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Abstract: Soybean cyst nematode (SCN) causes heavy losses to soybean yield. In order to investigate
the roles of soybean miRNAs during the early stages of infection (1 and 5 dpi), 24 small RNA libraries
were constructed from SCN resistant cultivar Huipizhi (HPZ) and the susceptible Williams 82 (W82)
cultivar for high-throughput sequencing. By sequencing the small RNA libraries, a total of 634 known
miRNAs were identified, and 252 novel miRNNAs were predicted. Altogether, 14 known miRNAs
belonging to 13 families, and 26 novel miRNAs were differentially expressed and may respond
to SCN infection in HPZ and W82. Similar expression results were also confirmed by qRT-PCR.
Further analysis of the biological processes that these potential target genes of differentially expressed
miRNAs regulate found that they may be strongly related to plant-pathogen interactions. Overall,
soybean miRNAs experience profound changes in early stages of SCN infection in both HPZ and
W82. The findings of this study can provide insight into miRNAome changes in both HPZ and W82
at the early stages of infection, and may provide a stepping stone for future SCN management.
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1. Introduction

Soybean [Glycine max (L.) Merr.] is rich in oils and proteins, which are in high demand all over the
world. Soybean yield is negatively impacted by several soybean pathogens, such as soybean mosaic
virus, Pseudomonas syringae, Phytophthora sojae, Phakopsora pachyrhizi, and Heterodera glycines [1]. Among
these, Heterodera glycines, also known as soybean cyst nematode (SCN), causes heavy losses in soybean
production of over 120 million USD in China [2] and 1.2 billion USD in the United States [3], making
it the most damaging soybean pest worldwide. Therefore, how to restrict the soybean yield losses
caused by SCN is a worldwide problem wherever soybean is grown.

To date, SCN is primarily managed by the use of resistant cultivars. In North America, the
Peking and PI88788 cultivars have been the predominant resistant sources [4]. Although soybean
cultivars conferring resistance to SCN can limit production losses, they can also cause virulence shifts
in SCN populations, resulting in SCN with the ability to reproduce on resistant cultivars [5]. Thus,
understanding the mechanisms behind soybean-SCN interactions is key in preventing soybean damage
from SCN. Although great advances have been made in terms of resistant genes in the form of the
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serine hydroxymethyltransferase gene (SHMT) and quantitative trait loci (QTL) for SCN resistance,
such as Resistance to Heterodera glycines 1 (Rhg1) and Rhg4 [4,6], little is known about the role of soybean
microRNA in the soybean-SCN interaction

MicroRNAs are typically endogenous small non-coding RNAs of 20 to 24 nucleotides (nt) in length,
which play a crucial role in negatively regulating post-transcriptional gene expression levels [7-9]. These
small yet impactful plant miRNAs play an important role in orchestrating various biological processes,
such as development [10], responses to environmental stress [11], transduction of phytohormone
signals [12], and defenses against plant pathogens [13].

In plants, miRNAs originate from MIRNA loci, and their biogenesis is an intricate process. Briefly,
a MIRNA gene is transcripted into single-strand RNAs by RNA polymerase II (pol II) to form a
double-strand RNA hairpin structure, known as pri-miRNA. Then, the pri-miRNA is sequentially
cleaved into an 80 to 200 nt unstable stem-loop intermediate called the miRNA precursor or pre-miRNA
by RNase III endoribonuclease Dicer-like 1(DCL 1) enzyme. The pre-miRNA is then directly processed
to a miRNA/miRNA* duplex by DCL 1 in the nucleus [7,14,15]. The duplex is exported to the cytoplasm
by HASTY, the orthologue of exportin 5. In the cytoplasm, as the miRNA* degrades rapidly, the duplex
is separated, and the mature miRNA is incorporated into the ARGONAUTE 1 protein (AGO 1) to form
an RNA-INDUCED SILENCING COMPLEX (RISC) [14-16]. The AGO1-bound miRNA hybridizes
with the target messenger RNA (mRNA) via sequence complementarity, causing degradation or
translation inhibition of the corresponding target mRNA [9]. Despite the notable number of MIRNA
loci in plants, only about 1% of all protein coding genes are targeted by given miRNAs [17]. Plants
are at risk of attack from numerous pathogens in the natural environment. To survive, they have
evolved a corresponding immune system, involving miRNAs, against these pathogen infections.
For example, miR393 is involved in the interaction between Arabidopsis and bacterial pathogens
through pathogen-associated molecular patterns (PAMPs). This miR393 targets the TIR1, AFB2,
and AFB3F F-box family genes, resulting in suppressed auxin signaling and limited Pseudomonas
syringae growth [18]. In addition, upon bacterial infection, Arabidopsis miR167 and 160, which target
auxin-related genes, are induced [19]. In Brassica, bra-miR1885 responds to Turnip mosaic virus (TMV)
infection and targets a toll/interleukin-1, nucleotide-binding site leucine-rich repeat (TIR-NB-LRR)
disease resistant gene [20]. miR159 and miR166 have been reported as key components in repressing
Verticillium dahlia damage in cotton [21]. Furthermore, Arabidopsis miR159abc mutants were discovered
to have lower susceptibility to Meloidogyne incognita [22]. Besides their roles in the interactions between
plants and pathogens, miRNAs also act as regulators of symbiotic plant-microbe interactions. For
instance, in the interaction between Medicago truncatula and rhizobia, miR169 regulates the expression
of MtHAP2-1, which is a key transcriptional factor (TF) in nodule development [23].

As miRNAs play an important role in the plant defense system, current research has focused
on the response and function of miRNAs in soybean-SCN interactions. The advancement in deep
sequencing technologies, and the rapid growth of bioinformatics, has provided opportunities to gain
deeper insights into miRNA regulation of soybean-SCN interactions. Li et al. sequenced four small
RNA libraries from cultivars that were resistant and susceptible to SCN race 3, and found that 101
miRNAs were SCN responsive and that 20 miRNAs differed in their expression pattern between
resistant and susceptible cultivars [24]. Xu et al. used two sister lines that were resistant and susceptible
to SCN race 4 to investigate the responses of miRNAs to infection, and showed that 34 miRNA were
expressed differentially in the two lines, and that seven miRNAs were differentially expressed after
SCN infection [25]. Tian et al. reported that a total of 60 miRNAs belonging to 25 families might be
related to cultivar-specific responses to SCN [26].

Despite these studies that have investigated how soybean miRNAs respond to SCN infection and
contributed to our understanding of the role of miRNAs in responding to SCN invasion, the responses
of miRNAs in the early stages of SCN infection remain unknown, due to the fact that early stages
are essential for SCN to successfully reach the vascular tissue of their host root where SCN establish
an initial feeding site and absorb enough nutrients to reach their reproductive stage. Therefore, the
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changes in soybean miRNA responses to SCN in the early stages of infection need to be investigated,
and it will be valuable to have a detailed understanding of soybean-SCN interactions at the miRNA
level, due to the fact that soybean miRNAs play a key role in soybean disease defenses [27]. Here,
we sequenced 24 miRNA libraries from an elite resistant soybean cultivar (Huipizhi) that confers
resistance to diverse SCN races (race 1, 3, 4, 5, 7, and 14) [28] and from a susceptible cultivar (Williams
82) at 1 and 5 dpi of SCN infection.

2. Results

2.1. HPZ Was Highly Resistant to SCN During the Early Stages of Infection/HPZ Represses the Development
of SCN and Syncytium

The HPZ soybean cultivar has a broad resistant spectrum to several SCN races (race 1, 3,4, 5, 7,
and 14) [28]. To investigate the infection and development of SCN (race 3) in the roots of the HPZ and
W82 cultivars during the early stages of infection (1 and 5 dpi), we inoculated each HPZ and W82
seedling with 2000 SCN ]2s, and the infection rate and development state were recorded at 1 and 5 dpi.
There were no significant differences in the total number of SCN juveniles in the roots of HPZ and W82
at 1 dpi (Figure 1A—C). However, nearly 50% of SCN juveniles in W82 had developed to the swollen
stage at 5 dpi, compared to only 10 % in HPZ (Figure 1D-F). The fact that development of SCN was
delayed in HPZ may be related to the establishment and development of syncytium. Therefore, we
also measured the size of syncytium that SCN induced in the roots of HPZ and W82 at 5 dpi. The
average syncytium size in W82 was 0.028 mm?, which was 1.5 times greater than the HPZ average
(0.019 mm?) at 5 dpi (Figure 2), and this difference was significant (p < 0.05). This result also suggests
that resistant soybean cultivars do not impact the penetration of SCN, but that they instead degenerate
and restrict the formation and development of syncytia using multiple mechanisms in the early stages
of soybean-SCN interactions [29-31].
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Figure 1. SCN (soybean cyst nematode) juveniles; infection rate and development state assay in HPZ
and W82. Each soybean seedling was inoculated with 2000 second-stage SCN juveniles, and the
infection rate was assayed at 1 dpi in W82 and HPZ (A-C), A: second-stage SCN juveniles infected the
root of W82, bar = 500 um, B: second-stage SCN juveniles infected the root of HPZ, bar = 500 um, C:
total number of second-stage SCN juveniles infected the root of W82 and HPZ, values are the mean of
the number of SCN, bar, standard error. The development state was assayed at 5 dpi (D-F), D: SCN
juveniles developed into the swollen stage in W82, bar =200 um, (E) the development of SCN juveniles
was delayed in HPZ, bar = 200 um, (F) total number of SCN different state juveniles in W82 and HPZ
at 5 dpi, values are the mean of the number of SCN, bar, standard error. Pictures of SCN juveniles
in the soybean root were taken by an OLYMPUS DP80 light microscope (Olympus, Tokyo, Japan).
Nematode infection and development data were checked for normality with the Kolmogorov-Smirnov
or Shapiro-Wilk test, then the t-test method was used to analyze these above data with SPSS software.
Each soybean cultivar contained 10 replicates, ns: not significant, p < 0.05, p < 0.01 means a significant
difference was found between each comparison.
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Figure 2. Histological observation of syncytium size in HPZ and W82 at 5 dpi. (A) uninfected W82 root,
bar = 100 um, (B) SCN-infected W82 root, the syncytium induced by SCN was labeled with “S”, bar =
50 um, (C) uninfected HPZ root, bar = 100 um, (D) SCN-infected HPZ root, the syncytium induced
by SCN was labeled with “S”, bar = 50 um, (E) average size of syncytium in W82 and HPZ values
are the mean syncytium size, bar, standard error. Pictures of syncytia were taken by an OLYMPUS
DP80 light microscope (Olympus, Japan), and the size of the syncytia was measured with Cellsens
standard software. Syncytium size data were checked for normality with the Kolmogorov—-Smirnov or
Shapiro-Wilk test, then the t-test method was used to analyze these above data with SPSS software.

Size values of the five syncytia were used for t-test, p < 0.05 means a significant difference was found
between W82 and HPZ.

2.2. Small RNA Sequenced from the 24 Libraries Constructed from HPZ and W82 Roots

Despite HPZ conferring strong resistance to SCN in the early stages of SCN parasitism, until
now the changes and roles of miRNAs during this important stage remain to be elicited. Toward this
goal, we constructed 24 small RNA libraries to sequence using an Illumina novaseq6000 platform,
and a workflow diagram of library construction is shown in Figure 3. These 24 libraries provided a
total of 1,020,975,683 sRNA raw reads, and the Q30 of all the libraries was >94%. After data quality
control, a total of 643,468,338 sSRNA clean reads were obtained, and each library contained a minimum
of 19,622,055 clean reads (Table 1). Then, these clean reads were used for sSRNA annotation and no

less than 17.07% of the clean reads in each sample were using to detect known and novel miRNAs
(Material S1).
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Figure 3. The workflow of the construction of 24 small libraries. In total, 1 mL 0.1% water-agar mixture

containing approximately 2000 SCN ]2s (second stage juveniles) or water-agar mixture alone as the

treatment or control, respectively, were added to the root system of soybean seedlings. Three soybean

seedlings were pooled as one sample, each sample contained three biological replicates, and these

samples were collected at 1 and 5 dpi, respectively. In total, 24 samples used for small RNA libraries

construction were prepared, namely, 24 samples = 2 (treatments) X 2 (time-points) X 2 (cultivars) x 3

(biological replicates).

Table 1. The raw reads and clean reads obtained in 24 small RNA libraries.

Sequence ID Raw Reads Clean Reads Q30 (%)
WIC_1 27,715,234 20,070,645 96.82
Wi1C_2 27,484,434 21,474,884 96.78
Wi1C_3 26,580,279 20,491,433 94.98
WIN_1 30,925,791 19,880,712 96.79
WIN_2 31,646,226 22,819,271 95.36
WIN_3 42,045,429 23,714,940 97.49
HI1C_1 48,930,291 33,148,086 94.54
H1C_2 43,635,613 19,622,055 94.57
H1C_3 58,984,552 31,856,657 94.94
HIN_1 55,931,293 36,612,046 96.78
HIN_2 44,159,489 28,178,164 96.89
HIN_3 44,233,050 27,250,451 96.87
W5C_1 47,456,852 32,505,320 96.94
W5C_2 46,321,364 21,402,542 96.90
W5C_3 37,909,448 23,830,730 96.84
W5N_1 39,218,867 20,669,157 94.60
W5N_2 51,829,668 38,402,767 94.18
W5N_3 51,434,403 34,331,810 94.77
H5C_1 43,331,598 32,478,323 94.71
H5C_2 46,365,046 35,279,570 94.27
H5C_3 50,242,257 32,787,129 94.90
H5N_1 33,241,813 25,374,292 96.39
H5N_2 42,384,481 20,954,527 96.90
H5N_3 48,968,205 20,332,827 96.97

Total reads 1,020,975,683 643,468,338




Int. J. Mol. Sci. 2019, 20, 5634 6 of 22

2.3. Identification of Known and Novel miRNAs

To detect known miRNAs, the remaining unannotated reads were compared with the soybean
reference genome (Glycine max.Wm82.a2.v1) [32] and miRbase (v22) [33]. In total, 634 known miRNAs
were identified and 252 novel miRNAs were predicted across all 24 libraries (Table 2). Several
legume-specific known miRNAs were identified in soybean in all libraries, including gma-miR10186a
(10186b, 10186d, 10186f), gma-miR10187, and gma-miR10193, which were all weakly expressed in both
HPZ and W82 regardless of whether plants were infected with SCN at 1 and 5 dpi. Contrastingly,
gma-miR10440, gma-miR1508a (1508b, 1508c), and gma-miR1510a (1510b) had high expression levels in
all libraries. Conserved miRNAs, such as gma-miR166, gma-miR171k, gma-miR396b-5p, gma-miR398d,
and gma-miR482b, were also highly abundant in all libraries, while gma-miR390b-3p and gma-miR393a
(393b) were weakly expressed in all libraries. Novel_miR224, novel_miR128, and novel_miR76 were
highly abundant in all libraries (Material S2). Perhaps these highly expressed miRNAs play important
roles in regulating basic biological processes at 1 and 5 dpi in both HPZ and W82, and miRNAs with
low expression levels may have a contrary position in this period.

Table 2. Known miRNA identified and novel miRNA predicted in 24 small RNA libraries.

Sequence ID Known-miRNAs Novel-miRNAs Total
WI1C_1 481 230 711
WI1C_2 489 232 721
WI1C_3 521 242 763
WIN_1 471 214 685
WIN_2 475 227 702
WIN_3 494 213 707
Hi1C_1 547 243 790
H1C_2 514 241 755
H1C_3 552 242 794
HIN_1 540 245 785
HIN_2 508 238 746
HIN_3 512 235 747
W5C_1 552 240 792
W5C_2 495 238 733
W5C_3 525 249 774
W5N_1 502 239 741
W5N_2 541 249 790
W5N_3 555 249 804
H5C_1 536 244 780
H5C_2 529 247 776
H5C_3 534 248 782
H5N_1 519 232 751
H5N_2 517 240 757
H5N_3 507 244 751

Total 634 252 886

The identification of known miRNAs by comparing with soybean reference genome (Glycine max.Wm82.a2.v1) and
known miRNAs from miRbase (v22); miRDeep2 was used for novel miRNA prediction.

2.4. Analysis of Differences in miRNA Expression Between HPZ and W82

To identify miRNAs responsive to SCN infection in both HPZ and W82 at the early stages of
infection (1 and 5 dpi), miRNA differential expression (DE) profiling was completed between control
groups (W1C, W5C, H1C, H5C) and SCN-treated groups (W1N, W5N, HIN, H5N) at different time
points (1 and 5 dpi) in both HPZ and W82.

A total of 14 known miRNAs belonging to 13 families, and 26 novel miRNAs were differentially
expressed in the 24 libraries (Material S3). Eleven miRNAs were differentially expressed between
the susceptible cultivar W82 control library and the SCN-treated library at 1 dpi, while only three
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miRNAs (gma-miR3522, gma-miR408a-3p, and novel_miR_178) were upregulated at 5 dpi. Between
the HPZ control library and the HPZ SCN-treated library, seven miRNAs were up- or downregulated
at 1 dpi, and only three novel miRNAs (novel_miR_106, novel_miR_13, and novel_miR_34) were
upregulated. We also conducted DE miRNAs analysis of the same cultivar infected by SCN at different
time points in order to identify the soybean miRNAs that changed with SCN development. Eight
miRNAs were downregulated in W5N compared to W1N, including conserved miRNAs, such as
gma-miR408a, gam-miR171, gma-miR159, and gma-miR398d, while three miRNAs were upregulated,
including gma-miR5037c and novel_miR_190. Six miRNAs were upregulated in H5N compared to
HI1N, including gma-miR5225, while three miRNAs were downregulated, such as miR171b-5p. To find
the miRNAs that were differentially expressed between the resistant cultivar HPZ and the susceptible
cultivar W82, we compared the SCN-infected libraries of the two cultivars. We found that three
miRNAs were upregulated (novel_miR95, novel _miR190, and novel_miR136), and seven miRNAs
were downregulated, including gma-miR408a, novel_miR120, and novel_miR214, in WIN compared
to HIN. Nine miRNAs were downregulated and no miRNAs were upregulated in W5N compared to
H5N (Table 3 and Material S3). After DE analysis of miRNAs in all DE sets, a hierarchical clustering
analysis was performed on all DE miRNAs using TBtools software [34] based on the value of log10
(TPM1e-6). miRNAs with the same or similar expression behaviors were clustered. As shown in
Figure 4, gma-408a seemed to respond strongly to SCN infection in the W82 susceptible cultivar at 1
and 5 dpi, whereas gma-4994-5p responded to SCN infection in the HPZ resistant cultivar at 1 and
5 dpi. We could deduce that gam-398d, gma-159a-5p, and novel_miR_34 responded to SCN infection
and were highly expressed (Figure 4).
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Figure 4. Hierarchical clustering analysis of all the differentially expressed miRNAs. The differentially
expressed miRNAs were analyzed by hierarchical clustering base on log10 (TPM + 10~°) values of
miRNAs, and the miRNAs with the same or similar expression pattern were clustered. The columns
represent different samples and rows represent different miRNAs, clustered with values, with red
representing high miRNA expression and blue representing low miRNA expression.
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To validate the sequencing data and our DE analysis of miRNAs, we conducted gRT-PCR using
the same 24 RNA samples. In each DE set, three differentially expressed miRNAs found in silico were
randomly selected for qRT-PCR experiments. The results of the qRT-PCR showed that the expressions
of most of the miRNAs (19 of 24 selected miRNAs) agreed with the sequencing result. For instance,
gam-miR408a-5p expression was 4.1 times higher in W1N compared to W1C according to the NGS
result (Material S4), and qRT-PCR found that its expression was 6.1 times higher (Figure 5). The same
consistent expression patterns could be found for other comparisons, like gma-miR3522 expression
between H1C and HIN, and gma-miR398d expression between W5N and H5N (Material S4 and

Figure 5).

WI1C vs WIN HI1C vs HIN
mm NGS mm NGS
gma-miR408a-5p N GRT-PCR novel_miR_63 = RT-PCR
gma-miR4415a-3p novel_miR_237
novel_miR_42 gma-miR3522
T T T T 1 T T T T 1
-2 0 2 4 6 8 3002 - 0 1 2
W5C vs W5N = NGS HSC vs HSN
. mm NGS
g o s qRT-PCR " "
gma-miR408a-3p novel_miR_34 = gRT-PCR
novel_miR_178 novel_miR_13
gma-miR3522 novel_miR_106
1 T T T 1 T T 1
05 00 05 1.0 15 2.0 0.5 00 0.5 1.0 15
WIN vs WSN St s HIN vs HSN s
gma-miR408a-5p WG RTECR novel_miR_13 mm: qRT-ECR
gma-miR159a-5p gma-miR5225
gma-miR5037¢ gma-miR171b-5p
T T T T T T T 1
-6 4 -2 0 2 -l 0 1 2 3
WIN vs HIN - NGS W5N vs H5N = NGS
novel_miR_120 W qRIPCR novel_miR_105 M QRI-ECR.
novel_miR_142 gma-miR398d
novel_miR_200 gma-miR862b
T T T

-6

T T T T 1
-25 20 -1.5 -10 05 0.0

Figure 5. qRT-PCR validates the expression pattern of selected miRNAs in high-throughput sequencing.
Three miRNAs in each comparison were randomly selected for qRT-PCR validation, X axis stands for
relative expression of miRNAs, NGS, the expression pattern of miRNAs obtained in high-throughput
sequencing, qRT-PCR, and the miRNA expression pattern of miRNAs validated by qRT-PCR.
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Table 3. The number of differentially expressed miRNAs in each comparison.

DE Set Total DE miRNA Upregulated Downregulated
WIC_1_WI1C_2_WI1C_3 vs WIN_1_WIN_2_WIN_3 11 9 2
H1C_1_H1C 2 HIC 3vs HIN_1 HIN_2 HIN_3 7 2 5
W5C_1_W5C_2_W5C_3 vs W5N_1_W5N_2_W5N_3 3 3 0
H5C_1_H5C_2_H5C_3 vs H5N_1_H5N_2_H5N_3 3 3 0
WIN_1_WIN_2_WIN_3 vs W5N_1_W5N_2_W5N_3 11 3 8
HIN_1_HIN_2 HIN_3vs H5N_1_H5N_2 H5N_3 9 6 3
WIN_1_WIN_2 WIN_3 vs HIN_1_HIN_2 _HIN_3 10 3 7
W5N_1_W5N_2_W5N_3 vs H5N_1_H5N_2_H5N_3 9 0 9

miRNA differential expression analysis was conducted by DESeq2 (1.10.1), miRNA with [log2(FC)| > 1.00; FDR
(False Discovery Rate) < 0.01 found by DESeq2 were assigned as differentially expressed.

2.5. Target Prediction and Function Annotation

miRNAs exert their regulatory roles by interaction with transcripts of their target genes. In this
way, miRNAs regulate diverse biological processes within the plant. To understand the biological
changes that miRNAs regulate in soybean in response to SCN infection in both HPZ and W82,
we used TargetFinder (v1.6) to predict the potential target genes of the identified DE miRNAs. A
total of 8487 potential target genes were predicted (Material S4), before they were annotated by the
Blast to the NR, Swiss-Prot, GO, KEGG, and Pfam databases. We noticed that the target genes of
DE miRNAs were strongly linked to plant defense processes in both W82 and HPZ. For example,
gma-miR408a regulated several genes that function as xylanase inhibitors, protein tyrosine kinases,
and ubiquitin-conjugating enzymes, and gma-miR159a regulated genes with GAMYB domains or
NB-ARC domains, which program cell death and pathogen responses. In addition, gma-miR398d
regulated genes with copper/zinc superoxide dismutase (SODC) functions, gma-miR862b regulated
genes encoding serine hydroxymethyltransferase, which is a key gene in Rhg loci, and gma-miR4415
was predicted to regulate several multicopper oxidase genes. Several novel miRNAs were predicted
to regulate signal transduction- and phytohormone-related genes. For instance, novel_miR_106
regulated genes related to K+ potassium transporters, novel_miR_13 regulated genes with leucine-rich
repeat domains, novel_miR_34 regulated genes encoding auxin response factors, and novel_miR_178
regulated genes with AP2 ethylene-responsive transcription factor domains (Material S4). These
miRNAs may play essential roles in the interactions between SCN and both the HPZ resistant cultivar
and the susceptible W82 cultivar (Table 4 and Material S4).

In order to gain insight into the biological processes that are influenced by the SCN infection in
both HPZ and W82, we conducted KOG, GO, and KEGG pathway classification for the biological
processes influenced by these potential target genes using a BMK cloud analysis platform. As expected,
we found that signal transduction mechanisms, carbohydrate transport, metabolism, and defense
mechanisms occurred very frequently in KOG classification (Figure 6). In GO classification, immune
system processes and responses to stimulus detoxification were found at high percentages in biological
processes. Antioxidant activity, nutrient reservoir activity, and signal transducer activity occurred
frequently in the molecular function (Figure 7). In KEGG pathway classification, 4.58% of genes were
involved in plant-pathogen interaction in the organism systems, 5.30% of genes participated in amino
acid biosynthesis, 4.03% were involved in starch and sucrose metabolism, and 3.54% played roles in
phenylpropanoid biosynthesis (Figure 8).
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Table 4. Function annotation of the potential target genes of differentially expressed miRNAs.

DE Set miRNA Target Gene Function Annotation
gma-miR408a-5p  Glyma.04G248700.Wm82.a2.v1 Xylanase inhibitor N-terminal
gma-miR408a-5p  Glyma.06G114200.Wm82.a2.v1 Xylanase inhibitor N-terminal
gma-miR408a-5p  Glyma.07G103400.Wm82.a2.v1 Protein tyrosine kinase
gma-miR408a-5p  Glyma.09G174000.Wm82.a2.v1 Protein tyrosine kinase
gma-miR408a-5p  Glyma.10G282000.Wm82.a2.v1 Ubiquitin-conjugating enzyme

WIC vs gma-miR408a-5p  Glyma.20G107300.Wm82.a2.v1 Ubiquitin-conjugating enzyme

WIN gma-miR4415a-3p  Glyma.13G076900.Wm82.a2.v1 Multicopper oxidase
gma-miR4415a-3p  Glyma.14G041300.Wm82.a2.v1 Multicopper oxidase
gma-miR4415a-3p  Glyma.20G051700.Wm82.a2.v1 Multicopper oxidase
gma-miR4415a-3p  Glyma.20G051900.Wm82.a2.v1 Multicopper oxidase
gma-miR4415a-3p  Glyma.20G051600.Wm82.a2.v1 Multicopper oxidase
gma-miR4415a-3p  Glyma.20G051700.Wm82.a2.v1 Multicopper oxidase
gma-miR4415a-3p  Glyma.20G051900.Wm82.a2.v1 Multicopper oxidase

novel_miR_63 Glyma.05G145000.Wm82.a2.v1 ABC transporter
novel_miR_63 Glyma.08G101500.Wm82.a2.v1 ABC transporter
novel_miR_63 Glyma.08G149300.Wm82.a2.v1 Glycosyl hydrolases family 28
novel_miR_63 Glyma.10G231100.Wm82.a2.v1 Glycosyl hydrolases family 28
novel_miR_63 Glyma.15G269400.Wm82.a2.v1 Glycosyl hydrolases family 28
novel_miR_237 Glyma.05G145000.Wm82.a2.v1 ABC transporter
novel_miR_237 Glyma.08G101500.Wm82.a2.v1 ABC transporter

HIC vs novel_miR_237  Glyma.08G149300.Wm82.a2.v1 Glycosyl hydrolases family 28

HIN novel_miR_237  Glyma.10G231100.Wm82.a2.v1 Glycosyl hydrolases family 28

novel_miR_237  Glyma.15G269400.Wm§82.a2.v1 Glycosyl hydrolases family 28
gma-miR3522 Glyma.04G121700.Wm82.a2.v1 Polyphenol oxidase middle domain
gma-miR3522 Glyma.07G193300.Wm82.a2.v1 Polyphenol oxidase middle domain
gma-miR3522 Glyma.07G193500.Wm82.a2.v1 Polyphenol oxidase middle domain
gma-miR3522 Glyma.13G183200.Wm82.a2.v1 Polyphenol oxidase middle domain
gma-miR3522 Glyma.15G071200.Wm82.a2.v1 Polyphenol oxidase middle domain
gma-miR3522 Glyma.05G167100.Wm82.a2.v1 Neprosin activation peptide
gma-miR3522 Glyma.08G125400.Wm82.a2.v1 Neprosin activation peptide
gma-miR408a-3p  Glyma.02G231600.Wm82.a2.v1 Multicopper oxidase
gma-miR408a-3p  Glyma.02G261600.Wm82.a2.v1 Multicopper oxidase
gma-miR408a-3p  Glyma.11G164000.Wm82.a2.v1 Multicopper oxidase
gma-miR408a-3p  Glyma.11G233400.Wm82.a2.v1 Multicopper oxidase
gma-miR408a-3p  Glyma.14G056100.Wm82.a2.v1 Multicopper oxidase

W5C vs gma-miR408a-3p  Glyma.14G198900.Wm82.a2.v1 Multicopper oxidase

W5N gma-miR408a-3p  Glyma.18G023600.Wm82.a2.v1 Multicopper oxidase
gma-miR408a-3p  Glyma.18G057200.Wm82.a2.v1 Multicopper oxidase
gma-miR408a-3p  Glyma.03G189800.Wm82.a2.v1 Leucine Rich repeats
gma-miR408a-3p  Glyma.06G142500.Wm82.a2.v1 Leucine Rich repeats
gma-miR408a-3p  Glyma.19G190200.Wm82.a2.v1 Leucine rich repeat

novel_miR_178 Glyma.04G103900.Wm82.a2.v1 AP2 domain

novel_ miR_178  Glyma.20G224000.Wm82.a2.v1 Myb-like DNA-binding domain
novel_miR_106  Glyma.01G031500.Wm82.a2.v1 Aldehyde dehydrogenase family
novel_miR_106  Glyma.02G034000.Wm§82.a2.v1 Aldehyde dehydrogenase family
novel_miR_106 Glyma.16G168700.Wm82.a2.v1 Leucine rich repeat
novel_miR_106 Glyma.15G245900.Wm82.a2.v1 Leucine rich repeat

H5C vs novel_miR_106 Glyma.17G250800.Wm82.a2.v1 Leucine rich repeat

H5N novel_miR_106  Glyma.09G184300.Wm§82.a2.v1 Serine hydroxymethyltransferase

novel_miR_34
novel_miR_34
novel_miR_34
novel_miR_34

Glyma.01G031800.Wm82.a2.v1
Glyma.02G033600.Wm82.a2.v1
Glyma.04G200600.Wm82.a2.v1
Glyma.06G164900.Wm82.a2.v1

K+ potassium transporter
K+ potassium transporter
Auxin response factor
Auxin response factor
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DE Set miRNA Target Gene Function Annotation
gma-miR159a-5p  Glyma.01G183300.Wm82.a2.v1 NB-ARC domain
gma-miR15%9a-5p  Glyma.15G230900.Wm82.a2.v1 NB-ARC domain
gma-miR15%a-5p  Glyma.06G134200.Wm82.a2.v1 Protein kinase domain
gma-miR159a-5p  Glyma.06G258300.Wm82.a2.v1 Protein kinase domain

gma-miR5037c¢  Glyma.01G005400.Wm82.a2.v1 Phosphofructokinase
gma-miR5037c¢  Glyma.04G139400.Wm82.a2.v1 Plant calmodulin-binding domain
WIN vs gma-miR5037c Glyma.20G154800.Wm82.a2.v1 GMC oxidoreductase
W5N gma-miR5037¢ Glyma.U040400.Wm82.a2.v1 GMC oxidoreductase
gma-miR5037c  Glyma.08G275900.Wm82.a2.v1 mTERF
gma-miR5037c Glyma.08G306000.Wm82.a2.v1 mTERF
gma-miR5225 Glyma.15G252700.Wm82.a2.v1 Protein tyrosine kinase
gma-miR5225 Glyma.19G130400.Wm82.a2.v1 VQ motif
novel_miR_13 Glyma.05G232000.Wm82.a2.v1 Leucine rich repeat
novel_miR_13 Glyma.08G039400.Wm82.a2.v1 Leucine rich repeat
novel_miR_13 Glyma.07G103400.Wm82.a2.v1 Protein tyrosine kinase
novel_miR_120 Glyma.01G181900.Wm82.a2.v1 Cytochrome P450
novel_miR_120 Glyma.09G279100.Wm82.a2.v1 Cytochrome P450
novel_ miR_142  Glyma.04G135400.Wm82.a2.v1 Myb-like DNA-binding domain
WI1N vs novel_miR_142 Glyma.18G159300.Wm82.a2.v1 Leucine rich repeat
HIN novel_miR_200 Glyma.20G046100.Wm82.a2.v1 NB-ARC domain
novel_miR_ 200  Glyma.20G046200.Wm§82.a2.v1 NB-ARC domain
novel_ miR_200  Glyma.01G112600.Wm82.a2.v1 Multicopper oxidase
novel_miR_200 Glyma.07G133900.Wm82.a2.v1 Multicopper oxidase
gma-miR398d Glyma.05G055000.Wm82.a2.vl  Copper/zinc superoxide dismutase (SODC)
gma-miR398d Glyma.11G236800.Wm82.a2.v1 Multicopper oxidase
gma-miR862b Glyma.01G062400.Wm82.a2.v1 Copper amine oxidase
gma-miR862b Glyma.01G063700.Wm82.a2.v1 SBP domain
gma-miR862b Glyma.02G121300.Wm82.a2.v1 SBP domain
gma-miR862b Glyma.04G254300.Wm82.a2.v1 Serine hydroxymethyltransferase

W5N vs gma-miR862b Glyma.06G107800.Wm82.a2.v1 Serine hydroxymethyltransferase

H5N gma-miR862b Glyma.10G036700.Wm82.a2.v1 AP2 domain
gma-miR862b Glyma.13G123100.Wm82.a2.v1 AP2 domain
gma-miR862b Glyma.11G166300.Wm82.a2.v1 Glutaredoxin
gma-miR862b Glyma.11G232300.Wm82.a2.v1 Glutaredoxin

novel_miR_105
novel_miR_105
novel_miR_105

Glyma.01G043300.Wm82.a2.v1
Glyma.13G365600.Wm82.a2.v1
Glyma.15G007600.Wm82.a2.v1

WRKY DNA -binding domain
Glycosyl hydrolases family 17
Glycosyl hydrolases family 17

The potential target genes of the miRNAs were predicted using TargetFinder (v1.6), and these predicted target genes
were then annotated by Blast to the NR, Swiss-Prot, GO, KEGG, and Pfam databases.
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Figure 8. KEGG pathway classification of target genes of differentially expressed miRNAs. The left Y
axis is the name of the KEGG metabolic pathway, the right Y axis is the biological process that these
genes participated, and the X axis is the number and the percentage of target genes.
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3. Discussion

Plant miRNAs play an active role in regulating diverse biological processes, including responses
to biotic and abiotic stresses, and many recent studies have provided evidences of this. Jiang et al.
found that miR482b negatively impacted tomato resistance to Phytophthora infestans, with plants
overexpressing miR482b displaying more serious disease symptoms [35]. Dai and coworkers proved
that OsmiR396 negatively impacted rice resistance to brown planthoppers [36], and Ding et al. found
that overexpression of miR160 could increase the sensitivity of cotton to high temperature stress [37].
Plant miRNAs also strongly respond to parasitism by plant parasitic nematodes. In Arabidopsis, Hewezi
and coworkers studied the relationship between Arabidopsis miRNAs and parasitism by the beet cyst
nematode (Heterodera schachtii) by sequencing the miRNA libraries constructed from the syncytia
formed in Arabidopsis roots using LCM (laser capture microdissection) technology. Their results
identified the miRNAs that were differentially expressed compared to control roots, and syncytia
were predicted to regulate genes coding for transcription factors that regulate hormonal responses,
cellular specialization, or cell expansion [38]. Several miRNAome sequencing experiments have since
been conducted to investigate how plant miRNAs change when the plant is infected by parasitic
nematodes, including studies on Arabidopsis infected with the root knot nematode M. javanica [39],
Arabidopsis infected with M. incognita [22], tomato infected with the potato cyst nematode Globodera
rostochiensis [40], and tomato infected with M. incognita [41]. Soybean cyst nematodes are one of the
most devastating pathogens of soybean, casing heavy losses to soybean production worldwide [2,3].
To understand the function of miRNAs displayed during soybean SCN infection, three miRNAome
changes experiments were conducted by SCN researchers. Li et al. investigated the miRNAs involved
in infection by SCN race 3 using a resistant cultivar (HB) and a susceptible cultivar (L10). They found
that 101 miRNAs were SCN responsive and that 20 miRNAs differed in their expression patterns
between resistant and susceptible cultivars. Xu and coworkers sequenced miRNAome changes between
soybean roots infected with SCN race 4 and control roots from resistant and susceptible cultivars.
Their results showed that seven miRNAs were differentially expressed after SCN infection [25]. These
previous studies provide us with new insight into how miRNAs respond to SCN infection; however,
due to these studies lacking biological replicates, there may be some bias caused by different expression
analysis methods. Recently, Tian et al. used two soybean cultivars (SCN susceptible K54607 and SCN
HG Type 7 resistant KS4313N) that were grown under SCN-infested and non-infested soil at two
different time points (SCN feeding establishment and egg production). In their study, each treatment
contained three replicates, and they identified 60 miRNAs that were specifically related to different
resistant cultivars when infected by SCN [26]. To understand the miRNA changes at the early stages of
infection, in our present study, we constructed 24 small libraries from W82 control plants, W82 plants
infected by SCN, HPZ control plants, and HPZ plants infected by SCN at the early stages of SCN
infection (1 and 5 dpi; namely W1C, WIN, H1C, HIN, W5C, W5N, H5C, and H5N, the workflow is
shown in Figure 3). Each treatment consisted of three replicates in order to achieve high confidence
in our high-throughput sequencing results because of the different expressions of miRNAs among
each replicate, as shown in Supplementary Materials S2 and S3. Using the Illumina Novaseq6000, we
obtained a total of 643,468,338 sSRNA clean reads after removing the low-quality reads and adapters,
which is greater than the 13,835,079 clean reads obtained in Xu et al. [25], the 44,515,792 reads reported
in Li et al. [24], and the 58,628,603 reads in Tian et al. [26].

In this study, owing to the large number of reads obtained by Illumina Novaseq6000, a total of 634
known miRNAs were identified and 252 novel miRNAs were predicted. The most important aspect of
high-throughput sequencing of miRNA changes is different expression analysis. We normalized the
expression level of each miRNA using TPM, and used DEseq?2 software to find miRNAs that were
differentially expressed by setting the [log2(FC)| > 1.00; FDR (False Discovery Rate) < 0.01. We found
14 known miRNAs belonging to 13 families, and 26 novel miRNAs were differentially expressed in
these 24 libraries (Supplementary Material S3). Our results differed greatly from those of other studies
in terms of the number of DE miRNAs or families of miRNAs. This may be due to the specific soybean
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cultivars used for sequencing, the time points at which we collected the samples, and the software used
for analysis [24-26]. In this study, there were more DE miRNAs in the susceptible soybean cultivar
and the resistant cultivar at 1 dpi compared to 5 dpi. No miRNAs were downregulated, but only
three miRNAs we found to be differentially expressed in comparison between W5C and W5N and
between H5C and H5N, and the fold-changes of all DE miRNAs at 5 dpi were less than 1.5 (Table 3
and Material 54). This is an interesting phenomenon in our sequencing results, and our qRT-PCR
confirmed the expressions of most of the DE miRNAs between W5C and W5N and between H5C and
H5N (Figure 7). The fact that more miRNAs were differentially expressed in both HPZ and W82 at
1 dpi compared to 5 dpi could be explained by extensive tuning of the host’s response to nematode
infection [42]. Koter et al. reported a sharp increase in host miRNA synthesis in the first days after
nematode infection in tomato [40]. However, studies have shown that more miRNAs are upregulated
in the late stages of nematode infection in soybean [26] and in Arabidopsis [38]. We considered that
these differences may come from the type of plant, specific nematode, and the time points measured in
these studies. Therefore, differences between sequencing experiments are a normal phenomenon.

miRNAs exert control by influencing the expressions of target genes. In order to further understand
which genes of soybean cultivar HPZ and W82 were regulated by miRNAs during soybean root SCN
infection, we used TargetFinder (v1.6) to predict the potential target genes of the identified DE miRNAs.
The legume-specific gma-miR3522, which was upregulated in W82 at 1 and 5 dpi and in HPZ at 1
dpi, was predicted to negatively control several genes encoding polyphenol oxidase (Material S4),
which enhances the resistance of tomato to Pseudomonas syringae [43]. Of the other legume-specific
miRNAs, gma-miR5037c was upregulated in W5N compared to W1N, and targets genes encoding GMC
oxidoreductase, which is reportedly involved in the biocontrol activities of several plant pathogenic
fungi [44]. gma-miR5225 was differentially expressed in the HIN vs. H5N comparison, and targets
genes coding for protein tyrosine kinase, which plays essential roles in plant disease resistance, stress
responses, and cell death in Arabidopsis [44]. Little is known about the function of these legume-specific
miRNAs in soybean, and their roles remain to be elucidated, especially in terms of how they impact
the interactions between soybean and SCN.

The function of conserved miRNA is relatively well understood, as they are highly conserved
in function and structure. In our study, conserved miRNA gma-miR408a was found to respond to
SCN infection in W82 at 1 and 5 dpi, and in HPZ at 1 dpi. On the other hand, Tian et al. found
that gma-miR408a only responded to SCN infection in a susceptible cultivar [26]. The potential
target genes of gma-miR408a encode multicopper oxidase, which contributes to plant resistance to
several plant pathogens [45]. Furthermore, gma-miR159a and gma-miR398d were both differentially
expressed in the comparison between W1N and W5N. gma-miR159 was reported to play a role in plant
resistance to P. syringae and regulates the GAMYB transcript factor [46,47], while gma-miR398d targets
genes coding for copper/zinc superoxide dismutase (SODC), which participates in plant responses
to heat stress and barley powdery mildew fungus [48,49]. Downregulation of gma-miR398 induces
the plant to produce superoxide dismutase 1 (CSD1) and superoxide dismutase 2 (CSD2), which
improve tolerance to oxidative stress in Arabidopsis [50]. In our study, 252 novel miRNAs were
predicted, and different expression analysis showed that several novel miRNAs were differentially
expressed between W82 and HPZ, indicating that they may play important roles in responding to
SCN infection. For example, novel_miR_178 was upregulated in W5N compared to W5C, which
targets AP2/ EREBP (APETALA2/ethylene-responsive element binding protein) transcripts. It has
been reported that overexpression for AP2/EREBP enhanced resistance to Phytophthora parasitica in
tobacco [51]. Novel_miR_106 was upregulated in HSN compared to H5C, which targets several genes
coding for leucine-rich repeat domains. This domain belongs to typical resistant genes (R gene), which
play a positive role in inhibiting the invasion of plant pathogens [52]. The target genes of the DE
miRNAs in every comparison mentioned above appear to be potential soybean miRNA candidates
that are responsive to SCN infection in both HPZ and W82 in the early stages of infection.
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In present study, we conducted KOG, GO, and KEGG pathway classification of these predicted
target genes to gain insight into which soybean biological processes were altered by SCN infection.
We found that the immune system, stimulus detoxification, plant—pathogen interaction, and
phenylpropanoid biosynthesis occupied a high percentage in the KOG, GO, and KEGG pathway
classifications. These terms were highly related to plant defense, for example, the phenylpropanoid
biosynthesis term was reported to be involved in plant resistance to disease [53]. Further, nutrient
reservoir activity, signal transducer activity, biosynthesis of amino acids, and starch and sucrose
metabolism also constituted high percentages in these classifications, indicating that the soybean
metabolism was dramatically altered in response to SCN invasion. As Siddique and Grundler reviewed,
in nematode feeding sites, nutrients like amino acids experience profound changes, and sucrose and
starch are increased during nematode development [54]. These metabolic changes to the target genes
of the DE miRNAs may increase our understanding of the response of both HPZ and W82 to SCN.

As has been mentioned in this paper, several experiments were conducted to understand host
plant miRNAome changes during the plant parasitism by nematodes. These studies focused on the
miRNAome changes caused by CN (cyst nematode, Heterodera spp.) [24-26,40] and RKN (root knot
nematode, Meloidogyne spp.) [22,38,39,41]. To date, the function of miR159, miR172, and miR319 in the
interaction between plants and plant parasitic nematodes are the few miRNA functions that have been
deeply elucidated [22,55,56], and many questions remain surrounding the roles of miRNAs in plant
parasitism by nematodes. For instance, cross-kingdom RNA silencing probably also occurs during
interactions between plants and plant parasitic nematodes [57]. In other plant species, recent studied
have indicated that plant miRNAs can silence the transcripts of plant pathogens that are important
for virulence [21], and that miRNAs from the plant pathogen also can silence genes of their hosts
that are important for immunity [58]. The question remains as to whether soybean miRNAs silence
SCN genes that are important for parasitism. Combining high-throughput sequencing technologies
and novel technologies like short tandem target mimic (STTM), which has already been applied to
investigate the functions of plant endogenous miRNAs in Arabidopsis, soybean, and tomato [35,59,60],
and CRISPR/Cas9, a powerful tool for creating soybean mutants [61], with the large datasets obtained
in miRNAome sequencing studies will allow the concrete roles of specific miRNAs in the interaction
between SCN and soybean to be understood. Then, the regulatory roles of miRNAs can be used
respond to SCN as a powerful, highly efficient strategy to improve the yield and resistance of soybean
to SCN.

4. Materials and Methods

4.1. Soybean, Nematode Population Culture

Glycine max, “Huipizhi” (HPZ) and Williams 82 (W82) were selected as resistant and susceptible
cultivars to SCN race 3, respectively. Soybean seeds were surface sterilized with 1% NaClO for 10 min
and were washed at least five times with sterilized water. Then, the seeds were geminated in PVC
tubes (height X width = 10 x 3 cm) containing equal ratios of sterilized sand and soil in a climatic
chamber (light/dark = 16/8, 23-26 °C, 50% relative humidity). Hoagland’s nutrient solution was added
to soybean seedlings once every three days. The Heterodera glycines (soybean cyst nematode, SCN) race
3 population was propagated on W82 in infested soil in a greenhouse in the Nematode Institute of
Northern China (Shenyang, China). After two months, SCN cysts were extracted from the infested soil
on a 60-mesh sieve (250 um), and harvested cysts were then crushed on an 80-mesh sieve (180 pm).
Eggs were collected on a 500-mesh sieve (25 um), and were further purified using 35% (w/v) sucrose
solution. Eggs were sterilized with 0.1% NaClO for 10 min before being rinsed with sterilized water
several times to remove any traces of NaClO. The sterilized eggs were transferred to a modified
Baermann pan with 3 mM ZnSQO; at 25 °C in the dark for 5 days to allow them to hatch, and the freshly
hatched pre-parasitic second-stage juveniles (J2s) of SCN were then harvested [62,63].
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4.2. Nematode Inoculation, Penetration, Development Evaluation, and Histological Observation

Ten days after soybean seedlings geminated, a hole was dug around the soybean seedlings. One
milliliter of 0.1% water-agar mixture containing approximately 2000 SCN J2s or water-agar mixture
alone as a treatment or control, respectively, were added to the root systems of soybean seedlings, and
these seedlings were grown under the conditions described above. Infections were synchronized by
washing the infected roots at 24 h post-inoculation.

To analyze the penetration and development of SCN in the roots of HPZ and W82, 10 roots of each
cultivar were harvested at 1 and 5 dpi, and were stained using the method reported in Bybd et al. [64].
Then, SCN juveniles were counted using a Nikon SMZ800 stereomicroscope (Nikon, Japan). To observe
the histological changes in HPZ and W82 at 1 and 5 dpi, SCN-infected and non-infected roots of
HPZ and W82 were cut into 1-cm cubes before being put into Carnoy’s fix solution, dehydrated with
gradient ethanol, and embedded in Technovit 7100 (Heraeus Kulzer, Hanau, Germany) according to
the manufacturer’s instructions. Embedded roots were sectioned (3 pm) using a Leica CM1860 UV
microtome (Leica, Wetzlar, Germany) before being stained by 1% toluidine blue (Sigma-Aldrich, St.
Louis, MO, USA). Pictures of the syncytia were taken using an OLYMPUS DP80 light microscope
(Olympus, Tokyo, Japan), and the size of the syncytia was measured using Cellsens standard software.

4.3. Sequencing Sample Preparation

At1and 5 dpi, i.e., the early stages of soybean-SCN interactions for both resistant and susceptible
cultivars, soybean roots were washed with running tape water and cleaned with sterilized water.
Roots were then flash frozen in liquid nitrogen and stored in a —80 °C freezer. Three independent
biological replicates were collected, and each replicate contained the roots of three soybean seedlings.
The sampled roots were as follows: Non-inoculated W82 at 1 dpi (W1C), SCN-inoculated W82 at 1 dpi
(WIN), non-inoculated HPZ at 1 dpi (H1C), and SCN-inoculated HPZ at 1 dpi (HIN). Likewise, the
samples of W5C, W5N, H5C, and, H5N were taken at 5 dpi, giving a total of 24 samples.

4.4. RNA Isolation, Construction of Small RNA Libraries, and Sequencing

MicroRNA was extracted from all 24 samples with an EASYspin plant microRNA extraction
kit (Aidlab biotechnologies Co., Ltd, Beijing, China), according to the manufacturer’s instructions.
The purity, concentration, and integrity of the microRNA samples were tested using an Agilent
Bioanalyzer 2100 (Agilent, Waldbronn, Germany). MicroRNA libraries were constructed using the
NEB Next Multiplex Small RNA Library Prep Kit for Illumina. Then, these microRNA libraries were
sequenced on an Illumina novaseq6000 at Biomarker company (Beijing, China), and 50 single-end
reads were generated. All the raw data were uploaded to SRA (https://dataview.ncbi.nlm.nih.gov/
object/PRINA579002?reviewer=c9ctcl8rfej71udnds502jcn0g).

4.5. Analysis of Sequencing Data, Differential miRNA Expression Profiling, and Target Prediction

For data quality control, raw data (raw reads) in a fastq format were firstly processed through
FastQC. In this step, clean reads were obtained by removing reads containing adapters, reads
containing ploy-N, and low-quality reads. Further, reads were also trimmed and cleaned by removing
the sequences smaller than 18 nt or longer than 30 nt. At the same time, Q30, GC-content, and sequence
duplication levels of the clean data were calculated. All downstream analyses were based on high
quality clean data. To comparatively analyze the 18 to 30 nt unannotated clean reads, Bowtie [65]
was used to filter the clean reads using Silva database, GtRNAdb database, Rfam database, and
Repbase database sequence alignment, and to filter out ribosomal RNAs (rRNA), transfer RNAs
(tRNA), small nuclear RNAs (snRNA), small nucleolar RNAs (snoRNA), and other ncRNAs and
repeats. The remaining reads were used to detect known miRNAs and novel miRNAs, which were
predicted through comparisons with the soybean reference genome (Glycine max.Wm82.a2.v1) [32] and
with known miRNAs from miRbase (v22) [33]. miRDeep2 [66] was used for novel miRNA prediction.
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The expression levels of the miRNAs in each sample were calculated and normalized using the TPM
(transcripts per million) algorithm [67], and the raw counts of miRNAs were used for the analysis
of differential miRNA expression that was conducted by using DESeq2(1.10.1) [68]. miRNAs that
were found to have [log2(FC)| > 1.00; FDR (False Discovery Rate) < 0.01 by DESeq2 were assigned as
differentially expressed. The potential target genes of the miRNAs were predicted using TargetFinder
(v1.6), and these predicted target genes were then annotated by Blast to the NR, Swiss-Prot, GO, KEGG,
and Pfam databases. KOG, GO, and KEGG pathway classification was implemented on the BMK cloud
analysis platform.

4.6. Quantitative Real-Time PCR (qRT-PCR) Analysis to Validate miRNA Expression

To validate the expressions of the miRNAs identified in the sequencing analysis, three miRNAs
with different expression patterns in different treatments were randomly selected for qRT-PCR assays.
miRNA First Strand cDNA Synthesis (Sangon Biotech, Shanghai, China) was used for polyadenylation
and reverse transcription of all miRNAS, according to the manufacturer’s instructions. The MicroRNAs
gPCR Kit (Sangon Biotech, Shanghai) was used for miRNA gPCR with the following steps: 95 °C for
30's, 40 cycles at 95 °C for 5 s, and 60 °C for 30 s. All qRT-PCR experiments were performed on the
CFX Connect Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA). Soybean U6 snRNA
was used as the internal reference gene for the miRNAs, and the data were quantified using the 2744t
method, all the primers used for gRT-PCR were shown in Supplementary Material S5. [69].

4.7. Statistical Analysis

Nematode infection, development, and syncytium size data were checked for normality and
homogeneity of variance using the Kolmogorov—Smirnov or Shapiro-Wilk test. T-tests were then used
to analyze the above data using SPSS software (SPSS Inc., Chicago, IL, USA).

5. Conclusions

SCN is the most damaging pathogen of soybean in terms of yield losses, and control strategies
mainly rely on the few resistant cultivars available. The development of new technologies to study
biological questions, such as high-throughput sequencing, CRISPR/Cas9 gene editing, and other
novel technologies, will provide us with new methods to understanding the mechanisms behind how
soybean responds to SCN infection, which we can use to manage SCN. In this study, we constructed 24
small RNA libraries for high-throughput sequencing, in order to investigate the response of soybean
miRNAs to SCN in both a susceptible cultivar (W82) and a resistant cultivar (HPZ) at the early stages
of infection (1 and 5 dpi). In total, 634 known miRNAs were identified, and 252 novel miRNAs were
predicted. Among these miRNAs, a total of 14 known miRNAs belonging to 13 families and 26 novel
miRNAs may be involved in the response to SCN infection, as they were differentially expressed in
these 24 libraries constructed from HPZ and W82. These miRNAs included legume-specific miRNAs,
conserved miRNAs, and novel predicted miRNAs (for instance, gma-miR3522, gma-miR408a, and
novel_miR_106). Further analysis of the potential target genes of these DE miRNAs found that the
target genes were highly related to plant defense, and that signal transduction, immune system
processes, and nutrient metabolism were responsive to SCN invasion in KOG, GO, and KEGG pathway
analysis. In summary, our findings provide new knowledge of the mechanisms behind soybean-SCN
interaction at the miRNA level, and may act as a stepping stone for controlling the damage caused
by SCN.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/22/
5634/s1. Supplementary Material S1 sSRNA classification. Supplementary Material S2 TPM value of miRNAs.
Supplementary Material S3 all DE miRNAs. Supplementary Material S4 all DEmiRNAs and potential target genes.
Supplementary Material S5 primers used for qRT-PCR.
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