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Abstract: Phytophthora root rot, caused by Phytophthora sojae (P. sojae), is one of the most devastat-
ing diseases limiting soybean production worldwide. microRNAs (miRNAs) play major roles in
regulating plant defense against pathogens. To understand the roles of soybean miRNAs during P.
sojae infection, we analyzed four small RNA libraries from two soybean germplasms before and after
P. sojae isolate JS08-12 infection. The cultivar Nannong 10-1 was resistant to JS08-12, whereas the
06-070583 line was susceptible to JS08-12. In total, 528 known and 555 putative novel miRNAs in
soybean were identified from 97 million reads; 74 known miRNAs and 75 novel miRNAs that might
be specifically related to Nannong10-1 responses to P. sojae; and 55 known and 43 novel miRNAs
expressed before and after infection in the susceptible line 06-070583. qRT-PCR provided similar
miRNA expression patterns to those obtained by the small-RNA sequencing of the four libraries.
Then, the potential target genes of these differentially expressed miRNA were predicted, which
encoded transcriptional factors, resistance proteins and transporters. Finally, we focused on the
targets of the three legume-specific miRNAs (gma-miR1508, gma-miR1509, and gma-miR1510) and
charted the miRNA-target interactions and networks based on the published degradome data.
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1. Introduction

Soybean (Glycine max) is one of the most cultivated crops worldwide. Its seeds, which
are used as a food source, contain approximately 40% protein and 20% oil. However, like
any other major crop, the production of soybean is greatly affected by pathogens such as
fungi, bacteria, viruses, and oomycetes. Oomycetes are eukaryotic microorganisms that
can cause devastating diseases in plants and serious economic losses in some crops [1].
Phytophthora sojae, an oomycete, causes phytophthora root rot (PRR), which is responsible
for overwhelming damage to soybean production throughout the world.

microRNA(miRNA), a class of non-coding endogenous small RNA, have been proven to
be the key players in regulating plant growth and development, immunity against pathogens,
and responses to environmental stresses at the transcriptional and post-transcriptional level
by degrading corresponding mRNA or inhibiting its translation in plants [2-5]. High-
throughput technology has predicted and discovered thousands of miRNAs in many
different plant species [6,7]. Most of the predicted miRNAs are involved in regulating
the developmental and productive processes of plants [8]. Over the last decade or so,
several studies have confirmed that miRNA also responds to infection by the pathogens
of oomycetes. In 2011, Guo et al. [9] studied the miRNA involved in soybean—P. sojae
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interactions using microarrays and identified the differentially expressed miRNAs under
P. sojae infection. Cui et al. (2017) [10] reported that gma-miR1510a/b suppressed the ex-
pression of an NB-LRR domain gene and reduced resistance to P. sojae. The overexpression
of Sp-miR396a-5p made tobacco more susceptible to P. nicotianae, indicating the importance
of miRNA in regulating plant disease resistance [11]. Some biotrophic oomycetes, for
example, H. arabidopsidis [12,13] and P. capsici [14], are controlled by the overexpression
of miRNA; in these two instances, miR393 produces resistance in Arabidopsis. Wong
et al. [15] also used Illumina sequencing technology to analyze and identify the miRNAs
involved in the interaction between soybean and P. sojae, and by knocking down the level
of mature miR393 enhanced the susceptibility of soybean to P. sojae and drastically reduced
the expression of isoflavonoid biosynthetic genes.

As the original soybean-producing country, China holds numerous soybean germplasms,
and a large number of PRR-resistance germplasms have been identified in previous stud-
ies [16,17]. The P. sojae isolate JS08-12 (virulent formula: 1a, 1b, 1¢,1d, 1k, 2, 3a, 3b, 3¢, 4, 5, 6,
and 7) was used to inoculate Nannong 10-1 and 06-070583 by hypocotyl inoculations. The
soybean line Nannong 10-1 is a resistant line with 100% living seedlings, and 06-070583 is
a susceptible line with 100% dead seedlings [18]. The above two germplasms are native
to China. A single dominant gene, Rps/S, which is located on soybean chromosome 18
(molecular linkage group G), is responsible for the PRR resistance in Nannong 10-1. With
the objective of gaining deeper insights into the P. sojae resistance mechanisms in soybean
as well as understanding the molecular interactions between soybean and pathogens, we
constructed four libraries from the resistant cultivar Nannong 10-1 and the susceptible
line 06-070583, uninfected (control) and infected by the P. sojae isolate JS08-12. By the
high-throughput sequencing of small-RNA in these libraries and by analyzing the target
genes of the miRNA, the results of the present study will help elucidate the regulatory and
defense mechanisms of soybean microRNA and the potential targets under P. sojae attack.

2. Materials and Methods
2.1. Plant Materials and P. sojae Isolate

The soybean germplasm Nannnong 10-1 and 06-070583 were used as plant materials
and were obtained from the National Center for Soybean Improvement, China. P. sojae
isolate JS08-12 was obtained from the Key Laboratory of the Monitoring and Management of
Plant Diseases and Insects, Ministry of Agriculture, Nanjing Agricultural University, China.

2.2. Inoculation Method

Thirty seedlings of Nannnong 10-1 and 06-070583 were inoculated with P. sojae via
a slant board assay, as described by Burnham et al. (2003) [19] with a few modifications.
Thirty root-section samples were collected at 12 h after inoculation 5 mm below and above
the lesion margin from each seedling with characteristic lesions. For mock inoculated plants,
sections were taken from the same position as in the inoculated samples. The root samples
were immediately treated with liquid nitrogen and stored at —80 °C in a refrigerator.

2.3. RNA Extraction, Library Construction, and Illumina Sequencing

For miRNA sequencing, the total RNA of 4 samples (501—mock of Nannong 10-1; S02—
JS08-12 treatment of Nannong 10-1; SO3—mock of 06-070583; and S04—]S08-12 treatment of
06-070583) was extracted using TRIzol reagent (Invitrogen, Waltham, MA, USA) according
to the supplier’s manual. One-percent agrose gel electrophoresis was carried out to confirm
the integrity and quality of total RNA. A Nanodrop 2000 spectrophotometer (IMPLEN,
Westlake Village, CA, USA) was used to assess RNA purity and concentration. A Qubit
2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA, USA) were used to measure the concentration
and integrity of the RNA, respectively. The qualified RNA samples were selected for the
construction of the following four small-RNA libraries using the Next Ultra Small RNA
Sample Library Prep Kit for lllumina (NEB, Ipswich, NJ, USA) (Supplementary Figure S1).
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The Illumina HiSeq 2500 (Illumina, CA, USA) platform was employed to sequence the four
small-RNA samples at Biomarker Technology Co. (Shanghai, China).

2.4. Alignment and Mapping of the Small-RNA Sequence Data

The length of the sequence read was set to 50 nucleotides (nt). Raw reads with low
sequencing quality and a length shorter than 18 nt or longer than 30 nt were eliminated to
produce clean data. To identify known non-coding RNAs and repetitive sequences, clean
reads were aligned to ribosome RNA (rRNA) sequences in Silva (http://www.arb-silva.de,
1 Jaunary 2019) [20], transfer RNA (tRNA) sequences in GtRNAdDb (http://lowelab.ucsc.
edu/GtRNAdD, 1 Jaunary 2019) [21], small nuclear RNA (snRNA) and small nucleolar
RNA (snoRNA) sequences in Rfam [22] (http:/ /rfam.xfam.org, 22 Jaunary 2019), and
repetitive sequences in Repbase (http:/ /www.girinst.org/repbase, 30 Jaunary 2019) [23]
using Bowtie software. The clean reads were also aligned to the soybean reference genome
using miRDeep?2 [24,25].

2.5. Identification of Known and Novel miRNAs

The identification of known miRNAs was used to align the clean reads to miRBase
release 22 (http:/ /www.mirbase.org, 1 May 2018) [26]. The identification of novel miRNA
in soybean was performed according to the criteria for plant miRNA annotations [27]. First,
the reads obtained by the sequencing were mapped onto the soybean reference genome
by miRDeep2, and the secondary structure of miRNA precursors was predicted by the
RNAfold program [28].

2.6. microRNA Expression Analysis

The expression of each miRNA was calculated and normalized using the TPM al-
gorithm [29]. DESeq [30] was used to analyze the differentially expressed miRNAs. To
detect the P. sojae-responsive miRNAs of each genotype, differential expression analysis
was performed for the same genotype subjected to JS08-12. The criteria for differential
expression were established as |log2 (foldchange) | 5 1 and FDR < 0.05 (Supplementary
Figures 53-S5).

2.7. Validation of Differentially Expressed microRNA by Quantitative Real-Time PCR

The expression of randomly selected miRNAs was validated by stem-loop RT-PCR.
Total RNA samples were treated with DNase I (Takara, Dalian, China) to remove residual
genomic DNA. RNA was reverse-transcribed to cDNA, and qRT-PCR was carried out using
Mir-X miRNA qRT-PCR SYBR® Kits (Takara, Dalian, China), according to the supplier’s
instructions. The PCR cycling conditions were: 95 °C for 10 s, 40 cycles of 95 °C for
55, and 60 °C for 20 s. All reactions were repeated three times, and snoR1 served as the
internal control. The relative expression level of miRNA was calculated using the 2~#4¢T
method [31].

2.8. Prediction and Confirmation of microRNA Target Genes

The target genes of miRNA were predicted by TargetFinder software [32] with default
parameters. The function and annotation of target genes was carried out using the Blast to
Swiss-Prot (http:/ /www.uniprot.org/ accessed on 1 Jaunary 2019), NCBI non-redundant
protein sequence (Nr) (ftp:/ /ftp.ncbi.nih.gov/blast/db/ accessed on 1 Jaunary 2019),
and Pfam databases (http://pfam.xfam.org/ accessed on 1 Jaunary 2019) [33]. Then,
DPMIND (http://202.195.246.60/ DPMIND/ accessed on 1 Jaunary 2019) [34], which is a
degradome-based plant miRNA-target interaction and network database, provided us with
a comprehensive retrieval and analysis platform to study the miRNAs and their verified
targets in soybean.
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2.9. Functional Annotations of the Predicted Targets of the Differentially Expressed miRNA

Gene Ontology (GO) annotations, the Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analysis, Clusters of Orthologous Groups of proteins (COG), Swiss-Prot,
the Non-Redundant (NR) Protein Database, KOG, and the Pfam database were employed
to investigate the putative biological functions of the target genes and biological processes
possibly regulated by miRNAs in soybean.

3. Results
3.1. Resistance Response of Two Soybean Germplasms to P. sojae

Seven-year-old seedlings of Nannong 10-1 and 06-070583 were inoculated with P. sojae
JS08-12 (virulent formula; 1a, 1b, 1c,1d, 1Kk, 2, 3a, 3b, 3¢, 4, 5, 6, and 7). The phenotypes of
the two lines showed that Nannong 10-1 was a resistant line with 100% living seedlings,
and 06-070583 was a susceptible line with 100% dead seedlings ([18]; Figure 1). The first
response, according to previous research, can occur as early as 12 h after inoculation with
P. sojae [35]. Hence, we chose to compare the roles of miRNA in the defense against P. sojae
between Nannong 10-1 and 06-070583 at 0 h and 12 h post-inoculation.

A

Figure 1. Phenotypes of the two soybean germplasms treated with the P. sojae isolate JS08-12 by
hypocotyl inoculation. (A) Nannong 10-1; (B) 06-070583.

3.2. High-Throughput Sequencing and Small-RNA Data Analysis

In the present study, four small RNA libraries were constructed from the roots of
Nannong 10-1 and 06-070583 seedlings treated with P. sojae JS08-12 for 0 h and 12 h,
respectively (S01: Nannong 10-1 mock; S02: Nannong 10-1 with P. sojae treatment; S03:
06-070583 mock; S04: 06-070583 with P. sojae treatment). Moreover, the four sSRNA libraries
were sequenced by Illumina technology and provided a total of 97,924,844 sRNA raw
reads(Table 1). After low-quality and adapter sequences were removed, 69,325,641 reads
ranging from 18 to 30 nucleotides (nt) were used for further analyses. Then, the known
non-coding RNAs, including rRNA, snRNA, snoRNA, and tRNA, were annotated and
removed. The numbers and proportions of the different types of small RNA are shown in
Table 2.

Table 1. Statistics of SRNA (small RNA) sequences from the four libraries.

Samples Raw Reads LO“I:Quahty Containing ‘N <18 nt Reads >30ntReads Clean Reads  Q30(%)
eads Reads
501 22,082,654 0 9865 1,083,291 6,606,261 14,383,237 92.45
502 22,573,647 0 9143 2,029,533 4,360,662 16,174,309 90.77
503 26,694,260 0 10,648 3,134,974 3,947,560 19,601,078 91.21
504 26,574,283 0 20,491 1,296,545 6,090,230 19,167,017 92.37

501 and S02 represent Nannong 10-1 seedlings treated with P. sojae for 0 h and 12 h, respectively. S03 and
S04 represent 06-070583 seedlings treated with P. sojae for 0 h and 12 h, respectively.
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Table 2. sRNA classification annotation statistics.
Sample Total (%) Genome (%) rRNA (%) snRNA (%)  snoRNA (%) tRNA (%) Repbase (%) Unannotated (%)
501 14,383,237 2,817,311 6,433,872 8672 1619 762,461 99,096 7,077,517
(100.00) (19.59) (44.73) (0.06) (0.01) (5.30) (0.69) (49.21)
S02 16,174,309 1,957,192 10,286,919 8778 1071 435,164 64,788 5,377,589
(100.00) (12.10) (63.60) (0.05) (0.01) (2.69) (0.40) (33.25)
303 19,601,078 4,877,586 8,649,047 11,775 3298 728,214 104,090 10,104,654
(100.00) (24.88) (44.13) (0.06) (0.02) (3.72) (0.53) (51.55)
S04 19,167,017 2,607,881 12,063,854 14,216 1397 511,338 59,459 6,516,753
(100.0) (13.61) (62.94) (0.07) (0.01) (2.67) (0.31) (34.00)
The ratio is equal to the separate reads divided by the total raw reads. S01 and S02 represent Nannong 10-1
seedlings treated with P. sojae for 0 h and 12 h, respectively. S03 and S04 represent 06-070583 seedlings treated
with P. sojae for 0 h and 12 h, respectively.

These unannotated reads were mapped onto the G. max database using miRDeep2 com-
putational software [25]. Figure 2 shows the locations of the mapped reads in different
chromosomes of soybean. As reported in Table 3, 21, 22, and 24 nt were most abundant,
which was consistent with previous studies involving small-RNA-sequencing analyses in
soybean [36-38]. The length distribution between the two cultivars and P. sojae infection
libraries was fairly similar. Small RNAs in the 21 nt and 22 nt classes showed higher
abundance than those of the 24 nt class.
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Figure 2. Mapped reads displayed on different soybean chromosomes. (A) S0O1—Nannong 10-1 mock;
(B) S02—Nannong 10-1 at 12 h post-inoculation (hpi); (C) S03—06-070583 mock; (D) S04—06-070583
at 12 hpi.

Table 3. The number of differentially expressed miRNAs.
Up Down
Type No.
Novel Known Novel Known
S01 vs. S02 149 6 12 69 62
501 vs. S03 788 6 17 416 349
502 vs. S04 541 1 6 247 287
S03 vs. S04 98 39 9 4 46

501 and S02 represent Nannong 10-1 seedlings treated with P. sojae for 0 h and 12 h, respectively. S03 and
S04 represent 06-070583 seedlings treated with P. sojae for 0 h and 12 h, respectively.
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3.3. Identification of Conserved and Novel miRNA

Due to the specificity of dicer enzymes and dicer-like (DCL) enzymes, the final genera-
tion of mature miRNA is mainly concentrated in the 20 nt to 24 nt classes. In this study,
555 new miRNAs and 528 known miRNAs were predicted in the four samples. The length
distributions of the known and new miRNAs identified are shown in Figure 3, vary from
19 to 25 nt, with the majority in the 20-21 nt. Since the AGO protein of the miRNA pathway
preferentially associates 21 nt small RNAs starting with a 5’ uridine, so a strong bias in the
identification and cutting of precursor miRNA at the 5 end of the first base pair of U. The
typical miRNA base proportion was obtained by analyzing the base preference of miRNA.
For the first base preference of the 5" end and the base preference of the mature sequences
of the total miRNAs, see Figure 3b,c.
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Figure 3. Characterizations of known and novel soybean miRNAs. (A) Size distribution of mature
miRNAs, including known and novel miRNAs. (B) Distribution of the first nucleotide of known and
novel miRNAs. (C) Distribution of nucleotide bias at each position of known and novel miRNAs.

3.4. Identification of Differentially Expressed miRNAs upon P. sojae Infection

To detect the effect of P. sojae on G. max miRNA expression, we performed a differential
expression analysis between the libraries with and without P. sojae treatment. All miRNAs
with more than one normalized read were analyzed by fold changes and FDR. Differential
miRNA expression was considered to be indicted by an FDR lower than 0.01 and a fold
change higher than two. A total of 74 conserved miRNAs (belonging to 34 families) and
75 novel miRNAs significantly changed in response to P. sojae in Nannong 10-1 (Figure 4
and Table S1). Among them, there were 18 upregulated and 131 downregulated miRNAs.
For the upregulated miRNAs, 12 conserved miRNAs (gma-miR1535a, gma-miR166m,
gma-miR171c-3p, gma-miR171c-5p, gma-miR171n, gma-miR1710-3p, gma-miR171p, gma-
miR171q, gma-miR319f, gma-miR4374a, gma-miR5037c, and gma-miR862a), belonging
to seven families, and 6 novel miRNAs were identified. Sixty-two conserved miRNAs
(belonging to 30 families) and sixty-nine novel miRNAs were downregulated in P. sojae-
treated tissues of Nannong 10-1.

We also analyzed the differentially expressed miRNAs between 06-070583 with and
without P. sojae treatment. Fifty-five conserved miRNAs and forty-three novel miRNAs
were altered between the two samples (Table S2). Nine conserved miRNAs and thirty-nine
novel miRNAs were upregulated in P. sojae-treated G. max roots; forty-six conserved
miRNAs (belonging to 13 families) and four novel miRNAs were downregulated in
P. sojae-treated G. max roots.
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149 98

Figure 4. Venn diagram illustrating specific Phytophthora sojae-responsive miRNAs in Nannong 10-1
(S01—Nannong 10-1 mock; S02—Nannong 10-1 at 12 hpi) and 06-070583 (S03—06-070583 mock;
504—06-070583 at 12 hpi).

3.5. Validation of Sequencing Data by Stem-Loop gRT-PCR

To confirm the expression of the identified miRNAs and detect the dynamic responses
to P. sojae infection, 11 significantly expressed miRNA families were selected for stem-loop
gRT-PCR to validate their expression patterns in resistant and susceptible plants, and
the results coincided with the RNA-seq data, proving their validity. Ten miRNAs were
downregulated in the resistant cultivar Nannong10-1, and one microRNA was upregulated
in the susceptible line 06-070583 post P. sojae inoculation (Table 4).

Table 4. Real-time RT-PCR analysis of P. sojae-responsive miRNAs.

Fold Change )
miRNA Germplasm Consistency
RNA-seq (log,FC) RT-PCR (2-24CH)
gma-miR1508a Nannong 10-1 —0.98 —3.49 Y
gma-miR1508c Nannong 10-1 —0.95 —0.12 Y
gma-miR1510a-5p Nannong 10-1 —-1.19 —0.32 Y
gma-miR396b-5p Nannong 10-1 —0.80 —0.47 Y
gma-miR396¢ Nannong 10-1 —0.80 -0.47 Y
gma-miR396k-5p Nannong 10-1 —0.80 —0.47 Y
gma-miR4413b Nannong 10-1 -1.19 —0.76 Y
gma-miR482a-3p Nannong 10-1 —0.67 -0.39 Y
gma-miR5374-5p Nannong 10-1 —-0.72 —0.10 Y
gma-miR5376 Nannong 10-1 —0.83 —0.63 Y
gma-miR1535b 06-070583 0.78 1.33 Y

Y: consistency of results between RT-PCR and RNA sequencing.

3.6. Target-Gene Prediction and Functional Annotations of the Predicted Targets of P.
sojae-Responsive miRNAs in Resistant and Susceptible Soybean Germplasms

In total, 1484 target genes were predicted for 585 microRNAs (Table S3). The division
of known and novel microRNAs resulted in 356 known miRNAs with 957 targeted genes
and 229 novel miRNAs with 587 predicted target genes. Among the 1484 target genes,
1443 were annotated (Table S4). The numbers of annotated miRNA target genes in the
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different samples are shown in Table S5. The GO annotation showed that these target

genes could participate in various cellular processes, such as “defense response”, “the
protein phosphorylation”, and “the regulation of transcrip-

oxidation-reduction process”,
tion of DNA-template” (Figure 5). Based on the results of TOPGO, the two most basic
“cellular component” categories were “nucleus” and “integral component of membrane”;
in “biological process”, the top two categories were “the regulation of transcription, DNA-
template” and “defense response”; and in “molecular function”, the top two categories
were “DNA binding” and “ATP binding” in the resistant cultivar. Additionally TOPGO
showed that the basic “biological processes” included “metabolic processes”, “cellular
processes”, and “biological regulation”, whereas the “molecular processes” included “bind-
ing” and “catalytic activity” and the cellular components included “cells”, “cell parts”,
and “organelles”(Figure 6). Meanwhile, 21 KEGG pathways were classified in the resistant
cultivar Nannong 10-1, and 10 KEGG pathways in the susceptible line 06-070583, and the
”, “plant hormone signal transduction”,

7

most common pathways were “zeatin biosynthesis
”, “nucleotide excision repair”, and “phenyl-

“ribosome”, “cyanoamino acid metabolism”,
propanoid biosynthesis”, which are shown below. We also found several pathways related

VZaw7i

7

particularly to disease response (Figure 7) [39,40].
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Figure 5. GO analysis of miRNA target genes identified in S01 vs. S02 (A) and S03 vs. S04 (B). The
digits on the left y-axis and right y-axis indicate the percentage and enrichment of miRNA targets,
respectively. Only the target genes identified for miRNAs by RNA sequencing were considered.



Agronomy 2022, 12, 2922

9of 15

Plant-pathogen

Natural kil ler cell mediated eytotonicity

aucion | < 55 |

COG Function Classification of Consensus Sequence
COG Function Classification of Consensus Sequence gl

‘‘‘‘‘‘‘

eeeee 5
,,,,,, .
nnnnnnnnnn "
J I mmmmmmmmmmmmmmm I
o [T] | [

Function Class

Frequency
Frequency

DU ][]

Function Class

Figure 6. COG annotation classification of differentially expressed miRNA target genes.
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Figure 7. KEGG classification of differentially expressed targets of miRNAs. The labels on the y-axis
provide the names of the metabolic pathways, and the digits on the x-axis are the numbers of genes
annotated for this pathway and the proportion of the total number of annotated genes.

3.7. Regulatory Networks of Leguminous-Specific miRNA Targets

Here, we noted that some leguminous-specific miRNAs, including gma-miR1508a/c,
gma-miR1509a/b, and gma-miR1510a/b, were downregulated in the resistant cultivar Nan-
nong 10-1 treated with P. sojae strain JS08-12 (see Supplementary Figure S2). Thus, we used
DPMIND software to ascertain the network between the above miRNAs and their targets
according to published degradome data. Strong evidence showed that Glyma. 15G017000.1
was the target gene of gma-miR1508a, the homologous gene to AT1G52190.1 in Arabidopsis
thaliana, which encodes major facilitator superfamily proteins (Figure 8). gma-miR1510b-3p
has several target genes (Figure 9): Glyma. 13G194900.1 (homologous to AT5G36930.2
in Arabidopsis thaliana); Glyma. 15G232400.1 and Glyma. 15G232400.2 (homologous to
AT5G41540.1); Glyma. 04G219600.1 (homologous to AT5G36930.2); Glyma. 12G163000.1
(homologous to AT1G31540.1); Glyma. 19G055000.1 (homologous to AT5G36930.2); Glyma.
19G055000.2 (homologous to AT5G48770.1); Glyma. 19G055000.3 (homologous to AT5G17680.1);
Glyma. 19G055000.4 (homologous to AT5G36930.2); Glyma. 19G055000.5 (homologous to
AT5G36930.2); and Glyma. 19G055000.6 (homologous to AT5G36930.2). All the abovemen-
tioned genes encode disease-resistance family proteins (TIR-NBS-LRR class). These pre-
dicted target genes may play key roles in the soybean—P. sojae interaction. gma-miR1509a/b
had three predicted target genes: Glyma. 04G195800.1, Glyma. 14G075600.1, and Glyma.
14G076300.1; there was particularly strong evidence for Glyma. 04G195800.1 (Figure 10).
However, it is regrettable that there were no annotations for these genes.
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Glyma.09G171200.1

amamigsora Ghma00a175200.1
gmaminseria Ghma09c2se500.1
gma-miR1508a
Glyma 09G175000.1 gma-miRy5080° Glyma 09G256600.1
Glyma. 16G165400-T gma-miR1508¢ Glyma. 12G118300.1
Giyma 16616280077 Clyaa.16G139800.1
Glyma.15G017000.1
Gyma teaiéfioo 1 oymaligataseoo2
Glyma.16G162000.1 Glyma. 1661398003

Glyma 166160700.1

Figure 8. Degradome-based gma-miR1508a/b/c-target interactions and network. Note: we used
DPMIND software (http://cbi.njau.edu.cn/DPMIND/network.php?race_id=3847, 1 January 2022) to
obtain the network. Note: blue circles indicate miRNA, red circles indicate targets, red lines indicate
strong evidence, blue lines indicate weak evidence.

Glyma 13G194900.1
Glyma 156232600 6 Glyma 156232400 1
Glyma 156232600 5 Glyma 156232400 2
Glyma 1562326004 Glyma 04G219600.1
Glyma. 1562326003 Glyma 12G163000.1

Gma-R1610-35

Glyma. 15G232600.2- Glyma 19G055000.1

Glyma. 15G232600.1 Glyria,19G055000.2

Glyma 19Gg65000 6 Glyma 19G055000 3

Glyma 190550005 Glyma 19G055000 4

Figure 9. Degradome-based gma-miR1510b-5p /3p—target interactions and network. Note: we used
DPMIND software (http://cbinjau.edu.cn/DPMIND /network.php?race_id=3847, 1 January 2022) to
obtain the network. Note: blue circles indicate miRNA, red circles indicate targets, red lines indicate
strong evidence, blue lines indicate weak evidence.

Glyma.04G195800.1

gma-miR1509b gma-miR1509a Glyma.14G075600.1

Glyma:14G6076300.1

Figure 10. Degradome-based gma-miR1509-target interactions and network. Note: we used DP-
MIND software (http://cbinjau.edu.cn/DPMIND /network.php?race_id=3847, 1 January 2022) to
obtain the network. Note: blue circles indicate miRNA, red circles indicate targets, red lines indicate
strong evidence, blue lines indicate weak evidence.
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4. Discussion

Although many conserved and legume-specific miRNAs have been identified in
soybean using high-throughput sequencing and bioinformatic analysis [36,41-43], fewer
studies have been published on microRNAs and their role in the interactions between
soybean and oomycetes [9,10,44,45]. When we inoculated the resistant line Nannong 10-1
(containing the Rps]S gene) and the susceptible line 06-070583 with P. sojae JS08-12 (virulent
formula; 1a, 1b, 1c, 1d, 1k, 2, 3a, 3b, 3¢, 4, 5, 6 and 7) and analyzed them, we obtained
1083 known and putatively new microRNAs [18]. Upon further analysis, we obtained
74 known miRNAs and 75 novel miRNAs that were presumably involved in Nannong 10-
1 responses to P. sojae, as well as 55 known and 43 novel miRNAs that were likely involved
in the response of the susceptible line 06-070583 to P. sojae before and after infection.
Subsequently, we predicted the target genes of these microRNAs. Finally, we focused on
the legume-specific miRNAs gma-miR1508, gma-miR1509, and gma-miR1510 and used the
published degradome data to analyze the resistance-related genes.

When investigating resistance-related genes, researchers focus on resistance (R) pro-
teins, which lead to effector-triggered immunity (ETI) in plant cells upon the detection
of pathogen effectors [46]. Most R proteins contain nucleotide-binding (NB) and protein-
binding leucine-rich repeat (LRR) domains. An examination of these NB-LRR proteins
shows the presence of either a TIR (Toll interleukin 1 receptor) or CC (coiled coil) domain,
which detect and recognize biotic effectors, i.e., fungi, oomycetes, bacteria, and viruses,
to stimulate the plant defense system [46,47]. Remarkably, other 22 nt miRNAs targeting
the NBS-LRR class of R genes have been found to be abundant and diverse in legumes
and Solanum species [48,49]. For example, secondary siRNAs are produced via RDR6 and
DCL4 by miR482, miR2109, and miR1507, which perform a silencing effect [50,51]. Hence,
to target and regulate the rapidly evolving R genes, diversifying the secondary siRNAs
is, in all probability, the most effective way to maximize their response [47]. Additional
examples of these 22 nt miRNAs include: miR2118 (the passenger strand of soybean
miR482), which targets the conserved P-loop motif of TIR-NBS-LRR; miR2109, which tar-
gets the TIR-1 motif of TIR-NBS-LRR; and miR1507, which targets the kinase-2 motif of
CC-NBS-LRR [50]. In another experiment, two miRNAs (miR2109 and miR1507) were
produced when soybean was infected with active P. sojae, but not when it was infected
with heat-inactivated P. sojae, hinting at these miRNAs” possible role in ETI; the up- and
downregulation of these miRNAs proved this hypothesis to be true [15]. To confirm this
phenomenon, when pathogen effectors suppressed RNAi, the upregulation of miRNA
targets (which, in this case, were the R genes) provided an abundance of R proteins to fight
the pathogen [49]. Hence, our identification of the targeted genes gma-miR1508a (Figure 8)
and gma-miR1510b-3p (Figure 9) through degradome analysis proved the involvement
of said microRNAs in the defense against P. sojae. A previous study [15] showed that
GmTNL16, encoding NBS-LRR-type proteins, was targeted by gma-miR1510; overexpressed
GmTNL16 and silenced gma-miR1510 could improve the resistance to P. sojae in soybean
hairy roots. Furthermore, JA- and SA-pathway-related genes, including JAZ, COI1, TGA,
and PR genes, responded to P. sojae treatment.

microRNA are important regulators of plant hormone signals. ABA is a key plant
hormone that plays an important role under multiple stress conditions by mediating the ex-
pression of stress-related genes and inducing stomatal closure, acting as the basic responder
to environmental changes [52,53]. Several key genes in the microRNA biogenesis pathway,
including HYL1, DCL1, HENT1, SE, and HASTY, were impaired with ABA-hypersensitive
mutants during germination [54,55], suggesting that microRNAs are involved in ABA sig-
naling. Moreover, miRNA159a was proven to be involved in ABA signal transduction [56].
The downregulation of gma-miR159d in cyanoamino acid metabolism was observed in
the differential expression analysis of the resistant cultivar Nannong 10-1 during our data
mining study. This suggested that gma-miR159d is suppressed when attacked by P. sojae,
which in turn kick starts ABA production.
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Many growth-related pathways, such as leaf and root architecture and vascular de-
velopment, are modulated by a hormone named auxin, which is positively regulated by
TIR (transport inhibitor response 1), as it promotes Aux/IAA proteins through ubiqui-
tination. miR393 targets TIR, hence controlling auxin production. An increased level of
miR393 would downregulate auxin signals and reduce plant growth. In the resistant culti-
var Nannong 10-1, the downregulation of TIR1, which was targeted by gma-miR393 family
members, strongly suggested the downregulation of ubiquitin mediated proteolysis, in-
hibiting cellular development and plant growth (Supplementary Figure S6a). The alternate
responsive expression pattern suggested the instigation of a wide range of regulatory
mechanisms by the miR393 family (Table S1).

gma-miR172k and gma-miR172f are inhibited in the resistant cultivar Nannong 10-1,
and the target genes maybe regulate the ABF signals (Table S1). This suggested a positive
correlation with stomatal closure upon P. sojae attack. When we investigated the susceptible
line, a novel microRNA was found to be responsible for the downregulation of PP2C,
suggesting an innate immunity signal in susceptible soybean (Supplementary Figure S6b).

We know that miR396a overexpression leads to a lowered stomatal density in Ara-
bidopsis, proving to be an important factor in stress responses [52,57]. miR166 is crucial
for cell development, as it regulates the class-3 homeodomain-leucine zipper transcription
factors, which partially control lateral root development, auxiliary meristem initiation, and
leaf polarity [11,53-55]. Both of these microRNAs were downregulated in the resistant line
upon P. sojae attack, suggesting innate stress response activation (Supplementary Table S1).

Cyanide, a nitrogen-rich compound that is effectively toxic to mammals, is naturally
produced in plants, algae, fungi, and bacteria. The processing of cyanide is achieved
through cyanogenesis, whereby cyanide is degraded and nitrogen is released, which is then
used in growth. Cyanogenesis in a wide range of plants constitutes a chemical defense sys-
tem against herbivores and pathogens [56,58]. The cyanoamino acid metabolism pathway;,
involving six novel microRNAs downregulated in the resistant cultivar and upregulated
in the susceptible line, showed a negative correlation with pathogen-responsive genes
in the Nannong 10-1 cultivar (Supplementary Figure S7a,b). These microRNAs showed
the same pattern in starch and sucrose metabolism along with phenylpropanoid biosyn-
thesis (Supplementary Figure S8a,b), suggesting the wide range of deactivated pathways
controlled by these six novel microRNAs.

Furthermore, the downregulation of MKK1/2 by a novel microRNA was observed
in the KEGG analysis, suggesting that through the downregulation of MKK1/2 as part
of the plant—pathogen interaction, the signal was interrupted to deactivate pathogen-
responsive genes and WRKY33, which in turn controls the oomycete defense-related genes
(Supplementary Figure S9a,b).

5. Conclusions

Our results revealed the basic structure of microRNAs involved in plant metabolism
under P. sojae attack and provided the functional annotation of eight novel microRNAs
involved in soybean metabolism. Based on these findings, we could conclude that miRNAs
are not just regulators but are key players in defense against P. sojae. This could be a
breakthrough for understanding new aspects of plant defense mechanisms, as this draft
could provide a framework for function identification of miRNAs and the development of
new methods for improving P. sojae resistance in soybean.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /agronomy12122922 /51, Table S1: Differentially expressed miRNAs
in Nannong 10-1 in response to P. sojae, Table S2: Differentially expressed miRNAs in 06-070583 in
response to P. sojae, Table S3: miRNA target gene information, Table S4: Differential expression
of miRNA target gene annotation, Table S5: Samples of different miRNA target gene annotation
results, Figure S1: sRNA flowchart of sequencing information analysis, Figure S2: Homologue
species of miRNA families found in different plants, Figure S3: RPKM and TPM distribution of
four libraries along with their Pearson correlation, Figure S4: Correlation plot between the different
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samples, Figure S5: Differentially expressed miRNA volcano map, Figure S6a-b: Plant-hormone
signaling pathway in S01 vs. S02 along with their DEGs, Figure S7: Cyanoamino acid metabolism
showing the downregulated DEGs in S01 vs. S02 and S03 vs. S04, Figure S8: KEGG pathway of
phenylpropanoid biosynthesis for differentially expressed miRNA target genes in S01 vs. S02 and
S03 vs. S04, Figure S9: Plant-pathogen interaction pathway in S01 vs. S02 and S03 vs. S04.
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