaf samples were placed facing up and subjected to 
SEM, at an accelerating voltage of 5 kV, after which the 
leaves were observed, and photos were taken with six 
replicates.

Powdery mildew resistance test
Samples of the pathogen (Arthrocladiella mougeotii) [18] 
were collected from the leaves of goji plants during the 
peak disease period, and uniformly inoculated onto the 
leaves via the spore shaking method. Three plants of each 
variety were inoculated.

Investigation and statistics of diseases
The lesion area of the leaves was investigated begin-
ning at 10  days after inoculation (start date). Leaves 
were selected from each tree in the east, west, south, 
north, and central directions. The designated leaves were 
scanned to determine lesion area every 10  days until 
powdery mildew spread and covered the entire leaf (end 
date). The ratio of lesion area to total leaf area was cal-
culated by Image J software. Three plants of each variety 
were surveyed.

The incidence rate and disease index were investigated 
at the end date. Five directions were investigated for each 
tree, every direction was investigated for two new shoots, 
and 10‒15 mature leaves each shoot from top to bot-
tom, and three plants of each variety were investigated. 
The incidence rate was calculated according to Eq. (1), 
the disease index was calculated according to Eq. (2), the 
disease grade was calculated according to the method 
of Tian Libo et al. [30] (Additional file 1: Table S4), and 
the disease resistance index was calculated according to 
the disease index (DI) of Jing et al. [31] (Additional file 1: 
Table S5).
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Mechanical wax removal and disease index testing
To verify the relationship between wax load and dis-
ease resistance, two varieties of plants exhibiting similar 
growth in a greenhouse were used as materials. Referring 
to the method of Figueiredo [32], the mechanical removal 
was performed using an aqueous solution of gum arabic 
(1.5 g/mL) evenly applied with a brush on the abaxial and 
adaxial leaf surfaces. The gum films were removed after 
drying. The wax load was determined, and plants were 
inoculated with powdery mildew. After 15 days, the dis-
ease spot area and the leaf number at each disease level 
were counted, and the disease index was calculated. 
Three trees of each variety were surveyed.

Transcriptome extraction, sequencing, comparison 
and analysis
Mature leaves with relatively consistent growth were 
collected and mixed into three samples (0.5 g) for RNA 
extraction and transcriptome sequencing. Total RNA 
was extracted using TRIzol reagent (Invitrogen, CA, 
USA) according to the manufacturer’s protocol. RNA 
purity and quantity were evaluated using a NanoDrop 
2000 spectrophotometer (Thermo Scientific, USA). RNA 
integrity was assessed using an Agilent 2100 Bioanalyzer 
(Agilent Technologies, CA, USA). Then the libraries were 
constructed using the VAHTS Universal V6 RNA-seq 
Library Prep Kit according to the manufacturer’s instruc-
tions. Transcriptome sequencing and analysis were con-
ducted by OE Biotech Co., Ltd. (Shanghai, China).

The libraries were sequenced on an Illumina NovaSeq 
6000 platform, and 150 bp paired-end reads were gener-
ated. The raw reads for each sample were obtained. Raw 
reads in fastq format were first processed using fastp 
1 and the low-quality reads were removed to obtain 
the clean reads. Then the clean reads for each sample 
were retained for subsequent analyses. The clean reads 
were mapped to the reference genome of L. barbarum 
shared by Professor Zhong-jian Liu from Fujian A&F 
University (https://​figsh​are.​com/​artic​les/​datas​et/​Wolfb​
erry_​genom​es_​and_​the_​evolu​tion_​of_​Lycium_​Solan​
aceae_/​20416​593) using  HISAT2 [33]. The FPKM [34] 
of each gene was calculated and the read counts of each 
gene were obtained via HTSeq-count [35]. PCA analy-
sis was performed using R (v 3.2.0) to evaluate the bio-
logical duplication of samples. Differential expression 

(1)Incidence rate (%) = Number of diseased leaves/total number of surveyed leaves × 100%.

(2)
Disease index (DI) =

∑

(

Number of diseased leaves one level × Disease level

)

(

Survey total number leaves × Highest disease level

) × 100.

analysis was performed using the DESeq2 [36]. A Q 
value < 0.05 and |log2FoldChange|> 1 were set as the 
thresholds for significant DEGs. GO [37] and KEGG 
[38] pathway enrichment analyses of DEGs were per-
formed to identify significantly enriched terms using R 
(v 3.2.0). Significant enrichment was defined as P < 0.05 
after correction.

Determination of wax synthesis enzyme activity
Mature leaves of goji were selected from the same period 
as those used for transcriptome sequencing (1st of 
August). Ten leaves were collected for each sample, with 
3 replicates. The samples were rapidly frozen by liquid 
nitrogen and stored in a − 80 ℃ freezer for future use.

Five grams of each sample were cut into pieces, put into 
a mortar, ground into powder with liquid nitrogen, added 
45 mL of 0.01 mol/L 4 ℃ precooled PBS (pH = 7.4) buffer, 
homogenized thoroughly, and centrifuged for 15 min at 
5000  rpm at 4 ℃, after which the supernatant was col-
lected for analysis. The methods described in the user 
manual of the ELISA kits were used to determine the 
activities of ACC, LACS, KCS, FAR, WSD1, and MAH1, 
and the relevant enzyme activities were calculated based 
on the standard curve.

Real‑time quantitative PCR expression analysis
RNA was extracted with an RNA Extraction Kit, and 
then diluted to 1000 ng/μL after reverse transcription to 
obtain cDNA. Primers were designed in the conserved 
region of the gene using Primer 5.0 and Oligo 7.0 soft-
ware, and were synthesized by Shanghai Bioengineering 
Technology Service. The gene information and primers 
used are shown in Additional file  1: Table  S1. The two-
step reaction method was used to perform RT‒qPCR 
with a SYBR Green Pro Taq HS qPCR Kit. The reaction 
system was prepared on ice with 20 μL of 2 × SYBR Green 
Pro Taq HS Premix (10.0 μL), 1 μL each of the upstream 
and downstream primers (0.2 μmol/mL), 2 μL of cDNA 
(1000  ng/μL), and 6 μL of ddH2O. The reaction condi-
tions were as follows: 95 ℃ predenaturation for 15 min; 
95 ℃ denaturation for 15 s, based on the Tm value of the 
primer annealing temperature; annealing at 58 ℃ and 60 
℃ for 20 s, and extension at 72 ℃for 20 s for a total of 45 

https://figshare.com/articles/dataset/Wolfberry_genomes_and_the_evolution_of_Lycium_Solanaceae_/20416593
https://figshare.com/articles/dataset/Wolfberry_genomes_and_the_evolution_of_Lycium_Solanaceae_/20416593
https://figshare.com/articles/dataset/Wolfberry_genomes_and_the_evolution_of_Lycium_Solanaceae_/20416593
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cycles. A Light Cycler 96 SW 1.1 (Roch, Switzerland) was 
used for RT‒qPCR. The reference gene was β-actin, and 
the number of repeats was n = 4. The reaction specificity 
was determined according to the melting curve, and the 
cycle threshold (CQ) value of each sample was obtained. 
The relative expression level of the target gene was calcu-
lated using the 2−ΔΔCt method [39, 40].

Functional verification of wax synthesis genes
Gene cloning and vector construction
Based on data from the goji genome sequencing data-
base, LbaFAR and LbaWSD1 were shown to have sig-
nificant effects on goji wax synthesis. The leaves of L. 
barbarum weighing 0.1 g were measured, and the Trizol 
technique was used to extract total RNA. Reverse tran-
scription was carried out using TaKaRa’s Prime Script™ 
RT reagent Kit with gDNA Eraser (Perfect Real Time). 
CDS of sequence for these two genes was obtained from 
the goji gene database (https://​figsh​are.​com/​artic​les/​
datas​et/​Wolfb​erry_​genom​es_​and_​the_​evolu​tion_​of_​
Lycium_​Solan​aceae_/​20416​593), and specific primers 
(Additional file  1: Table  S2) were designed using DNA-
MAN software, as well as PCR amplification was car-
ried out. The LbaFAR gene PCR amplification conditions 
were as follows: 95 ℃ predenaturation for 2  min; 95 ℃ 
denaturation for 30  s, annealing at 59 ℃ for 30  s, and 
extension at 72 ℃ for 2 min, for 40 cycles. The LbaWSD1 
gene PCR amplification conditions: 95 ℃ predenatura-
tion for 5 min, 95 ℃ denaturation for 30 s, annealing at 
58 ℃for 42 s, extension at 72 ℃ for 2 min, for 40 cycles. 
The PCR products of both genes were electrophoresed 
on 1.5% agarose gel and recovered the target band, 
ligated with pMD19-T cloning vector, then transformed 
into E. coli trans-5α, which was identified and sequenced 
to extract the plasmid. Subsequently, homologous arms 
of the two genes were designed, PCR amplification was 
performed using the above plasmid as the template and 
the products were subjected to gel electrophoresis for 
recovery (Additional file  1: Table  S3). Furthermore, the 
expression vector PRI101 was double-cut with SmaI and 
KpnI enzymes, and the gel was cut off for recovery. Then, 
the two target fragments were connected by homolo-
gous recombination, transformed into E. coli trans-5α, 
and then was identified and sequenced to extract the 
recombinant plasmid. Finally, transformed into Agrobac-
terium LBA4404 using freeze–thaw method for genetic 
transformation.

Agrobacterium‑mediated transformation of tobacco
The screened clone-positive strain was cultured over-
night in 40  mL of LB medium supplemented with 
50  mg/L rifampicin and kanamycin, and then cen-
trifuged at 5000  rpm for 5  min and suspended with 

sterilized water to make OD values between 0.6 and 0.8. 
The tobacco leaves were then infected with the solution 
for 8–10  min. After that, the leaves were pre-cultured 
on antibiotic free medium under dark conditions for 
1–2 days. At last, the leaves were transferred to tobacco 
differentiation medium (containing 250  mg/L cephalo-
sporin and 30  mg/L kanamycin). When the buds grew 
to about 1.5 cm, they were cut and transferred to rooting 
medium for culture. DNA of regenerated seedlings was 
extracted and identified by PCR.

Statistical analysis
Statistical differences within the datasets were tested by 
one-way ANOVA followed by a Tukey HSD post hoc test, 
P ≤ 0.05 indicated a significantly difference. The standard 
deviation and figures were analysed with by GraphPad 
Prism 9.0.5 software.

Results
Phenotypic characteristics and structures of leaves
As shown in Fig.  1A, the leaves of ‘Ningqi I’ goji plants 
were dark green and smooth, with silvery white gloss, 
and the leaves of ‘Huangguo’ goji plants were yellow‒
green and rough and had a faint silvery white lustre. The 
sizes of leaves were equivalent.

The leaf thicknesses of ‘Ningqi I’ and ‘Huangguo’ goji 
plants were 296.00  μm and 214.22  μm, respectively 
(Fig.  1B, C) (P < 0.05). The palisade tissue of ‘Ningqi I’ 
was composed of 3‒4 layers of cells, the thickness was 
140  μm. ‘Huangguo’ goji palisade tissue was composed 
of 1‒2 layers of cells, the thickness was 70 μm (Fig. 1E) 
(P < 0.05). There was no significant difference in the 
thickness of the upper, parallel, or lower epidermis of the 
leaves between two varieties (Fig. 1D, F, G).

Leaf epicuticular wax and composition
To identify the differences in leaf gloss and tactile sen-
sation between the two goji varieties, the wax load was 
determined, the wax structure of the leaf epidermis was 
observed via SEM, and the wax components were deter-
mined via GC/MS (Fig. 2).

The wax load of ‘Huangguo’ goji leaves was 36.18  μg/
cm2, and that of ‘Ningqi I’ goji leaves was 121.74 μg/cm2, 
which was 3.36 times greater than ‘Huangguo’ goji leaves 
(P < 0.05) (Fig.  2E). SEM revealed that the wax crystals 
on the ‘Ningqi I’ leaf epidermis were small, even and 
dense (Fig.  2A, B). The wax crystals on the ‘Huangguo’ 
goji leaves were rod, blocky, irregularly shaped and had 
a sparse and uneven distribution (Fig.  2C, D). Alkanes, 
alcohols, fatty acids, and esters accounted for 98.04% and 
95.89% of the total wax load of ‘Ningqi I’ and ‘Huang-
guo’ goji, respectively, which contained the same basic 

https://figshare.com/articles/dataset/Wolfberry_genomes_and_the_evolution_of_Lycium_Solanaceae_/20416593
https://figshare.com/articles/dataset/Wolfberry_genomes_and_the_evolution_of_Lycium_Solanaceae_/20416593
https://figshare.com/articles/dataset/Wolfberry_genomes_and_the_evolution_of_Lycium_Solanaceae_/20416593
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components. However, there were significant differences 
in the proportions of each component. The contents of 
alkanes and alcohols in the ‘Ningqi I’ leaves were 24.87% 
and 121.18% greater than those in ‘Huangguo’ goji, 
respectively. The contents of fatty acids and esters were 
55.69% and 69.54% lower than those in ‘Huangguo’ goji, 
respectively (P < 0.05) (Fig. 2G).

Therefore, the differences in wax load and alcohol con-
tent might be the main reasons for differences leaf gloss 
and texture between the two goji varieties.

Comparison of resistance to powdery mildew 
between the two goji varieties
Epicuticular waxes form the outermost cuticle layer 
and limit the attachment of bacteria or fungi [41]. To 
verify the difference in disease resistance caused by wax 
between the two varieties, we inoculated powdery mil-
dew on the normal leaves and leaves that underwent 
mechanical wax removal, the incidence and lesion area 
were observed, and the disease index was calculated.

As shown in Fig. 3A, B, the proportion of leaf lesion 
area in ‘Ningqi I’ was 1.66% at the start date and 4.47% 
at the end date, and the expansion rate was 0.14%/d. 
The proportion of ‘Huangguo’ goji leaf lesion area 
increased from 7.88% to 70.90%, and the expansion 
rate was 3.15%/d, which was significantly greater than 
that of ‘Ningqi I’. During the observation period, the 
powdery mildew spot area on the ‘Huangguo’ goji leaf 
increased rapidly until it covered the whole leaf, lead-
ing to the distortion and wilting of the leaf and severe 
damage.

The incidence and disease indices were investigated at 
the end date, as shown in Fig. 3A, C, D. The incidence 
of in ‘Ningqi I’ goji was 7.85%, while the incidence of 
in ‘Huangguo’ goji was as high as 72.92%. The disease 
index of ‘Ningqi I’ goji was 1.08, indicating high resist-
ance. The disease index of ‘Huangguo’ goji was as high 
as 24.49, indicating moderate susceptibility. Therefore, 
‘Ningqi I’ had stronger resistance to powdery mildew.

As shown in Fig. 3E, F, G and H, after the mechani-
cal removal of wax, there was no significant difference 

Fig. 1  The phenotypic characteristics and tissue cell structure of ‘Ningqi I’ goji and ‘Huangguo’ goji leaves. A Phenotypic characteristics of goji plants 
leaves. B Leaves cross–section paraffin, I Upper epicuticular, II Palisade tissue, III Sponge tissue, IV Lower epicuticular. C Leaf thickness. D Upper 
epicuticular thickness. E Palisade tissue thickness. F Sponge tissue thickness. G Lower epicuticular thickness. The ‘*’ shown significant differences 
among two varieties (P < 0.05)
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in the epicuticular wax load between the two varieties, 
but the wax load decreased significantly compared to 
that of normal leaves (Fig. 3F). The lesion area and dis-
ease index increased significantly compared to those of 
normal leaves, but there was no significant difference 
between the two varieties, that showed extreme suscep-
tibility to powdery mildew (Fig. 3G, H).

These results indicate that leaf epicuticular wax is a key 
factor in the resistance of two goji varieties to powdery 
mildew.

Transcriptome sequencing quality and differentially 
expressed genes
To analyze the differences in wax biosynthesis and alco-
hol-forming pathways between the two varieties, we con-
ducted transcriptome sequencing and analysis. As shown 
in Additional file 1: Table S6, low-quality sequences were 
removed, 288.31  Mb clean reads and 41.18  Gb clean 
bases were obtained, and the number of clean bases in 
each sample reached 6.68 Gb or greater. The Q30 ranged 
from 95.06% to 95.27%, and the ratio of guanine to cyto-
sine ranged from 43.14% to 44.01%. The results indicated 
reliable data quality.

PCA was performed on the sequencing data (Addi-
tional file 1: Fig. S1A). Principal component 1 accounted 

for 85.51% of the total variance, and principal component 
2 accounted for 9.25% of the total variance. The ‘Ningqi 
I’ and ‘Huangguo’ goji samples exhibited obvious aggre-
gation, good repeatability, and reliable sequencing data. 
Differential expression analysis of ‘Ningqi I’ and ‘Huang-
guo’ goji revealed 2511 upregulated and 3072 downregu-
lated genes, for a total of 5583 DEGs, among which 4198 
DEGs were effectively annotated, as shown as by a vol-
cano plot (Additional file 1: Fig. S1B).

GO and KEGG enrichment analysis of transcriptome data
GO and KEGG enrichment analyses were performed 
on 4198 DEGs annotated by transcriptome sequencing. 
The GO enrichment results showed that the DEGs were 
mainly enriched in the tRNA metabolic process and RNA 
3′-end processing of biological process, the lysosome 
and integral component of membrane of cellular com-
ponent, and the endonuclease activity and carbohydrate 
binding of molecular function (Additional file 1: Fig. S2). 
The KEGG enrichment results showed that the DEGs 
were significantly enriched in three pathways: carbohy-
drate metabolism, signal transduction and lipid metabo-
lism (Additional file 1: Fig. S3). GO enrichment analysis 
revealed that integral membrane components and KEGG 

Fig. 2  The leaf wax of ‘Ningqi I’ and ‘Huangguo’ goji. A SEM image of ‘Ningqi I’ goji leaf surface at 400 × . B SEM image of ‘Ningqi I’ goji leaf surface 
at 1000 × . C SEM image of ‘Huangguo’ goji leaf surface at 400 × . D SEM image of ‘Huangguo’ goji leaf surface at 1000 × . E Leaf wax load. F 
Epicuticular wax composition. ‘W’ means wax crystals. The ‘*’ shown significant differences among two varieties (P < 0.05)
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enrichment analysis revealed that lipid metabolism is 
closely related to plant epicuticular wax synthesis [42].

Wax metabolism pathway and gene screening
To explore the molecular mechanism of wax synthesis in 
goji leaves, DEGs related to fatty acid biosynthesis (GO: 
0006633) and wax biosynthesis (GO: 0010025) were 
screened, and heatmaps were drawn based on expression 
levels determined via on transcriptome data and enrich-
ment analysis results (Fig. 4).

As shown in Fig. 4, 47 DEGs were enriched in the fatty 
acid biosynthesis pathway, and the expression levels of 
five DEGs were significantly greater in ‘Ningqi I’ than 
in ‘Huangguo’ goji. These genes included one de novo 
fatty acid synthesis enzyme, acetyl-CoA carboxylase 
(ACC), which is encoded by the gene Lba06g02066; one 
ultralong chain saturated fatty acid synthesis long chain 
acyl-CoA synthase (LACS), which is encoded by the 

gene Lba06g03261; and three ultralong chain saturated 
fatty acid synthesis enzymes, β-ketoacyl CoA synthase 
(KCS), which are encoded by the genes Lba01g00543, 
Lba04g01329, and Lba05g02485.

Twenty-three DEGs were enriched in cutin and wax 
biosynthesis pathway, and the expression levels of 12 
DEGs were significantly greater in ‘Ningqi I’ than in 
‘Huangguo’ goji. These genes included one gene encod-
ing aldehyde decarbonylase (AD) in the alkane synthesis 
pathway (Lba09g01421); four genes encoding medium 
chain alkane hydroxylase (MAH1) (Lba10g01984, 
Lba08g01893, Lba10g01985, and Lba10g01990); one 
gene encoding fatty acyl-reductases (FAR) in the alco-
hol synthesis pathway, (Lba11g02102); and six genes 
encoding wax ester synthase (WSD1) (Lba05g01733, 
Lba05g01728, Lba06g01907, Lba06g01910, Lba09g00988, 
and Lba05g01729).

Fig. 3  The disease resistance between ‘Ningqi I’ goji and ‘Huangguo’ goji. A Incidence of leaf. B Leaf spot area ratio. C Incidence rate. D Disease 
index. E Incidence of mechanical wax removing leaf. F Wax load of mechanical wax removing leaf. G Leaf spot area ratio of mechanical wax 
removing leaf. H Disease index of mechanical wax removing leaf. Re N is mechanical wax removal of ‘Ningqi I’ goji; Re H is mechanical wax removal 
of ‘Huangguo’ goji; HR is high resistance. MS is moderate susceptibility. ES is extremely susceptibility ‘*’ shows significant differences among two 
varieties (P < 0.05)
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The activities of wax synthesis enzymes and the relative 
expression levels of their coding genes
Based on comprehensive transcriptomic data, the 
expression levels of six DEGs, Lba06g02066 (LbaACC​
), Lba06g03261 (LbaLACS), Lba04g01329 (LbaKCS), 
Lba11g02102 (LbaFAR), Lba05g01733 (LbaWSD1) and 
Lba10g01984 (LbaMAH1), in ‘Ningqi I’ goji were signifi-
cantly greater than those in ‘Huangguo’ goji. Therefore, 
ELISA was used to determine the corresponding enzyme 

activities, and RT–qPCR was used to verify the relative 
expression levels of the six DEGs.

As shown in Fig. 5, the activities of six enzymes and 
the relative expression levels of genes related to wax 
synthesis in ‘Ningqi I’ goji were significantly higher 
than those in ‘Huangguo’ goji. The FAR enzyme activ-
ity and LbaFAR gene relative expression were 57.29 U/L 
and 5.23, respectively, which were significantly greater 
than those of the other enzymes and genes. LbaFAR 

Fig. 4  Heat map of wax biosynthesis pathway and gene expression
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was the preferred gene for functional validation. The 
relative expression level of the LbaWSD1 gene was sec-
ond only to that of LbaFAR, reaching 1.88, so it was 
selected as a secondary validation gene.

VLCFAs are precursors of wax biosynthesis that are 
synthesized by the fatty acid biosynthesis pathway and 
involve multiple long metabolic pathways. The high 
expression of fatty acid biosynthesis pathway genes does 
not necessarily lead to a high epicuticular wax load. 
In this study, the activity of the ACC enzyme and rela-
tive expression level of LbaACC​ gene were significantly 
greater than those of the other genes in ‘Huangguo’ 
goji, but the epicuticular wax load was low (Fig. 2D, E). 
Therefore, the functions of the LbaLACS, LbaACC​, and 
LbaKCS genes have not been verified.

Functional validation of wax synthesis genes LbaFAR 
and LbaWSD1
We constructed tobacco lines overexpressing the LbaFAR 
and LbaWSD1 genes, labelled FAR-OE and WSD1-OE, 

respectively, measured their wax load and gene expres-
sion levels, and observed the wax coverage via SEM. The 
wax load in the wild type (WT) was 24.18 μg/cm2, that 
in the FAR-OE line was 35.33  μg/cm2, and that in the 
WSD1-OE line was 29.56 μg/cm2, representing increases 
of 46.10% and 22.23%, respectively, compared with those 
in the WT(P < 0.05) (Fig.  6A). The relative expression 
level of the LbaFAR gene in the WT and FAR-OE lines 
was 1.01 and 34.86, respectively (P < 0.05) (Fig. 6C). The 
relative expression level of the LbaWSD1 gene in the 
WT line was 1.01, and that in WSD1-OE line was 50.74 
(P < 0.05) (Fig. 6D). As shown in Fig. 6B, the leaves of the 
FAR-OE line significantly affected colour, lustre, and wax 
density, confirming the important role of the LbaFAR and 
LbaWSD1 genes in wax synthesis.

Discussion
Wax load and leaf disease
Plant wax plays important roles in the interac-
tions of plants with pathogenic and nonpathogenic 

Fig. 5  Wax synthase activities and relative expression levels of coding genes. Different letters on the column indicate significant differences, 
while the same letter indicates insignificant differences (P < 0.05)



Page 11 of 15Li et al. Chem. Biol. Technol. Agric.           (2024) 11:62 	

microorganisms [21]. Wax serves not only as a physi-
cal barrier between plants and the environment but also 
as a source of signaling molecules for microbes and the 
host plant [6]. There are substantial differences in wax 
ultrastructure and composition among different plant 
species, organ types, and developmental stages [43, 44]. 
Previous studies have shown that the expression of the 
epicuticular pathogenesis-related protein-encoding gene 
PR in CER2 and CER6 deletion mutants of A. thaliana 
was significantly decreased [45]. The Arabidopsis cutin 
mutants bdg, lacs2-3, and eca2 showed resistance to Bot-
rytis cinerea [46]. Mutations in SHINE transcription fac-
tors related to Arabidopsis cuticle wax caused to defects 
in the stratum corneum and susceptibility to grey mould 
[12]. With the increase maturity of ‘Navelate’ citrus fruit, 
the cuticle became loose, cracks increased, wax was 
missing, and the fruit became very vulnerable to infec-
tion by Penicillium digitatum [9]. However, some studies 
have also shown that the wax load is negatively corre-
lated with spore germination. For example, one study on 
bread wheat (Triticum aestivum) showed that knockout 
of TaCHR729 led to the downregulation of TaKCS6 tran-
scription, reduced the accumulation of wax on leaves 
and decreased the germination of Blumeria graminis 
f.sp. tritici [14]; silencing the gene encoding enoyl-CoA 
reductase, which is a component of epicuticular wax bio-
synthesis, led to a reduction of in the epicuticular wax 
load and conidial germination of powdery mildew [47].

Most of the outer layer of the cuticle is formed by epi-
cuticular waxes, which accumulate as an amorphous 
film or in microcrystalline structures [48]. The structure, 

thickness, and chemical composition of plant wax layers 
has major impacts on the occurrence of infectious dis-
eases [8]. Terpenoids in goji berry wax can increase the 
resistance to decay caused by A. alternata [23]. Alkanes 
and triterpenoids found in the wax of apple pear peels 
can inhibit spore A. alternata germination and mycelial 
growth [49]. In this study, the wax load on the leaves of 
‘Ningqi I’ goji plants was 3.36 times greater than that on 
the leaves of ‘Huangguo’ goji plants, and the distribu-
tion was uniform and dense. The content of alkane and 
alcohol were 24.87% and 121.18% greater, respectively, 
than those in ‘Huangguo’ goji. After 20 days of inocula-
tion with powdery mildew, the disease index of ‘Ningqi I’ 
was 1.08, indicating HR. The disease index of ‘Huangguo’ 
goji was 24.49, indicating MS. There was a significant 
relationship between the wax load of goji leaves and dis-
ease resistance. After mechanical wax removal, the lesion 
area and disease index of the two varieties of goji plants 
increased significantly, indicating ES.

Relative expression of wax‑coding genes and wax 
synthetase
Wax is metabolized in multiple organelles, and its syn-
thesis, transport, and secretion involve a large number 
of enzymes and related genes [50]. Very long-chain fatty 
acids are precursors shared by wax synthesis pathways. 
The primary alcohols and wax esters synthesized by the 
alcohol-forming pathway constitute ~ 12% of leaf wax 
and 17% of stem wax on A. thaliana. Alkanes, aldehydes, 
secondary alcohols and ketones derived from the alkane-
forming pathway account for > 80% of wax on A. thaliana 

Fig. 6  Wax load, gene expression, and phenotypic in overexpression tobacco lines. A Wax load. B Images of phenotypic and SEM. C Relative 
expression level of LbaFAR gene in FAR-OE lines. D Relative expression level of LbaWSD1 gene in WSD1-OE lines. Different letters on the column 
indicate significant differences, while the same letter indicates insignificant differences (P < 0.05)
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leaves and stems [51]. However, alcohols play a predomi-
nant role in leaf epicuticular wax in some important 
crops, such as corn and barley, where primary alcohols 
account for approximately 70–80% of the wax compo-
nents [52, 53].

ACC, LACS, KCS and other enzymes are important for 
synthesizing very long chain fatty acids. FAR and WSD1 
are important enzymes in the alcohol-forming pathway, 
while AD and MAH1 are important enzymes in the alka-
line-forming pathway [6, 54]. In this study, KEGG and 
GO enrichment revealed that the expression levels of 17 
DEGs related to wax synthesis in ‘Ningqi I’ were signifi-
cantly greater than those in ‘Huangguo’ goji, which was 
consistent with the above results. According to the GC/
MS results for the cuticular wax of leaves, there was a sig-
nificant difference in the proportion of alcohols produced 
by the two goji varieties via the alcohol-forming pathway. 
We combined the activities of FAR and WSD1, and the 
relative expression levels of the LbaFAR and LbaWSD1 
genes and of LbaFAR and LbaWSD1 were used for gene 
function validation.

Primary alcohols are assumed to be produced by the 
reduction of fatty acyl-CoA, catalyzed by FAR [55], which 
in turn acts as intermediate metabolites or metabolic end 
products to participate in the formation of plant extracel-
lular lipid protective barriers [56]. Atcer4 mutants exhibit 
major decreases in stem primary alcohols and wax esters, 
but the levels of alcohol-forming pathway components 
are slightly elevated [57]. OsFAR1 encodes a fatty acyl-
CoA reductase that is involved in the biosynthesis of pri-
mary alcohols and plays an important role in the drought 
stress response in rice [58]. WSD1 catalyses the forma-
tion of wax esters from primary alcohols and C16/C18 
coenzyme A. Arabidopsis WSD1 catalyses the forma-
tion of wax esters using acyl-CoAs and primary alco-
hols as precursors in the alcohol-forming pathway [59]. 
After the WSD1 gene was knocked out, the total wax 
load of Arabidopsis mutant lines decreased by 15–20% 
[60]. Overexpression of WSD1 could increase the leaf 
wax load of A. thaliana and Camelina sativa, ultimately 
enhancing osmotic stress tolerance [60]. The results of 
this study showed that the expression level of LbaFAR 
and the activity of FAR in ‘Ningqi I’ goji plants were sig-
nificantly greater than those in ‘Huangguo’ goji plants, 
which was conducive to the production of more alco-
hols, as confirmed by the GC/MS and FAR-OE results 
for the tobacco lines. The expression level of LbaWSD1 
was relatively high in ‘Ningqi I’ goji, but the WSD1 activ-
ity and the ester contents were not significantly differ-
ent from those in ‘Huangguo’ goji. The expression level 
of LbaWSD1 was high in WSD1-OE tobacco lines, but 
the increase in wax load was relatively small, which may 
be due to differences in wax ester synthesis among the 

different varieties; alternatively, WSD1, as the end of 
wax ester synthesis, has high activity but lacks synthetic 
precursors.

Disease resistance application prospects of goji leaf wax
Powdery mildew is one of the main leaf diseases of goji 
plants and rapidly spreads throughout main production 
areas, such as Gansu, Ningxia, and Qinghai Province. It 
mainly harms new shoots and leaves, seriously affect-
ing leaf photosynthesis, and thereby reducing fruit yield 
and quality and even causing crop failure [17, 19]. An 
investigation in September 2014 revealed that ~ 70% 
of the goji fields around Wuzhong city were affected 
by powdery mildew [18]. At present, the control of goji 
powdery mildew mainly relies on agricultural chemi-
cals, leading to excessive residue accumulation in fruits 
[21]. According to statistics on the field incidence rate 
and disease index of powdery mildew in sixteen goji 
varieties, ‘Ningqi I’ goji is highly resistant to powdery 
mildew, and ‘Huangguo’ goji exhibits the opposite trend 
[19]. This study showed that the incidence rate and dis-
ease index of ‘Huangguo’ goji after artificial inocula-
tion of powdery mildew were significantly greater than 
those of ‘Ningqi I’, with MS to powdery mildew infec-
tion. The incidence rate and disease index of ‘Ningqi I’ 
showed an HR for powdery mildew infection.

In this study, we planned to inoculate the goji pow-
dery mildew pathogen into the FAR-OE and WSD1-OE 
lines, but due to differences in host range, this process 
was not successful. In future research, homologous 
transformation of LbaFAR and LbaWSD1 will be per-
formed, and then, powdery mildew will be inoculated 
to further confirm the relationship between the wax 
synthesis gene and resistance to powdery mildew.

In summary, differences in wax load, crystal mor-
phology and composition contribute to differences 
in the colour and lustre of goji leaves. Through tran-
scriptomic data mining, the differential wax load in the 
leaves of the two varieties may be attributed to impor-
tant genes involved in fatty acid synthesis (LbaACC, 
LbaLACS, and LbaKCS) and wax biosynthesis (LbaFAR, 
LbaWSD1, and LbaMAH1). The relative expression of 
six coding genes and enzyme activities were assessed, 
in conjunction with the findings from GC/MS analy-
sis as well as KEGG and GO enrichment analyses. The 
results collectively suggest that LbaFAR and LbaWSD1 
are involved in the alcohol-forming pathway and are 
pivotal factors influencing the load and composition of 
wax. After the two genes were transferred to tobacco, 
the relative expression levels and leaf wax loads of FAR-
OE and WSD1-OE lines significantly increased, but the 
degree of improvement varied. The incidence rate and 
disease index of ‘Ningqi I’ goji were significantly lower 



Page 13 of 15Li et al. Chem. Biol. Technol. Agric.           (2024) 11:62 	

than those of ‘Huangguo’ goji when the goji powdery 
mildew pathogen was inoculated on the leaves. The 
high expression of the LbaFAR and LbaWSD1 genes led 
to an increase in FAR and WSD1 activity in ‘Ningqi I’ 
leaves, and the wax load and alcohol content in the leaf 
epidermis of goji plants increased, resulting in glossi-
ness, thereby increasing resistance to goji powdery mil-
dew. Furthermore, these research results can provide a 
theoretical basis for the production of low agricultural 
chemical residue goji and the breeding of powdery mil-
dew resistant varieties.
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