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Abstract  

Systemic acquired resistance (SAR) is an immune response of plants that regulates 
plant hormonal signaling pathways and strengthens the ability of the plant to 
withstand pathogenic microbes. Aboveground application of salicylic acid (SA) to the 
plant can induce SAR and we showed that it mitigates negative effects of the soil 
microbial community on the performance of the plant Jacobaea vulgaris. How SA-
induced resistance affects the expression of functional genes and gene ontology in the 
rhizosphere and how this phenomenon extends over multiple generations is not well 
studied. In this study, a meta-transcriptomics approach was used to characterize gene 
expression profiles of microbial communities in 24 soil samples of SA-treated and 
control plants over 4 generations. 71.6 million reads were used for de-novo assembly 
of the microbial transcriptome, after which a total of 1.3 million unique contigs 
(genes) were identified. Multivariate analysis revealed that the SA treatment, 
generation and the interaction between these two affected the functional genes of the 
rhizosphere microbial communities of J. vulgaris. In general, the effect of the SA 
treatment on microbial gene expression was lowest in the first generation and 
strongest in the fourth generation. Microbes in soil samples of SA-treated and control 
plants showed 1663 differentially expressed genes. In the first generation only two 
genes differed significantly in gene expression between microbes from soils of SA 
treated and control plants while in the fourth generation 361 genes were differentially 
expressed between microbes from soils of SA treated and control plants. None of the 
significantly expressed SA-downregulated genes were present in all four generations, 
while only one SA-upregulated gene was observed in all four generations. Gene 
ontology (GO) analysis showed that soil microbial communities in rhizosphere soil 
of SA-treated plants increased the expression of thirteen GO terms in the second, third 
and fourth generation. These increased GO terms were mostly related to viral RNA 
genome replication, to interactions with host cells, to organelles of the host cells and 
to RNA polymerase activities. There were six GO terms of which the expression 
decreased in the second, third and fourth generation, and these were associated with 
processing nitrogen and macromolecules. Overall, our results show that aboveground 
activation of defenses in the plant affects the expression of functional genes in the soil 
microbial communities belowground. This suggests that plants may recruit functional 
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rhizosphere microbiomes that improve plant health and crop production in 
agriculture.  
 
 
 Keywords  
Meta-transcriptomics, Soil microbial community, Functional genes, Plant-soil 
interactions, Induced resistance, Rhizosphere soil, Salicylic acid  
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Introduction   

Plants can alter the microbiome of the soil in which they grow, and in turn, 
microorganisms can influence plant performance. The rhizosphere microbiome, 
defined as the microbial community established near or on plant roots, can have 
negative, positive and neutral effects on the growth of a host plant (Van Wees et al., 
2008; Raaijmakers, et al., 2009; Berendsen et al., 2012). Microbes such as plant 
growth-promoting bacteria (PGPB) and arbuscular mycorrhizal fungi (AMF) are 
typically characterized as plant beneficial, because of their contribution to plant health 
and nutrient uptake (Jeffries et al., 2003; Compant et al., 2010). In contrast, 
pathogenic microbes typically reduce plant growth and trigger defense mechanisms 
in the plant (Pieterse et al., 2001). However, the overall net effect of soil microbial 
communities on plant growth is often negative (Nijjer et al., 2007; Wardle et al., 
2011). This might be due to e.g. competition between plants and microbes for 
available nutrients or soil pathogens (Berendse, 1994; Callaway et al., 2004; 
Mazzoleni et al., 2015; Cesarano et al., 2017). In response, plants have evolved 
hormone-driven defensive strategies to suppress these pathogenic impacts, such as 
systemic acquired resistance (SAR) and induced systemic resistance (ISR) (Bruce and 
Pickett, 2007; Berendsen et al., 2012; Huang et al., 2014; Ökmen and Doehlemann, 
2014).   

Systemic acquired resistance (SAR) is a distinct transduction pathway, which is 
involved in the biological processes that enhance the plant's immune system and 
defense against microbial pathogens (Reymond and Farmer, 1998; Walters and Heil, 
2007; Pieterse et al., 2014; Haney and Ausubel, 2015). An infection caused by a 
pathogenic microbe can induce SAR, in which plants enhance their immune system 
by expressing genes coding for pathogenic-proteins (PR) in infested and uninfected 
tissues (Kachroo and Robin, 2013; Shah and Zeier, 2013; Gao et al., 2015). Apart 
from local induction by pathogenic microbes, SAR can also be induced by foliar 
sprays of the phytohormone salicylic acid (SA) (Reymond and Farmer, 1998). 
Applying a low concentration of SA directly to leaf tissues results in the activation of 
SA signaling pathways and this has been considered an effective way to activate 
defense signals in many plant species (Reymond and Farmer, 1998; Pozo and Azcón-
Aguilar, 2007; Vlot et al., 2009).  
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In Chapter 2, we showed that the application of SA mitigates the negative effects of 
soil microbes on the growth of J. vulgaris although this effect did not increase further 
in subsequent generations of plant growth. A number of studies have examined the 
expression of functional genes in soil microbial communities. For example, Xue et al. 
(2016) showed that changing the temperature of soil significantly altered the gene 
expression in soil microbial communities and these genes were related to maintaining 
carbon and nitrogen stability in the soil, resulting in higher plant growth. Moreover, 
Castro et al. (2019) recently demonstrated that plants can change the expression of 
functional genes (i.e., carbon metabolic genes) in the soil microbial community in 
response to environmental changes such as drought. Here we hypothesize that 
application of SA to plants can also cause changes in the expression of functional 
genes in the soil microbial community and we hypothesize that the altered gene 
expression is related to the suppression of soil microbial pathogens of plants 
(Maurhofer et al., 1998; Verberne et al., 2000; Tanaka et al., 2015). Moreover, we 
expect, that the gene expression difference in the rhizosphere microbial community 
of control and SA treated plants will increased over generations of plant growth.  

Previously, we analyzed the changes in the composition of the microbial community 
in the rhizosphere soil upon foliar application with SA and showed that the 
composition of rhizosphere bacterial communities differed among four plant 
generations of J. vulgaris and between soils from SA treated and control plants. 
However, the composition differed strongly among generations (Chapter 3). 
Functions of the soil microbial community can be performed by different microbial 
taxa (Burke et al., 2011; Liu et al., 2018; Liu et al., 2020) and hence we expect that 
there is functional redundancy in the soil microbial community and a consistent effect 
of SA application on gene expression in the microbial community.  

In this study we ask the following questions: (1) Does the application of SA on leaves 
of J. vulgaris significantly alter the gene expression of the microbial community in 
the rhizosphere? (2) Does the effect differ between generations or is there an 
interaction between the SA treatment and generation on the gene expression in the 
microbial communities? (3) Which groups of genes or gene ontology pathways in the 
rhizosphere microbiome are influenced by SA-application over generations?   
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 Materials, methods and bioinformatics processing  

The multi-generation growth experiment with J. vulgaris has been described in 
Chapter 3. In short, J. vulgaris plants were grown for four generations on soils 
inoculated with soil from the previous generation from the same treatment with a 
foliar SA application treatment and a control treatment. Each treatment had 10 
replicates. For each treatment, the three successively labeled replicates (No. 1, 2, 3, 
No. 4, 5, 6 and No. 7, 8, 9) were mixed and used as one pooled replicate, Hence, the 
three pooled replicates were used for RNA extraction for each treatment in each 
generation and a total of 24 soil samples were used for RNA extraction (3 replicates 
x 2 treatments x 4 generations). RNAseq was carried out using the Illumina platform.  

Processing of the data included quality control of raw reads (FastQC), data trimming 
(Trimmomatic 0.39), filtering out ribosomal RNAs (SortMeRNA), de novo assembly 
of reads (Trinity), remove duplicates (CD-HIT-EST algorithm), mapping back to the 
transcriptome (Bowtie2). For a detailed description see Chapter 3. Gene ontology 
enrichment was performed using Trinotate and Goseq against the SwissProt, NR 
(non-redundant) and Pfam databases (Bryant et al., 2017; Bateman, 2019; El-Gebali 
et al., 2019).   

Statistical analyses 

Prior to analysis, the raw data were normalized. TMM (trimmed mean of M-values) 
normalization was used for read counts among all 24 samples (Robinson and Oshlack, 
2010). A principal component analysis (PCA) was employed using the normalized 
number of genes to examine the composition of rhizosphere soil samples of SA-
treated and control plants for the four generations. A PERMANOVA test was 
performed using the adonis function (number of permutations = 999) in R within the 
“vegan” package to verify the effects of the SA treatment and time on the 
composition of all expressed genes. To compare similarities among samples of 
treatment SA and control over four generations, a Pearson correlation for pairwise 
sample comparison based on the normalized raw read counts of all replicates in the 
control and SA treatments was performed in R and a heatmap was produced. 
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Differential gene expression (DE) analysis was performed for all possible 
combinations of replicates of sets of 8 samples (2 treatments x 4 generations) with 
EdgeR with raw read counts as input. EdgeR normalizes the data to TMM before 
further processing. After DE analysis in EdgeR, for all differentially expressed genes 
of the 8 samples Volcano plots were made for the contrast between SA-treated and 
control samples per generation. Log2 (FC) values were used as x-variable and -log10 
(FDR) for the y-variable to produce a volcano plot of differentially expressed genes 
between control and SA-treated soil samples per generation. Genes that were 
significantly differentially expressed between SA-treated and control soil samples 
that could be annotated were listed. A clustered heatmap based on Euclidean distances 
(Danielsson, 1980) of gene expression derived from EdgeR per treatment after Z-
scored transformation was generated in R using the package “pheatmap” (Kolde and 
Kolde, 2015).  

To visualize the gene expression changes among different hormonal treatments and 
time categories, an NMDS (nonmetric multidimensional scaling) plot using the Bray-
Curtis index as a measure of dissimilarity was generated using TMM normalized read 
counts. To verify changes in the composition of the 1663 expressed genes due to the 
SA treatment and time effect, a PERMANOVA test was performed using the adonis 
function (number of permutations = 999) in R within the “vegan” package. 

Gene ontology (GO) enrichment was performed with “GoSeq" for each generation 
separately. Gene functional classification was determined for three categories: 
biological processes, cellular components and molecular functions. GO terms 
affiliated to Eukaryotes (e.g. mitochondria) were removed. The rich factor was 
calculated as the number of differentially expressed genes in the ontology divided by 
the number of all genes that were used as a background gene list.  

Results  

Comparing read counts between generations and treatments  

A total of 898,4 million raw sequencing reads were obtained from the 24 
metatranscriptomic libraries. The details of the library size and basic information 
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about read quality were described in Chapter 3. A principal component analysis 
(PCA) using log2 transformed normalized CPM showed that the read counts of 
contigs in the microbial community of rhizosphere soil of the J. vulgaris samples 
among generations were well separated (Fig. 1), this was in line with the permutation 
test (PERMANOVA R2 = 0.22, F = 19.6, df1 = 3, df2 > 999, p < 0.01). In addition, the 
effect of SA application was significant (PERMANOVA R2 = 0.07, F = 6.3, df1 = 1, 
df2 > 999, p < 0.05). Gene expression patterns of SA-treated J. vulgaris and control 
samples were better separated in the third and fourth generation than in the first and 
second generation (Fig. 1). In the correlation matrix for all sample replicates 
generated with PtR (a tool for comparing sample replicates in Trinity) (Fig. 1), 
samples within treatments were positively correlated with each other and also there 
was a positive correlation between samples within generations especially for the first 
generation. The heatmap showed clear clustering of treatments within generations 
except for generation 1. The separation between the SA and the control treatment 
became more distinct over generations (Fig. 2).  

 

 
 
Fig. 1 Scatter plot from a principal component analysis (PCA) of TMM normalized 
CPM representing the overall gene expression patterns of different rhizosphere soil 
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samples of SA-treated and control J. vulgaris plants over generations. Shapes 
represent the treatments and colors represent generations. 

  
Fig. 2 Clustered heatmap visualizing the Pearson correlation matrix for pairwise 
sample comparisons based on TMM normalized read counts per million. The heat 
map shows the correlation in microbial gene expression in all paired replicates 
between rhizosphere soil samples of SA-treated and control J. vulgaris plants over 
four generations. The dendrogram illustrates the relationship-distance between 
samples and is calculated based on a Pearson correlation coefficient. The color key 
represents the z-score of log2 CPM. The legends on the sides represent: Generation 
(1-4), treatment (SA/Control) and replicate number (01-03).  
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Differential gene expression  

In total, 0.36 million genes were detected. Of those genes, 1663 were differentially 
expressed between all possible combinations of replicates of sets of 8 samples (2 
treatments x 4 generations). Hierarchical clustering on CPM for 1663 differentially 
expressed genes was performed to explore the patterns of gene expression of the 
microbial communities between all pairwise combinations of all the samples among 
SA and control treatments over four generations (Fig. 3). Except for the first 
generation, SA and control samples were separated from each other in different 
clusters (Fig. 3). However, among generations, different clusters of genes were 
differentially grouped. Differences were most pronounced between on the one hand, 
the first and second generation, and on the other hand, the third and fourth 
generation.   
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Fig. 3 Heatmap showing 1663 differentially expressed genes (FDR < 0.05 and fold 
change ≥ 2) between all possible combinations of replicates of rhizosphere soil 
samples of SA-treated and control J. vulgaris plants over four generations based on 
TMM normalized CPMs. The color key represents the z-score of log2 CPM. The 
dendrogram on the x-axis illustrates the hierarchal clustering of relationship-distance 
between replicates using TMM normalized log2-transformed CPM. The legend on the 
bottom represents: generation (1-4), treatment (SA/control) and replicate number (01-
03).   

The NMDS plot showed that the 1663 differentially expressed microbial 
genes detected with EdgeR were differentially expressed in the different generations 



Chapter 4 
 

 

120 

   4 

(Fig. 4, PERMANOVA R2 = 0.63, F = 21.8, df1 = 3, df2 = 1662, p < 0.01) and also 
that genes were differently expressed between the SA treatment and the control 
(PERMANOVA R2 = 0.07, F = 7.0, df1 = 1, df2 = 1662, p < 0.01). The effect of the 
SA treatment was not the same in each generation as indicated by the significant 
interaction (PERMANOVA R2 = 0.15, F = 5.2, df1 = 3, df2 = 1662, p < 0.001).  

  

Fig. 4 Multivariate analysis of 1663 differentially expressed microbial genes between 
all replicates in rhizosphere samples from SA-treated and control J. vulgaris plants 
grown in four generations. Shown are sample scores from a nonmetric 
multidimensional scaling (NMDS) plot.  

To identify the numbers of significantly down- or up-regulated genes in the SA 
treatment in each generation in the rhizosphere microbial community, volcano plots 
were made (Fig. 5). In the first generation, no downregulated genes were observed 
and only two upregulated genes were detected (Fig. 5a). This increased to 59 and 76 
in the second, 89 and 26 in the third, and 187 and 174 in the fourth generation, 
respectively (Fig. 5b, c, d). Among all the significant differentially expressed genes, 
no genes were found that were downregulated after SA application in all four 
generations, while only one gene was observed that was upregulated in SA in all four 
generations (Fig. 6). Circa 90% of the genes that were significantly altered by the SA 
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treatment could not be annotated. Among all the annotated genes, only two of the 
significant differentially expressed microbial genes were detected in three generations 
and eight genes were detected in two generations (Fig. 6). Not all the genes could be 
matched with a function in the database. Detailed information of successfully 
annotated genes was listed in Table S1.  

  
 
Fig. 5 Volcano plots of 1663 differentially expressed genes of the microbial 
community in rhizosphere samples of SA-treated and control J. vulgaris plants per 
generation. The x-axes show log2 fold changes of read counts of the genes of the SA 
treatment compared to thecontrol, and the y-axes show the -log10 adjusted for FDR 
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values. SA upregulated genes are presented in purple, and SA downregulated genes 
are displayed in red, while non-significant genes are shown as light grey dots. 1st, 2nd, 
3rd and 4th represent the different generations. The numbers inside each box represent 
the number of significantly up/down-regulated genes. The two vertical dashed lines 
represent the positive or negative log2 fold changes in the number of readcounts in 
the SA treatment compared to the control in the generation when -log10(FDR) is 2 as 
presented by the horizontal dashed lines.  
  

  
 

Fig. 6 Venn diagrams showing the number of shared and unique up and down-
regulated microbial genes over generations in the rhizosphere of J. vulgaris. The 
numbers represent the significantly differently expressed genes from the volcano plot 
(Fig. 5). 1st, 2nd, 3rd and 4th represent the different generations.  

Gene ontology (GO) analysis   

To profile differentially expressed pathways, we performed a gene ontology (GO) 
analysis for the soil samples of SA-treated and control plants for each generation (Fig. 
7, Table S2). No significantly upregulated or downregulated GO terms were observed 
in the first generation (Fig. 7a, 7b). In the second, third and fourth generations, genes 
from classes of the GO categories “biological processes”, “cellular components” and 
“molecular functions” were differentially expressed (Fig. 7a). 13 GO terms were 
upregulated in the SA treatment in three generations, while 18 GO terms were 
upregulated in one or two generations (Fig. 7a). Of the 13 GO terms upregulated in 
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three generations three belonged to the GO category “biological processes”, and these 
GO terms were all related to viral RNA genome replication, seven belonged to the 
GO category “cellular components” and these GO terms were related to interactions 
with host cells and to organelles of the host cells and finally three belonged to the GO 
category “molecular function” and these GO terms were all related to RNA 
polymerase activity.   

Only six GO terms were downregulated in the second, third and fourth generation in 
the rhizosphere of SA treated plants, while 58 GO terms were downregulated in one 
or two generations only (Fig. 7b). The six GO terms downregulated in three 
generations fell all in the GO category “biological processes” and the GO terms were 
related the localization of processes, to nitrogen processing and to processes involving 
macromolecules. None of GO terms involved in cellular components and molecular 
functions were present in these three generations.  

  
  
  
 
 

a 
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Fig. 7 Gene ontology (GO) enrichment analysis of significantly differentially 
expressed genes in the microbial community in the rhizosphere. A bubble chart shows 

b 
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enrichment of differentially expressed GO terms. The Y-axis label lists the GO terms, 
the size of the bubbles represents the rich factor (= amount of differentially expressed 
genes enriched in the ontology/total amount of all genes in the background gene set) 
in different generations. Gene classification of the annotated GO terms was grouped 
in three categories. Colors of the bubbles represent the significance level of 
enrichment as calculated with Goseq. a and b represent up and down-regulated GO 
terms in the SA treatment, respectively. Note: in the first generation, there were no up- 
or down-regulated GO terms.  

Discussion  

In this study, a high-throughput metatranscriptomic sequencing approach was used to 
examine how the aboveground application of SA to the plant impacts the functional 
gene expression of the microbial communities in the rhizosphere over four subsequent 
generations of plant growth. Our study shows that the activation of the SA-associated 
plant defense pathways significantly affected the gene expression of the microbial 
communities in the rhizosphere, but this effect differed over four generations. 
Notably, the numbers of differentially expressed genes increased over generations, 
and there was almost no overlap of in the genes that were significantly expressed in 
the four generations. Moreover, foliar application of SA caused upregulation of genes 
of the microbial community related to GO terms associated to viral RNA genome 
replication, to interactions with host cells, to organelles of the host cells and to RNA 
polymerase activities, while downregulated GO terms of the microbial community 
were associated biosynthetic processes involving nitrogen and metabolic processes. 

Our study shows that application of SA to plants changed the functional gene 
expression in the rhizosphere microbial community. This complements previous 
studies, which report that effects of different abiotic factors alter the expression of 
functional genes in the soil community (Xue et al., 2016; Castro et al., 2019). 
Interestingly, in our study, the highest number of significantly expressed genes was 
recorded in the fourth generation, which suggests that the effect of SA on gene 
expression becomes more pronounced over time. We did not find a selection-effect 
of SA on the rhizosphere bacterial community over multiple generations (results in 
Chapter 3). Hence, we cannot conclude that the increase in the number of significant 
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expressed genes in our study was due to a specific rhizosphere bacterial community 
that became increasingly active.  

Our finding that the expression of functional genes differed strongly among 
generations is in line with the previous findings that different taxonomic groups are 
present in the rhizosphere of SA treated J. vulgaris plants in each generation (Chapter 
3). However, this clearly contrasts our prediction that there will be functional 
redundancy in the microbial community. In the same experiment also plant biomass 
was measured (Chapter 2) and SA treated plants in all generations did better than the 
control plants showing that from the plant’s perspective different microbial taxa with 
different gene expressions in the rhizosphere provided similar functions. Our findings 
are in contrast to studies (e.g. Burke et al., 2011; Liu et al., 2018; Liu et al., 2020) that 
mention that particular functions of the soil microbial community are often 
distributed across multiple microbial taxa and more closely resemble other studies 
that show that environmental changes can cause selection of both different taxa and 
functions in the soil microbial communities (Haggerty and Dinsdale, 2017). It is 
important to note that in our study, in each generation we placed a subset of the 
microbial community in a sterile background. This may have led to selection for 
microbes and consequently different functions in each generation. 

At the gene ontology level, we mapped 13 SA-upregulated and six SA-downregulated 
GO terms that were expressed in the second, third and fourth generation. The 
proportion of significantly expressed GO terms was high, compared to the proportion 
of significantly expressed genes. This is because most of the functional genes in this 
study could not be annotated, while at the ontology level more reads were matched 
with a function. As the taxa significantly selected by SA differed strongly from 
generation to generation, it is notable that there we detected many significant GO 
terms that were found in multiple generations.   

Our results show that activating SA resistance in the plant drives gene expression in 
the rhizosphere microbiome. However, whether SA application to the plant 
suppressed soil pathogenic microbes remains unproven in our study. SA induced 
resistance is often reported to play an important role in resistance to a broad range of 
microbial pathogens, such as bacteria, fungi and viruses (Murphy et al., 1999; 
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Gilliland et al., 2003; Mayers et al., 2005; Kundu et al., 2011; Li et al., 2019; Yuan et 
al., 2019). Interestingly, at the ontology level, we found up-regulated GO terms that 
were involved in viral (RNA) genome replication and viral processes, and these GO 
terms increased in importance over generations. These results indicate that viruses in 
the soil may play a role in SA-induced resistance of host plants against soil microbes. 
It is well known that the soil contains bacteriophages as well as virus controlling 
microbial pathogens (Duckworth and Gulig, 2002; Svircev et al., 2018; Jamal et al., 
2019; Kortright et al., 2019; Rehman et al., 2019). However, their exact role in the 
rhizosphere microbiome is still poorly understood and further studies should examine 
these virus-microbe-plant interactions in more detail.  

In conclusion, our study shows that application of SA to the plant J. vulgaris causes 
differential gene expression in the rhizosphere microbial community. However, our 
data also shows that these effects vary among plant generations. Plant-defense-soil 
microbe interactions may be regulated by viruses or viral phages.  
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Supplementary data 

Table S1 Log2 (FC) of 70 differentially expressed annotated genes, the expression of 
which are significantly altered by SA treatments in at least one generation in the 
rhizosphere of J. vulgaris plants in four generations. When Log2 (FC) is > 0, the gene 
is up-regulated in the SA treatment and when Log2 (FC) is < 0, the gene is down-
regulated in the SA treatment. ‘-’ indicates that the gene was not detected in the 
treatment; ‘ns’ represents the gene is not significantly altered 
by the SA treatment, but it is present. 1,2,3 and 4 represent the four generations.   
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