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Abstract
Background

Tea [Camellia sinensis (L.) Kuntze] has been recently cultivated in Guizhou Province, China, where the
cultivated area has reached 350,000 hectares, making it the major tea-growing region in world. Tea leaf
spot caused by Didymella segeticola can induce the decreases in quality and quantity of tea leaves,
which is an important disease in tea plantations at higher altitude, where cold spells occur in late spring.
As a promising biogenic antimicrobial agent against crop diseases, Ningnanmycin (NNM) was produced
from Streptomyces noursei var. xichangensisn, represented higher �eld e�ciency against fungal, bacterial
and viral phytopathogens, lower toxicity and lower residue. However, the action mechanism of NNM
against phytopathogens just stays on the stage of anti-viral mechanism, which limits the application of
NNM in the management of plant fungal diseases. Here, we studied the action mechanism of NNM
against D. segeticola using many methods of transcriptome, ultrastructure, molecular biology and
molecular docking.

Results

NNM strongly inhibited the mycelial growth of D. segeticola with the half-maximal effective concentration
of 1287.54 U/mL. Optical, �uorescence, scanning and transmission electron microscopy were applied to
observe morphological changes of cellular, organelle for D. segeticola treated by NNM. A great number of
morphological changes of D. segeticola indicated that NNM could affect the biosynthesis of the
phytopathogen. For further, RNA-Seq results showed that NNM treated D. segeticola induced 1,363
signi�cantly differentially expressed genes (DEGs) comparing with the control (P < 0.05). The DEGs were
highly enriched in structural component of ribosome, ribosome and translation by Gene Ontology, as well
as in ribosome pathway at Kyoto Encyclopedia of Genes and Genomes. NNM regulated the mRNA levels
of RPS7, RPS9, RPS10b, RPL9, RPL11 and TrpRS, and represent the different regulation mode by the
comparative analysis with a classical translation extension inhibitor, cycloheximide. The molecular
docking indicated that NNM possessed a marked a�nity with TrpRS, with the binding free energy is
-101.55 kcal/mol.

Conclusions

NNM could potentially affect translation by binding to tryptophanyl-tRNA synthetase, thus inhibiting
mycelial growth. This study will provide insights for anti-fungal mechanism of NNM and contribute to the
control and prevention of tea leaf spot disease.

Background
Tea leaf spot is widespread throughout the areas worldwide where tea (Camellia sinensis) is grown,
leading to large reductions in the production of tea leaves, and causing serious economic losses. So far,
many fungal pathogens have been shown to cause tea leaf spot, such as Lasiodiplodia theobromae [1],
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Didymella segeticola [2], Epicoccum sorghinum [3], Didymella bellidis [4], Alternaria alternata [5] and
Curvularia lunata [6]. Leaf spot caused by D. segeticola is a recently discovered disease, which was found
in Shiqian County, Guizhou Province in southwestern China, and identi�ed by our research group [7]. The
disease occurs widely in tea plantations at higher altitude, where cold spells occur in late spring [7]. The
disease can cause decreases in the quality and quantity of tea because of the lack of effective control
measures [7]. In recent years, leaf spot caused by D. segeticola was found in other tea regions in Guizhou
Province, indicating that the disease is at risk of spreading. D. segeticola is a member in the clade of
Didymella in the Didymellaceae family, which includes many phytopathogens, decreasing the commercial
returns from crops [8].

For these reasons, it was very important to identify biogenic agents with activity against D. segeticola and
to study the mode of action of successful candidate biogenic agents [7]. Ningnanmycin (NNM), a new
type cytosine nucleoside peptide antibiotic, was developed by the Chengdu Institute of Biology, Chinese
Academy of Sciences [9]. It is an antimicrobial agent with high effectiveness and low human toxicity,
isolated from the fermented broth of the bacterium Streptomyces noursei var. xichangensisn, a recently
discovered variant of Streptomyces norkelii [9] .Research showed that NNM has been able to protect
against fungal, bacterial and viral phytopathogens in a range of crops, including rice bacterial blight and
fungal diseases such as powdery mildews of wheat, vegetables [10]. NNM has also been reported to
exhibit substantial antiviral activity on several phytopathogens, such as tobacco mosaic virus, capsicum
mottle virus and cucumber mosaic virus [11–13]. The mode of action of NNM against virus has been
reported that inhibiting TMV coat protein assembly, but few reports exist on its function against fungi
[14]. Therefore, the antifungal mechanism of the broad-spectrum antimicrobial NNM is worthwhile
studying.

In a previous study, we sequenced the whole genome of D. segeticola [15], integrated mRNA and small
RNA of the pathogen and its host, tea during infection [16]. The annotated whole-genome sequence of the
related D. segeticola will provide a resource for identifying trait-speci�c genes of the pathogen D.
segeticola. In this study, we determined the antifungal activity of NNM against D. segeticola by the plating
method and studied differential gene expression of D. segeticola in response to NNM by RNA-sequencing
(RNA-Seq). Concurrently, we validated the expression levels of six genes involved in the translation
process, using molecular methods. We used various microscopy techniques, including optical
microscopy, �uorescence microscopy, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) to explore the effects of NNM on the mycelial morphology and ultrastructure of D.
segeticola. Molecular dicking was used to speculate the most promising target. This research aimed to
evaluate the effect of NNM on D. segeticola, to elucidate the intracellular action sites and improve our
understanding of the antifungal mechanism.

Results
Anti-fungal activity of NNM toward D. segeticola mycelial growth
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The inhibitory effect of NNM on D. segeticola was evaluated at various NNM concentrations. Based on
the diameter of the fungal colony, NNM exhibited a dosage-dependent inhibition rate, with the regression
equation being y=0.8807x+2.2439 and R2=0.9962, where y=inhibition rate and x=NNM concentration
(U/mL), and the EC50 value was determined by regression to be 1287.54±111.53 U/mL (Fig. 1 and
Additional �le 4: Table S1). The inhibition rate of NNM also exhibited a greater inhibition activity toward
mycelium dry weight than that based on colony diameter. For example, the dry weight inhibition rate was
more than 80.0% at the EC50 NNM (Additional �le 4: Table S1). Based on these two measures of
bioactivity, we found that NNM could inhibit not only the increase in colony diameter but also mycelial
biomass over time.

Effect of NNM on mycelial morphology of D. segeticola

The external walls of control hyphae of D. segeticola were smooth and the development of fresh hyphae,
septa and cell walls, as viewed under an optical microscope, were normal (Fig. 2a and c). After the
mycelia of D. segeticola were exposed in vitro to NNM in liquid culture, the morphological changes of
hyphae, such as swelling, were dependent on treatment time. The hyphae were slightly swollen after
exposure for 1 h (Fig. 2b, rectangles), but appeared to be further in�ated when the treatment time was
extended to 14 h, by which time the density of the cytoplasmic contents of the hyphae had decreased and
granulations had appeared (Fig. 2d, black arrows). We speculated that NNM inhibited the growth of the
fungus, by colony diameter or biomass, by inhibiting biosynthesis in the fungus.

Effect of NNM on cell nuclei and septa of D. segeticola

We investigated the cell nucleus distribution and septum development of D. segeticola by staining with
DAPI (staining nuclei) and CFW (staining chitin) after treatment of the hyphae with NNM. First, analysis
by �uorescence microscopy showed that the cell nuclei were regularly distributed in the control treatment
(Fig. 3a, e and i), as indicated by arrows), whereas the distribution of cell nuclei in hyphae after treatment
with the low concentrations of EC10 or EC30 NNM for 1 h was unregularly distributed (Fig. 3b and c).
Furthermore, the cell nuclei in treated hyphae, exposed to the high concentration of EC50 for 1 h, were
indistinct, with the fusion of several nuclei (Fig. 3d). When the treatment time was extended from 1 to 12
or 24 h, the changes in the cell nuclei were more obvious, especially at the concentration equivalent to
EC50 (Fig. 3f to h and j to l). These results indicated that NNM detrimentally affected the organization and
distribution of cell nuclei in D. segeticola.

When the hyphae of D. segeticola had not been treated with NNM, the internal structure was clear and
complete (Fig. 4a, e and i). The cell septa of hyphae treated with low concentrations (EC10 and EC30) of
NNM for 1 h were similar to those of the control (Fig. 4b and c, arrow), whereas the septa of hyphae
treated with the EC50 concentration for 1 h of NNM were thickened and the �uorescence intensity
associated with CFW staining (speci�c for chitin and cellulose in cell walls) increased, compared with the
control (Fig. 4d, arrow). When the treatment time was extended, the septa in hyphae treated with low
concentrations (EC10) of NNM for 12 or 24 h were thickened (Fig. 4f and j). Furthermore, the �uorescence
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intensity of the cell septa and walls all increased (relative to the control hyphae) at the NNM
concentrations EC30 or EC50 for exposure times of 12 or 24 h (Fig. 4g, h, k and l), with the structures being
unclear. The results indicated that NNM appeared to affect the formation or development of septa, so
that the increased staining of the cell nuclei or the cell septa indicated that NNM inhibited biosynthesis by
the fungus, which, in turn, affected the normal growth of D. segeticola.

Effect of NNM on cell ultrastructure of D. segeticola

SEM showed that the control hyphae exhibited characteristic morphology, with healthy, robust and
uniform growth (Fig. 5a, rectangles), and plump cell bodies and septa (Fig. 5a, circles), with the hyphal
surface being smooth (Fig. 5a, rectangles). When D. segeticola was treated with NNM at EC50 for 1 h, the
hyphae became abnormal, and the tips of the hyphae became in�ated (Fig. 5b, rectangles). After 14 h, the
hyphae were abnormal (Fig. 5c, circles), and the growth of new hyphae was inhibited, with individual
hyphae being swollen compared with the control (Fig. 5c, rectangles). The results further veri�ed that the
growth and development of hyphae was detrimentally affected by NNM.

TEM showed that the control hyphae revealed high density cytoplasm with intact organelles (Fig. 6a to c),
and the structure of the cell walls and plasma membranes (Fig. 6b). What’ more, many lipid bodies were
clearly evident (Fig. 6a and c). After treatment with NNM at the concentration-equivalent of EC50 for 1 h,
the cytoplasm appeared degraded with empty spaces developed (Fig. 6d and e, asterisks). Moreover, the
treated hyphae exhibited rough cell walls and cell septa and fewer lipid bodies (Fig. 6e and f). As the
period of treatment with NNM increased, the cytoplasm became more degraded (Fig. 6g, asterisks) and
many dense bodies appeared (Fig. 6g, black arrows). Some damaged organelles were apparent, such as
mitochondria (Fig. 6h and i, red arrows). Meanwhile, the number of lipid bodies decreased, in comparison
with the control hyphae. These results indicated that NNM inhibited biosynthesis in the fungus and
disturb the information of biological substance.

Summary of sequences, assembly and functional annotation

In total, 43.18 Gb valid data were obtained from the transcriptome sequencing of mycelial samples from
the two groups (D. segeticola treated by 0 U/mL and EC50 NNM for 1 h, respectively), ranging from 6.25 to
7.83 Gb per sample (Additional �le 4: Table S2). A total of 44.64 Gb raw data were obtained. After
removing the unquali�ed reads from the raw data, the Q20 of the valid data was above 99.91%, Q30 was
above 97.99% and the GC proportion was 55% (Additional �le 4: Table S2). Valid data in the six samples
mapped to the reference genome were all at least 96.94%, unique mapped reads was at least 74.91% and
multi-mapped reads were at least 19.78% (Additional �le 4: Table S3). According to the region of the
reference genome, valid data from six samples on the exon regions were all more than 96% (Additional
�le 4: Table S4). After assembly, a total of 10,894 genes were obtained from the six samples of the two
different treatments, which were compared with Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) for annotation and analysis (Additional �le 4: Table S5 and S6). Gene expression
level was represented by fragments per kilobase of exon model per million mapped reads (FPKM)
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(Additional �le 1: Figure S1a and Additional �le 4: Table S7). The number of expressed genes from the six
samples was similar in each gene expression value region (Additional �le 4: Table S8). The density
distributions of gene expression in both control and treatment group were shown in Additional �le 1:
Figure S1b. All expressed genes of the three biological replicates for each group were shown in Additional
�le 4: Table S9.

GO and KEGG enrichment analysis of differentially expressed genes (DEGs)

The RNA-Seq analysis revealed 1,363 genes were signi�cantly differentially expressed, including 743 up-
regulated and 620 down-regulated genes (Additional �le 2: Figure S2 and Additional �le 4: Table S9). The
GO enrichment analysis revealed that the DEGs were distributed across 1297 GO terms (Additional �le 4:
Table S10). The translation, ribosome and structural constituent of ribosome terms were signi�cantly
enriched in the level of Biological Process (BP), Cell Component (CC) and Molecular Function (MF), with
signi�cantly DEGs number of speci�c KEGG pathway (S gene numbers) being 54, 38, 56, respectively
(Fig. 7a, purple histograms). Genes encoding tryptophanyl-tRNA synthetase (TrpRS), 60S ribosomal
protein L9 (RPL9), 60S ribosomal protein L11 (RPL11), 40S ribosomal protein S7 (RPS7), 40S ribosomal
protein S9 (RPS9) etc. were all found in “translation”. Genes encoding RPL9, RPS7, RPS9 etc. were found
in “ribosome”. RPL9, RPL11, RPS7 and RPS9 etc. were found in “structural constituent of ribosomes”
(Additional �le 4: Table S10). Structural component of ribosome, translation and ribosome were highly
enriched among the GO terms (P < 0.05) (Fig. 7b and Additional �le 4: Table S10).

Using KEGG annotation, the DEGs were found most in environmental information processing and
metabolism, among which KEGG subclasses translation and amino acid metabolism (Fig. 8a, purple
histogram) were predominant, with S gene numbers of 83 and 52, respectively (Fig. 8a). The DEGs were
successfully annotated as members of 242 pathways (Additional �le 4: Table S11). The ribosome
pathway of the KEGG subclass translation was most signi�cantly enriched, with the S gene number being
58 (P < 0.05) (Fig. 8b and Additional �le 4: Table S12). RPS7, RPS9, RPL9, RPL11 and 40S ribosomal
protein S10b (RPS10b), ribosome biogenesis, RNA binding, metal ion binding, etc. were found in the
ribosome pathway (Additional �le 4: Table S11). It was concluded from GO and KEGG enrichment
analysis that NNM might detrimentally affect the structural constituent of ribosomes or aminoacyl-tRNA
synthetases, resulting in inhibition of the translation process.

Validation of RNA-Seq data by qPCR for selected genes

To validate the RNA-Seq results, ten DEGs, that had been randomly selected from RNA-Seq data, were
veri�ed using qPCR. Their expression trends were found to be similar to those obtained by RNA-Seq,
indicating that the RNA-Seq data reliably re�ected the gene expression levels (Additional �le 3: Figure S3).

Effects of NNM on related gene expression levels involved in translation of D. segeticola comparing with
CHX
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We selected six DEGs of RPS7, RPS9, RPS10b, RPL9, RPL11 and TrpRS, related to translation, based on
the GO and KEGG enrichment analysis. The expression levels of RPS7, RPS9, RPS10b, RPL9, RPL11 and
TrpRS of D. segeticola were studied using qPCR to analyze the gene expression trends of the fungus in
response to NNM and CHX at the dosages of EC10, EC30 or EC50 and the treatment times of 1, 6 or 12 h.

After NNM treatment for 1 h, the expression levels of the six genes were signi�cantly down-regulated
(relative to the control) at the dosages of EC10, EC30 and EC50 following 1 h treatment. Down-regulation
trends for NNM treatment for 1 h indicated that exposure to NNM resulted in no signi�cant differences
among the three dosages (Fig. 9a to f, left). After treatment with NNM for 6 h, the expression levels of the
six genes were down-regulated (relative to the control) at the concentration of EC10, especially genes
RPS7, RPS9 and RPL9 (Fig. 9a to f, left). The responses of gene expression at concentrations EC10 and
EC50 were similar (Fig. 9a to f, left). On the other hand, the expression levels of RPS7, RPS9, RPS10b,
RPL9 and RPL11 were signi�cantly up-regulated at the dosage of EC30 (Fig. 9a to e, left). The results
indicated that there was a compensatory or feedback regulation at the intermediate concentration.
However, TrpRS has a different trend with signi�cantly down-regulated at the dosage of EC30 (Fig. 9f, left).
After 12 h NNM treatment, the expression levels of RPS7, RPS9, RPS10b, RPL9 and RPL11 were
signi�cantly up-regulated at the concentration of EC10, with the expression level being slightly up-
regulated, though not signi�cantly so, at the concentrations of EC30 or EC50 (Fig. 9a to e, left). As the
dosage increased, the up-regulated trends were less clear cut (Fig. 9a to e, left), with RPS10b even
showing slightly down-regulation at EC50 following 12 h treatment (Fig. 9c, left). Nevertheless, the
expression levels of TrpRS were all up-regulated. Along with the dosage being increased, the up-regulated
trends represented more distinctly, especially at the dosage of EC50 (Fig. 9f, left).

As translation extension inhibitor, CHX treatment has different trends comparing NNM treatment. After 1
h treatment, RPS7, RPS10b and RPL9 presented down-regulated at the dosages of EC10 and EC30 and
slightly up-regulated at the dosage of EC50 (Fig. 9a, c and d, right). The RPS9, RPL11 and TrpRS had no
similar rule but presented up-regulated at most dosages (Fig. 9b, e and f, right). After 6 h treatment, RPS9,
RPS10b, RPL9 and TrpRS all presented up-regulated signi�cantly. However, they presented down-
regulated signi�cantly at the dosages of EC30 and EC50 (Fig. 9b to d and f, right). RPS7 presented down-
regulated but RPL11 up-regulated (Fig. 9a and e, right). After 12 h treatment, RPS9, RPS10b, RPL9 and
TrpRS presented down-regulated but RPS7 and RPL11 up-regulated at the dosage of EC10. These six
DEGs were all up-regulated at dosage of EC30 and down-regulated at the dosage of EC50 (Fig. 9a to f,
right).

Molecular docking of NNM and proteins involved in translation

To study the potential targets of NNM, six proteins, namely TrpRS, RPS7, RPS9, RPS10b, RPL9 and
RPL11, were selected for molecular docking studies with NNM. The DNA sequences were translated into
protein sequences and run by BLAST in UniProt. Unfortunately, there are no crystal structures available
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for any of the six protein sequences. We then used SWISS-MODEL to perform the homology modeling
study, and the templates and identities of each protein are shown in Additional �le 4: Table S13.

The homology models of the six proteins were obtained, and the proposed binding mode was analyzed
for each protein-NNM combination, according to their interactions, the docking score and the binding free
energy (Table 1). Among these proteins, TrpRS was the most potent target with a binding free energy of
-101.55 kcal/mol. NNM could form a series of hydrogen bonds with Gly65, Arg66, Gly67, Gly76, His77,
Thr100, Ser217, Asp219 and Lys256 (Fig. 10a). The potent binding pockets of these models were
predicted using fpocket, and RPS7, RPS9, RPS10b, RPL9 and RPL11 were all found not to possess
binding pockets. TrpRS protein was found to exhibit two highly potent binding pockets (Fig. 10b, red and
green). NNM docked into these two pockets. It was found that the amino acid sequence of TrpRS had a
key amino acid deletion near one binding pocket (Fig. 10c, red segment), compared with the template.
When NNM docked to the template protein, it bound tightly, making it the most likely target for NNM
binding.

Table 1 The docking score and binding free energy (kcal/mol) of Ningnanmycin (NNM) with six
homology models.     

Gene ID Protein Name Docking
Score

Binding free energy
(kcal/mol)

GZSQ4008008 Tryptophanyl-tRNA synthetase -9.65 -101.55

GZSQ4005420 40S ribosomal protein S10-B -4.32 -31.58

GZSQ4003254 60S ribosomal protein L11 -6.58 -32.34

GZSQ4008719 40S ribosomal protein S9 -5.32 -19.42

GZSQ4002876 40S ribosomal protein S7 -7.13 -40.20

GZSQ4007725 60S ribosomal protein-like protein
L9

-6.33 -45.49

Discussion
Tea leaf spot, caused by D. segeticola, is one of the most important diseases of the tea crop, resulting in
losses in tea production and tea quality [2] .Because of the absence of any effective biofungicide or
similar environmentally protective measure, the prevention and control of tea leaf spot, caused by D.
segeticola, is an important problem in the major tea-growing areas [2]. NNM, a biogenic antimicrobial, has
already demonstrated a wide range of activity in vitro against many crop diseases [10–13].

In this study, we �rst determined that NNM inhibited the growth of hyphae of D. segeticola (Fig. 1 and
Additional �le 4: Table S1). Then, we observed that this inhibition was associated with morphological
changes to the hyphae in response to NNM, such as in�ated hyphae, appearance of granulations and
decreased cytoplasmic density, but not in the obvious fungicidal changes concerning integrity of the cell
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wall, sterol content or osmotic pressure (Fig. 2 and Fig. 5). These results indicated that NNM may not
function as a classical fungicide, such as the triazole or strobilurin fungicides, which work by inhibiting
the biosynthesis of sterols or inhibiting energy synthesis [17, 18].

As a consequence, the mode of action of NNM against D. segeticola would be of great interest and
potential signi�cance. The work would be helpful in developing a fungicide, with high antifungal activity,
to manage tea leaf spot caused by D. segeticola. In our study, the mophological change also provided
some information as to how NNM functioned. For instance, NNM was shown to be able to affect the
formation and distribution of nuclei (Fig. 3), the development of septa (Fig. 4), the formation and
development of organelles and the content of lipid bodies (Fig. 6). So, we speculated that NNM could
possess the bioactivity of inhibiting fungal biosynthesis. To focus more clearly on the mode of action, we
evaluated the response of hyphal gene expression to NNM, by identifying DEGs involved in the
NNM/control comparison and associated with biosynthesis. Comparing the analyses by GO and KEGG,
structural constituents of ribosomes were shown to be signi�cantly enriched at MF, with the S gene
number being 56 (Fig. 7), whereas 58 genes were signi�cantly enriched in the ribosome pathway (Fig. 8).
In addition, 54 genes were signi�cantly enriched in translation at BP, and 38 genes were signi�cantly
enriched with ribosomes at CC (Fig. 7). Furthermore, all the above genes belong to the KEGG subclass of
translation. Combining the morphological analysis with GO and KEGG enrichment analysis, we
speculated that NNM might affect translation.

The process of translation can be divided into four stages, namely initiation, elongation, termination and
recycling. These stages were related to some genes of eukaryotic translation initiation factors, the
structural constituents of small (40S) and large (60S) ribosomal subunits, aminoacyl-tRNA synthetases,
amino acid synthesis, etc. Aminoacyl-tRNA synthetases are among the leading targets for the
development of antibiotics [19]. TrpRS belongs to the aminoacyl-tRNA synthetases that play a pivotal role
in protein synthesis and are essential for cell growth and survival [19]. Ribosomes are also known as a
major target for small molecule inhibitors. For example, CHX is known as a small molecule inhibitor,
targeting the eukaryotic ribosome [20]. Genes RPS7, RPS9 and RPS10b encode proteins for the small
ribosomal subunit that binds mRNAs, translating the encoded mRNA message by selecting cognate
aminoacyl-tRNA molecules [21]. Proteins encoded by RPL9 and RPL11 belong to the large ribosomal
subunit, containing the ribosomal catalytic site. This is termed the peptidyl transferase center, which
catalyzes the formation of peptide bonds, thereby polymerizing the amino acids, delivered by tRNAs, into
a polypeptide chain [21]. The above six genes are all related to the process of eukaryotic translation. In
this study, qPCR assays indicated that these genes were up-regulated or down-regulated by NNM, with the
effect of regulation being in�uenced by the dosage of NNM and treatment time. There were different
trends after NNM treatment for 1, 6 and 12 h (Fig. 9). The results indicated that the expression of the
small ribosomal subunit, the large ribosomal subunit and TrpRS were regulated by NNM at the mRNA
expression level. Through CHX being set as a control agent for inhibition of ribosomes, we found that
CHX and NNM can regulate expression of TrpRS, RPS7, RPS9, RPS10b, RPL9 and RPL11 at various
dosages and under different treatment periods [22]. Nevertheless, there is also some difference between
NNM and CHX treatments. As a consequence, we considered that NNM should be regarded as a TrpRS-
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related inhibitor of translation. Based on this, we completed the homology modeling between NNM and
the six proteins proposed. Among these proteins, TrpRS was the most potent target with a binding free
energy of -101.55 kcal/mol. And the amino acid sequence of the TrpRS protein had a key amino acid
deletion near the binding pocket, being the most likely target for NNM binding (Fig. 10c). Therefore, we
considered that NNM affects translation, thus inhibiting the growth of the hyphae of D. segeticola, when
the hyphae of D. segeticola were exposed to NNM. We constructed a possible model of NNM antifungal
action mechanism based on all the above �ndings. NNM initially down-regulated the expression levels of
the genes concerned, such as structural constituents of ribosomes and aminoacyl-tRNA synthases,
involved in the translation process, after NNM had entered the fungal hyphal cell. More speci�cally, NNM
targeted tryptophan tRNA synthetase, thereby inhibiting the translation process, so that the growth of
fungal hyphal cells was subsequently inhibited, resulting in lowering of the density of the cytoplasm,
reducing the integrity of the mitochondria and thickening the hyphal cell walls. Furthermore, the inhibition
of translation might affect any protein-based biological processes, such as DNA replication and
transcription.

Conclusions
NNM proved to exhibit antifungal activity in vitro toward D. segeticola in terms of inhibition of mycelial
growth, and might function by inhibiting translation by binding to tryptophanyl-tRNA synthetase. NNM
proved to be worthy of study to prevent and control tea leaf spot. In the future, we will further study the
action mechanism of NNM against D. segeticola, using the method of site-directed mutagenesis, as well
as evaluating the effect of NNM on D. segeticola in vivo.

Methods
Fungal isolates and source of NNM

D. segeticola was identi�ed in our research group [7], and deposited in China General Microbiological
Culture Collection Center, with the preservation number of fungus as CGMCC3.20152. NNM was kindly
provided by Jiaren Chen, researcher at Chengdu Institute of Biology, Chinese Academy of Sciences
(Chengdu, Sichuan Province, China). One unit (1 U) of NNM is equivalent to 2.15 μg of NNM.

Antifungal activity of NNM on D. segeticola in vitro

The antifungal activity of NNM was determined in vitro over six concentrations (0-3,000 U/mL) against D.
segeticola by the mycelial growth rate method [23]. NNM was dissolved in sterilized distilled water before
mixing with nine volumes of potato dextrose agar (PDA, Beijing Solarbio Science & Technology Co., Ltd.,
Beijing, China), and poured into 9-cm culture dishes to prepare the plate medium. Mycelium plugs (4 mm
diameter) were cut from the leading edge of the 7-day-old culture medium, and were inoculated onto the
center of the PDA plates (control and treatments, i.e., different NNM concentrations) containing cellulose
acetate membrane, with a sterilized inoculation needle. The dishes were incubated at 25°C for 7 days.
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The inhibition rate (%) of NNM against D. segeticola growth was calculated through the following
equation:

I = [(C - T)/(C - 0.4)] * 100 (Eqn. 1)

where I represents the inhibition rate, C represents the diameter (mm) of the fungus colony (after
substraction of the plug diameter) on control (0 U/mL NNM) PDA and T represents the diameter (mm) of
the fungus colony (after subtraction of the plug diameter) on PDA containing NNM.

After that, the mycelium together with cellulose acetate membrane was dried to constant weight at 60°C.
The effect of NNM concentration on dry weight of D. segeticola was calculated through the following
equation:

I = [(S - A)/S] * 100 (Eqn. 2)

where I represents the inhibition rate (%) and S (g) and A (g) are the mean dry weights of the control
mycelium and treatment mycelium, respectively.

Effect of NNM on mycelial morphology and ultrastructure ofD. segeticola

Mycelial plugs (4 mm diameter) from the leading edge of a 7-day-old colony of D. segeticola were
transferred to 250-mL conical �asks, containing 90 mL potato dextrose broth (PDB, Solarbio Science &
Technology Co., Ltd., Beijing, China), in a shaking incubator at 180 rpm, 25°C for 60 h in darkness. After
that, NNM in 10 mL sterile ddH2O containing NNM was added to 90 mL PDB to achieve �nal
concentrations representing EC10, EC30 or EC50, respectively) as the treatment or 10 mL sterile water
without NNM to 90 mL PDB as the control. We collected the mycelia from PDB after 1 h and 14 h
incubation for microscopic examination of mycelial morphology. Sample observation was carried out by
optical microscopy (BX53, Olympus, Tokyo, Japan) [24], SEM (U8010, Hitachi, Tokyo, Japan) [24] and
TEM (Tecnai G2 20 S-Twin, FEI, Hillsboro, OR, USA) [25], with three replications of each treatment.

Effect of NNM on cell nucleus andseptum structure of D. segeticola

The sample preparation for �uorescence microscopy was the same as that for mycelial morphology
observations of D. segeticola. We collected mycelium from PDB plus/minus NNM shake cultures after 1,
12 and 24 h treatment as samples for �uorescence staining. In order to observe cell nuclei and septa,
mycelia were washed twice using 0.1M phosphate-buffered saline (PBS, pH=7.4), and mycelia were then
stained, using 1 μg/mL 4', 6-diamidino-2-phenylindole (DAPI, Biofroxx, Guangzhou Saiguo Biotech Co.,
Ltd, Guangzhou, China) in 200 μL volumes of mycelial suspension for 30 min in the dark [26]. To observe
septa, we stained the mycelia with 200 μL Calco�uor White (CFW, Sigma-Aldrich, Shanghai, China) at 1
μg/mL for 30 s in the dark [26]. After being washed three times with PBS, the cell nuclei and septa of the
mycelia were observed by �uorescence microscopy (U-HGLGPS for BX53, Olympus).

RNA isolation, library construction and sequencing
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A total of six RNA samples from control and treatment groups (Three biological replicates each group)
were extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, USA), following the manufacturer's
procedure. The total RNA quantity and purity were determined using a Bioanalyzer 2100 and the RNA
1000 Nano LabChip Kit (Agilent, Palo Alto, CA, USA), with RNA Integrity Number (RIN) >7.0. Poly(A)-RNA
was puri�ed from total RNA (5 μg), using poly-T oligo-attached magnetic beads (dynabeads Oligo
(dT),Thermo Fisher, Waltham, MA, USA), with two rounds of puri�cation. Following puri�cation, the
mRNAs were fragmented into small pieces using NEBNext® Magnesium RNA Fragmentation Module
(NEB, Ipswich, MA, USA). Then, the cleaved RNA fragments were reverse-transcribed to create the �nal
cDNA library in accordance with the protocol for the TruSeq® RNA-Seq Sample Preparation kit (Illumina,
San Diego, CA, USA), with the average insert size for the paired-end libraries being 300 bp (±50 bp).
Sequencing was then carried out on an Illumina HiSeq 4000 (Lianchuan Biological Technology Co., Ltd.,
Hangzhou, China) to yield 2 × 150 bp paired-end raw reads, following the manufacturer’s recommended
protocol.

De novo assembly, annotation and identi�cation of DEGs

The sequenced raw reads were subjected to a quality check, using RSeQC (v2.4)
(https://github.com/MonashBioinformaticsPlatform/RSeQC) in the R package [27]. The adapter
sequences were removed from the raw reads. Reads with a ratio of ambiguous N nucleotides greater than
5% and those with low-quality sequences (quality score of less than 20) were also removed. The �ltered
clean reads were then mapped to the D. segeticola reference genome, using the HISAT (v2.1.0)
(http://daehwankimlab.github.io/hisat2/) algorithm package [28], which initially removes a portion of the
reads based on quality information accompanying each read and then maps the reads to the reference
genome, D. bellidis. HISAT allows multiple alignments per read (up to 20 by default) and a maximum of
two mismatches, when mapping the reads aligned to the reference genome. HISAT builds up a database
of potential splice junctions and con�rms these by comparing the previously unmapped reads against
the database of putative junctions. The mapped reads of each sample were assembled using StringTie
(v1.3.0) (https://ccb.jhu.edu/software/stringtie/history.shtml) [29]. Then, all transcriptomes from the
samples were merged to construct a comprehensive transcriptome, using Perl scripts. After the final
transcriptome was generated, StringTie and edgeR
(https://bioconductor.org/packages/release/bioc/html/edgeR.html) were used to estimate the expression
levels of all transcripts. StringTie was used to determine the expression level for mRNAs by calculating
FPKM [30]. The differentially expressed mRNAs and genes were selected with |log2(fold change)| > 1 or
|log2(fold change)| < -1, and with statistical signi�cance (P < 0.05), using the R package (v3.2.5)
(https://www.r-project.org/).

GO and KEGG enrichment analysis

GO term enrichment was analysed using the Gene Ontology Enrichment Analysis Software Toolkit
(http://geneontology.org) [31] and statistical enrichment was considered when P < 0.05. The Kyoto
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Encyclopedia of Genes and Genomes (KEGG) analysis was performed by the Database for Annotation
(http://www.kegg.jp/kegg) [32].

Gene expression validation by quantitative real time Polymerase Chain Reaction (qPCR)

For qPCR, 1 μg of the total RNA used in the previous RNA-Seq library construction was used for cDNA
synthesis, which was performed using TUREscript 1st Stand cDNA Synthesis Kit (Aidlab Biotech Co., Ltd.,
Beijing, China). The qPCR was performed using 2×SYBR® Green Premixed (DBI®Bioscience,
Ludwigshafen, Germany). The actin gene of Didymella was used as the internal control. The primers were
designed using Primer3web (v4.1.0) (http://primer3.ut.ee/) and synthesized by TsingKe Biotech Co., Ltd
(Beijing, China). The primer sequences are listed in Additional �le 4: Table S14. The relative expression
levels were calculated using the 2−ΔΔCT method [33].

Effects of NNM on the expression of genes involved in the translation of D. segeticola

We investigated the expression levels of D. segeticola genes involved in the ribosome pathway and the
GO term of translation in samples with or without NNM treatment at the concentration of 47.23 U/mL
(EC10), 341.98 U/mL (EC30) or 1287.54 U/mL (EC50), using qPCR. Samples treated with cycloheximide
(CHX) (99.86% purity, MCE, Shanghai, China) at three concentrations of EC10, EC30 and EC50 values were
used as translation elongation inhibitor [34]. First, CHX was dissolved in 200 μL dimethyl sulfoxide
(DMSO) (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) to prepare the stock solution.
Then, 10 mL sterilized double-distilled H2O (ddH2O), containing 0.1% (v/v) Tween-20 (Sangon Biotech.
Co., Ltd., Shanghai, China), were mixed with different amounts of the NNM stock solutions, and the
solutions were further mixed with molten 90 mL PDB to obtain �nal concentrations of 0, EC10, EC30 or
EC50 NNM, respectively. After 1, 6 and 12 h of continuous shaking under the same conditions as
described earlier, mycelial samples from each treatment were centrifuged and washed twice with PBS.
Total RNA extraction, cDNA synthesis and qPCR analysis were performed as described previously. The
DEGs and primers involved in the translation process are listed in Additional �le 4: Table S15.

Molecular docking of NNM and proteins involved in translation

The DNA sequences identi�ed as DEGs were translated into protein sequences and screened for in the
UniProt database, with BLAST. The target sequence was searched with BLAST [35] against the primary
amino acid sequence contained in the SWISS-MODEL template library [36]. Models were built, based on
the target-template alignment, using ProMod3 (https://openstructure.org/promod3/3.1/) [37]. The
homology models of the proteins were obtained, and the potent binding pockets of these models were
predicted using fpocket (https://bio.tools/fpocket) [38]. NNM was docked into these pockets with
AutoDock vina (https://bio.tools/AutoDock_Vina) [39] and the binding free energy was calculated using
the MM/PBSA method [40].

Statistical analyses
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The data were presented as the mean values ± standard error (SE) of three replicates. Data analysis of
variance using Duncan’s multiple range tests of SPSS (v19.0) (IBM, Armonk, NY, USA) and performing the
least signi�cant difference at 0.05 levels using lowercase letters.
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Supporting Information
Supporting information may be found in the online version of this article.

Additional �le 1: Figure S1 The expressed level analysis of all genes. a. The boxplot of gene expression
values. X-axis, detected sample names, Control_1_hr_1-Control_1_hr_3 indicated three biological
replicates in the control group; Ningnanmycin_1_hr_1-Ningnanmycin_1_hr_3 indicated three biological
replicates in the treatment group. Y-axis, the relative expression level was expressed as log10(FPKM+1) in
gene expression value. b. The density of gene expression values in two groups (the control group on the
top of sub-�gure and the treatment group on the bottom of sub-�gure).

Additional �le 2: Figure S2 The volcano of all Differentially expressed genes (DEGs) by transcription
sequencing. The DEGs were selected by P < 0.05 and |log2(fold change)|> 1. The X-axis shows the fold
change in gene expression between control and treatment groups, and the Y-axis shows the statistical
signi�cance of the differences. Splashes represent different genes. Red splashes mean signi�cantly up-
regulated expressed genes. Blue splashes mean signi�cantly down-regulated expressed genes. Gray
splashes mean genes without signi�cant different expression.

Additional �le 3: Figure S3 Expression levels pro�le comparisons between the RNA-Seq and qPCR data. X-
axis, detected gene names; Y-axis, the relative expression level was expressed as log2(fold change) in
gene expression. ABC transporter, ATP-binding cassette transporter; EPHX, epoxide hydrolase; MIB, metal
ion binding; CAT, catalase; NADPH-ADH, nadph-dependent medium chain alcohol dehydrogenase; MPI,
mannose-6-phosphate isomerase; HEBP, heme binding protein; NRPS, non-ribosomal peptide synthetase;
CDH, choline dehydrogenase.

Additional �le 4: Table S1 Effect of Ningnanmycin (NNM) on mycelial growth rate and biomass (dry
weight, g) of Didymella segeticola. Table S2. Summary of the transcriptome sequencing data from two
treatment samples. Table S3. The statistics of mapped reads for Didymella segeticola. Table S4. The
region distribution of the valid reads in transcription sequencing. Table S5. Summary of transcription
sequencing genes. Table S6. Gene annotation of all expressed genes from two groups. Table S7. The
distribution of gene expression value each sample. Table S8. The different interval distribution of gene
expression values. Table S9. The differential expression gene for NNM treatment for 1 h from two
treatment. Table S10. The GO enrichment analysis of DEGs for two treatment groups. Table S11. KEGG
enrichment analysis of DEGs for two treatment groups. Table S12. KEGG classi�cation of signi�cantly
DEGs. Table S13. The protein and homology modeling template information. Table S14. The genes and
primers used for transcriptome sequencing validation by qPCR analysis. Table S15. The differentially
expressed genes (NNM treatment vs control) and primers used in translation process of Didymella
segeticola.

Figures
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Figure 1

The colony morphology of Didymella segeticola on different dosages of Ningnanmycin (NNM). “CK” =
control.

Figure 2

The hyphal morphology of Didymella segeticola exposure to half-maximal effective concentration (EC50)
of Ningnanmycin (NNM). Control hyphae after 1 h (a); Hyphae treated for 1 h by NNM (b); Control hyphae
after 14 h (c); Hyphal morphology treated for 14 h by NNM (d); Rectangles indicated the in�ated hyphae.
Arrows indicated the emerging granulations.



Page 21/27

Figure 3

Effect of Ningnanmycin (NNM) on cellular nucleus distribution in hyphae stained with 4',6-diamidino-2-
phenylindole (DAPI). Didymella segeticola was treated with NNM at the concentrations of 0 U/mL (a),
EC10 (b), EC30 (c) or EC50 (d) for 1 h; D. segeticola treated with NNM at the concentrations of 0 U/mL (e),
EC10 (f), EC30 (g) or EC50 (h) for 12 h; and D. segeticola treated with NNM at the concentrations of 0
U/mL (i), EC10 (j), EC30 (k) or EC50 (l) for 24 h. Scale bar = 50 μm. Arrows indicated the cell nuclei.
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Figure 4

Effect of Ningnanmycin (NNM) on cellular septa in hyphae stained with Calco�uor White (CFW).
Didymella segeticola treated with NNM with the concentrations of 0 U/mL (a), EC10 (b), EC30 (c) or EC50
(d) for 1 h; D. segeticola treated with NNM with the concentrations of 0 U/mL (e), EC10 (f), EC30 (g) or
EC50 (h) for 12 h; D. segeticola treated with NNM with the concentrations of 0 U/mL (i), EC10 (j), EC30 (k)
or EC50 (l) for 24 h. Scale bar = 50 μm. Arrows indicated the cell septa.

Figure 5
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The hyphal morphology of Didymella segeticola observed under a scanning electron microscope. D.
segeticola was induced by Ningnanmycin (NNM) at half-maximal effective concentration (EC50) for
different treatment times. The morphology of control hyphae (a) and hyphae treated with NNM (b) after 1
h, and of control hyphae (c) and hyphae treated with NNM (d) after 14 h. Circles indicated cell septa, and
rectangles indicated the morphology of hypha.

Figure 6

The hyphal morphology as seen under transmission electron microscopy. The hyphae of Didymella
segeticola treated with Ningnanmycin (NNM) at 0 U/mL or half-maximal effective concentration (EC50)
for different treatment times. Longitudinal section (a) and (b) and transverse section (c) of control
hyphae treated for 0 h; Longitudinal section (d) and (e) and transverse section (f) of hyphae treated with
NNM for 1 h; Longitudinal section (g) and (h) and transverse section (i) of hyphae treated with NNM for
14 h. Asterisks represented the cytoplasm appearing degraded, having developed empty spaces; M:
mitochondrion; CW: cell wall; Cy: cytoplasm; N: nucleus; S: septum; L: lipid bodies. Black arrows indicated
dense bodies; Red arrows indicated damaged mitochondria.
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Figure 7

Gene Ontology (GO) analysis of the differentially expressed genes (DEGs) in Didymella segeticola. D.
segeticola hyphae treated with Ningnanmycin (NNM), relative to control hyphae. GO functional
classi�cation of the DEGs. The number on the bar chart indicates the number of DEGs, and the ordinate
indicates the percentage of DEGs of all the genes in this GO term (a). GO enrichment analysis of the
DEGs. The higher the rich factor, the greater the degree of enrichment (b).

Figure 8

Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis of the differentially expressed genes
(DEGs). The DEGs of Didymella segeticola hyphae treated with Ningnanmycin (NNM), relative to control
hyphae. KEGG subclass distribution of the DEGs. The number on the bar chart indicates the number of
DEGs, and the abscissa indicates the percentage of the DEGs of all genes in this KEGG subclass (a);
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KEGG enrichment analysis of the DEGs. The higher the rich factor value, the greater the enrichment of the
pathway (b).

Figure 9

Expression levels of qPCR with six DEGs involved in translation process. 40S ribosomal protein S7
(RPS7) (a), 40S ribosomal protein S9 (RPS9) (b), 40S ribosomal protein S10b (RPS10b) (c), 60S
ribosomal protein L9 (RPL9) (d), 60S ribosomal protein L11 (RPL11) (e) and tryptophanyl-tRNA
synthetase (TrpRS) (f) of Didymella segeticola treated by Ningnanmycin (NNM) and cycloheximide (CHX)
at three dosages and three states. Any two treatments with shared lowercase letters showed no
signi�cant difference at the level of P < 0.05. The error bar signi�es “mean values ± standard error (SE)”.
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Figure 10

The proposed mode of interaction between Ningnanmycin (NNM) and tryptophanyl-tRNA synthetase
(TrpRS) of Didymella segeticola. The proposed binding mode of NNM with TrpRS. The NNM and protein
are shown in the purple and green stick model, respectively. The hydrogen bond is shown in black dashed
lines (a); The most potent binding pockets of TrpRS (two pockets, red and green) (b); The template protein
of TrpRS (c).

Figure 11

Hypothetical antifungal action model of Ningnanmycin (NNM) based on the results of our study. NNM
initially down-regulated the expression levels of the translation-related genes, such as structural
constituents of ribosomes and aminoacyl-tRNA synthases, involved in the translation process after NNM
entered into the fungal hyphal cell. Moreover, NNM targeted tryptophan tRNA synthetase (TrpRS), thereby
inhibiting the translation process. The growth of fungal hyphal cells was subsequently inhibited, with
decreased density of the cytoplasm, reduced integrity of the mitochondria and thickening of the cell walls
and septa. Furthermore, inhibition of translation might affect other enzymatic biological processes, such
as DNA replication and transcription.
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