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Comparative analysis of infected 
cassava root transcriptomics 
reveals candidate genes for root rot 
disease resistance
Camila Santiago Hohenfeld 1, Saulo Alves Santos de Oliveira 2, Claudia Fortes Ferreira 2, 
Victor Hugo Mello 3, Gabriel Rodrigues Alves Margarido 3, Adriana Rodrigues Passos 1 & 
Eder Jorge de Oliveira 2*

Cassava root-rot incited by soil-borne pathogens is one of the major diseases that reduces root yield. 
Although the use of resistant cultivars is the most effective method of management, the genetic basis 
for root-rot resistance remains poorly understood. Therefore, our work analyzed the transcriptome 
of two contrasting genotypes (BRS Kiriris/resistant and BGM-1345/susceptible) using RNA-Seq to 
understand the molecular response and identify candidate genes for resistance. Cassava seedlings 
(resistant and susceptible to root-rot) were both planted in infested and sterilized soil and samples 
from Initial-time and Final-time periods, pooled. Two controls were used: (i) seedlings collected before 
planting in infested soil (absolute control) and, (ii) plants grown in sterilized soil (mock treatments). 
For the differentially expressed genes (DEGs) analysis 23.912 were expressed in the resistant 
genotype, where 10.307 were differentially expressed in the control treatment, 15 DEGs in the Initial 
Time-period and 366 DEGs in the Final Time-period. Eighteen candidate genes from the resistant 
genotype were related to plant defense, such as the MLP-like protein 31 and the peroxidase A2-like 
gene. This is the first model of resistance at the transcriptional level proposed for the cassava × root-rot 
pathosystem. Gene validation will contribute to screening for resistance of germplasm, segregating 
populations and/or use in gene editing in the pursuit to develop most promising cassava clones with 
resistance to root-rot.
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Ranked by the United Nations as the most important staple food crop of the twenty-first century, cassava (Mani-
hot esculenta Crantz) is mostly cultivated by smallholders in developing countries in Africa, Asia and Latin 
 America1. Cassava is widely cultivated in Brazil, being the fourth largest producer worldwide, with 18 million 
tons of cassava roots produced annually over an area of 1.24 million hectares. As it is of Brazilian origin, there 
are more than 150 local varieties used in the country, whose cycles and production systems vary greatly due 
to the different environmental conditions that occur from north to south of Brazil. Its economic and social 
relevance relies on the ability of cassavas to thrive in marginal soils and water deficit conditions, whereas other 
crops would fail considerably. Cassavas adapt easily contributing to alleviate poverty and its multiple use of 
starch has great appeal and interest by the agribusiness and industry  sectors2. However, fungal, bacterial and 
viral diseases are among the biotic factors that most limit cassava production. The losses from diseases are not 
just an agricultural problem, but represent a serious threat to food security and economic development in cas-
sava producing  countries3.

Root rot diseases directly affect the main commercial product of cassava which is the starch-rich tuberous 
root and can causes losses up to 100%4. Caused by soil-borne pathogens, it drastically reduces the quality and 
productivity of roots and may even make the reuse of areas unfeasible due to the accumulation of primary inocu-
lum of the pathogens involved in the  complex4. Cassava root rot diseases (CRRD) are caused by a complex of 
different species of phytopathogens and the symptoms may vary as follows: (i) soft root rot: caused by oomycetes 
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of the Phytophthora, Pythium and Phytopythium genera; (ii) dry root rot: caused by fungi belonging to the genus 
Fusarium and to the species Macrophomina pseudophaseolina; (iii) and black root rot: associated with species of 
the Botryosphareacea  family5,6. These phytopathogens are difficult to control since many of them can produce 
resistance structures such as chlamydospores that allow their survival in the soil for several years in the absence 
of a host, as well as, the major cassava varieties can be affected by the disease in any growth  stage7.

Diseases incited by soil-borne pathogens are a serious problem for agriculture due to the complexity of their 
interaction with the environment, difficult management and  control8. Different management strategies have 
been reported for CRRD such as crop rotation, chemical control, soil disinfestation by water vapor, soil solariza-
tion, alternative controls by plant extracts and oils, and use of biological control  agents7,9–12. However, the use of 
genetic resistance is considered the less expensive and most environmentally friendly method for cassava root 
rot disease management in the long  term13–16.

Inoculations in detached roots in addition to inoculations of stems and leaves are the main strategies for 
initial screening and identification of sources of resistance to root rot disease in cassava. However, more recent 
studies show that there are differences between resistance mechanisms in different plant  tissues16–18. A putative 
explanation is that resistance to root rot may have a quantitative pattern of inheritance controlled by minor 
genes characterized by the absence of complete or qualitative  resistance17. Therefore, the chance of success in 
obtaining cultivars resistant to this disease is directly linked to the knowledge of the genetic aspects related to 
the interactions with this  pathosystem19.

Recent advances in plant physiology, biochemistry and genomics have contributed to the understanding 
of how plants respond to biotic stresses and which mechanisms are responsible for the observed differences in 
 resistances20. Among these advances, total RNA sequencing (RNA-Seq) has been a revolutionary tool in tran-
scriptomics as it allows the entire transcriptome to be assessed in a quantitative manner with accurate detection 
of variable expression levels under different stress  conditions21.

The availability of the cassava reference  genome22 provided new opportunities for the characterization of 
the transcriptome related to responses to environmental stimuli and stresses, as well as cassava diseases such as 
anthracnose, bacterial blight and cassava brown streak  disease23–25. However, there are no studies available on 
the response of cassava genotypes to mixed infection by pathogens that cause black and dry root rot diseases at 
the transcriptional level.

The use of biotechnological tools to study this pathosystem in depth is lacking. The few studies developed 
to date have focused on Genome Wide Association Studies—GWAS17,26 and semi-quantitative analyses by RT-
PCR27, which identified possible genes involved in defense mechanisms to root-rot. However, in order to under-
stand the defense mechanisms in cassava against root rot, a more thorough evaluation is necessary to better 
understand the genetic pathway of resistance and corroborate epidemiological studies. Therefore, the objective of 
this work was to analyze the transcriptome of two contrasting genotypes of cassava in response to mixed infection 
by the fungal complex that causes dry and black root-rot, as well as to understand the response of the most resist-
ant genotype in two time-points of interaction in order to identify possible root-rot resistance candidate genes.

Results
The method of seedlings inoculation in infested soil resulted in characteristic symptoms of the disease for the 
BGM-1345 (susceptible) cultivar, such as wilting and yellowing of the leaves, in an average period of 20 days after 
inoculation (DAI) (Fig. S1), while the foliar symptoms were not present in the BRS Kiriris cultivar. As a result, 
the BGM-1345 genotype died at 30 DAI, while the controls did not show any symptoms of root rot. In all evalu-
ations, the isolation of pathogens that caused root rot was possible from tissues of the seedlings transplanted in 
infested soil, completing Koch’s postulates. Differences in root colonization between varieties and treatments were 
identified by the method of clarification of root fragments and staining of the fungal structures with Trypan blue.

No fungal structures were detected in the roots of the two varieties in the non-inoculated (absolute control) 
and in the ‘Initial time 0’, indicating that the transplanted plants were healthy (without any colonization by 
pathogens) (Fig. S1). Fungal structures were also not found in roots of the two varieties collected in non-infested 
soil. However, root fragments of the variety BRS Kiriris (resistant) in infested soil showed colonization by root 
rot pathogens, evidenced by the presence of septate hyphae and chlamydospores at all seven collection times 
(Fig. 1A), which indicates that the variety does not have complete resistance to the disease (immunity profile). 
Regarding the genotype BGM-1345 (susceptible) the staining of roots did not demonstrate pathogen structures 
in the two initial collection time-periods (5 and 10 days), although pathogen structures (chlamydospores and 
hyphae) were identified at 15, 20, 30, 45 and 60 days after planting in infested soil (Fig. 1B).

Differences were also identified between cassava genotypes as to fresh root weight (g) across collection 
time-periods (Fig. 1C). In the initial period, up to 15 DAI in infested soil, the genotypes did not differ as to root 
weight. After 20 days, BGM-1345 showed a significant reduction of the root system, while the variety BRS Kiriris 
remained with constant growth of the root system. It is likely that the mortality of the roots of the susceptible 
genotype from 15 days onwards is a result of the infection process caused by the pathogens. A growth resumption 
cycle in the susceptible variety that survived, occurred slowly only after 45 DAI.

Analysis of transcriptomic profile via RNA-Seq
Sequencing of the 20 libraries generated a total of 1,012,940,297 reads (Table S1) and 510,218,500 quality-filtered 
and trimmed reads were suitable for the assembly of transcript sequences. These filtered reads were aligned with 
gene models and reference transcripts from cassava. In general, the gene distribution showed that most of the 
reads (mean 69.37%) were mapped to coding regions, another 11.87% to intergenic transcripts and 18.73% to 
introns.
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The number of genes aligned differed between the two genotypes. For the susceptible genotype (BGM-1345) 
29,479,831 aligned fragments were aligned under normal planting conditions (absolute control), 20,728,585 
aligned fragments at the initial time-period of interaction after planting in infested soil, and 20,154,412 aligned 
fragments at the final time-period of interaction. While for the resistant genotype, 34,594,850 aligned fragments 
were reported in the normal planting condition, 25,194,515 aligned fragments in the initial time-period and 
26,459,295 aligned fragments in the final time-period. On average, 50.16% of the reads were mapped to the 
cassava reference transcripts.

Differential gene expression
Genes identified in low frequency were eliminated from the differential expression analysis in order to avoid 
incorporation of sequencing errors or low reliability information. Therefore, genes with at least two counts per 
million (CPM), in each sample, were selected, resulting in 23,912 genes kept for the next steps. After normaliza-
tion of the read counts, the results were visually verified based on a multidimensional scaling representing the 

Figure 1.  (A) Fresh root weight (g) of resistant (BRS Kiriris) and susceptible (BGM-1345) cassava genotypes 
grown in soil infested with root rot pathogens between 5 and 60 days after planting. (B) Clarification of root 
fragments and staining of fungal structures of the cassava genotype BGM-1345 at seven collection time-periods 
after planting in infested soil (5, 10, 15, 20, 30, 45, 60 days after planting). (C) Clarification of root fragments and 
staining of fungal structures of cassava genotype BRS Kiriris at seven collection time-periods after planting in 
infested soil (5, 10, 15, 20, 30, 45, 60 days after planting). hy = hyphae; cla: chlamydospore.
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distances in expression profiles between all samples. Thus, the general pattern of transcription in each replicate 
was identified as well as the relationship between treatments and genotypes (Fig. 2A). The first dimension of the 
graph separated very clearly the two genotypes evaluated, regardless of inoculation, indicating a large biological 
variation between their transcripts. Possibly the response of the two genotypes to the penetration and coloniza-
tion of root rot pathogens has a direct effect on this basal difference in transcriptional profile since it is a case of 
resistance (BRS Kiriris) and extreme susceptibility (BGM-1345).

Regarding inoculation conditions to which the experiment was conducted, in general, the two replicates 
of each treatment remained close, indicating that there was very little biological variance between the samples 
sequenced for the same condition. Conversely, sampling in time (Initial time-period × Final time-period) and 
planting condition (Infested Soil × Healthy Soil) showed wide variation in the transcriptional profile (Fig. 2A). 
The treatments without inoculation (“Control”, “Healthy-Initial time-period”, “Healthy-Final time-period”) 
showed an overlap for the BGM-1345 genotype, as an indication of less variance between these groups. Thus, 
the time-period did not interfere in the transcriptional profile of the susceptible genotype. In contrast, there 
was also an overlap of the treatments "Control" and "Healthy-Initial time-period" for the BRS Kiriris genotype, 
although there was a greater distance from the treatment "Healthy-Final time-period" indicating an effect of 
time on the gene expression of this genotype.

For both genotypes, samples belonging to the “Infested-Final time-period” group showed the largest distance 
in comparison to the others, confirming the transcriptional effect of the pathogen inoculation process. This 
separation, visible in the second dimension of the graph, indicates that there was a larger difference in gene 

Figure 2.  (A) Multidimensional scaling plot (MDSPlot) based on logFC (Fold Change) values generated by 
counting the reads of BRS Kiriris and BGM-1345 genotypes, inoculated with pathogens associated with root 
rot. (B) Mean-difference plot (MD-Plot) based on differential gene expression tests at each time-period for the 
contrast between BRS Kiriris × BGM-1345. Up-regulated indicates the genes of increased expression and Down-
regulated indicates repressed genes in BRS Kiriris, Non-DE = not differentially expressed. (C) Venn diagram with 
differentially expressed transcripts (p-value < 0.05) of the interaction between cassava genotypes versus root rot 
for each of the treatments (Control, Initial time-period and Final time-period). Absolute numbers represent 
differentially expressed transcripts that are unique or common among pairs or among all treatments.
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expression between this treatment and the others, providing evidence that these samples are biologically more 
discrepant (Fig. 2A).

Differentially expressed genes
Among the 23,912 genes analyzed, 10,307 were differentially expressed (DE) in the “Control” treatment, with 
5165 repressed and 5,142 activated in the resistant genotype compared to the susceptible one. For the “Initial 
Time-period” treatment, there were only 15 DEGs, five of which were repressed and ten activated, while in the 
“Final Time-period” treatment, 366 DE genes were detected, of which 235 were repressed and 131 activated 
(Fig. 2B and Table 1).

The distribution of the DEGs is illustrated in the Venn diagram (Fig. 2C). Of the 23.912 DEGs, five were 
common for all three conditions, three were shared between ’Control’ and ’Initial Time-period’, seven genes are 
shared between the ’Initial Time-period and ’Final Time-period’ and 203 genes were shared between ’Control’ 
and ’FinalTime-period’; in addition to 10.096 being exclusive to the ’Control’ treatment; five to the ’Initial Time-
period’; and 151 to the ’Final Time-period’ treatment (Fig. 2C).

Functional assessment of differentially expressed genes
For a better understanding of metabolic alterations in each condition, functional annotations of the differentially 
expressed genes, were performed. Several general aspects regarding cassava genotypes considered resistant to 
root-rot under normal planting conditions (Absolute Control) and the changes caused by inoculation (planting 
in infested soil) at the two different interaction times (Initial and final time-periods), were identified.

For the “Absolute Control” (Fig. 3A) 1,007 genes (9.77%) were reported from a total of 10,307 mapped DEGs. 
Another three genes (20%) out of a total of 15 mapped in the “Initial Time-period” condition (Fig. 3B) and 36 
genes (9.83%) out of 366 mapped in the “Final Time-period” condition (Fig. 3C), are also shown.

Root rot infection probably promoted changes in the cassava metabolic pathway, since different profiles of 
the transcripts were found for the before and after inoculation time-periods. At the initial time-period of the 
interaction, only two metabolic pathways presented differentially expressed genes, the metabolism of smaller 
carbohydrate molecules (minorCHO), related to the metabolism of compounds associated with the cell wall 
and nucleotides. All were up-regulated. In contrast, for the final time-period of the interaction, the processes 
involved with the up-regulated DEGs were associated with the cell wall (metabolism of smaller carbohydrate 
molecules, modification and degradation), synthesis of fatty acids, lipids, secondary metabolism (lignin and 
terpenes), nucleotides, tricarboxylic acid cycle (TCA), sugars (starch), metabolism of reactive oxygen species 
(ROS), nitrate and iron contents. Additionally, several metabolic processes involving downregulated DEGs were 
identified associated with secondary metabolism (lignin), lipids, iron, nucleotides, TCA, metabolism of tetrapyr-
rolic molecules, fermentation, ROS metabolism and C4/CAM metabolism.

Based on the enrichment annotation at the three different biological moments of disease progression, the 
most represented GO terms among the 10,307 DEGs for the “Control” condition are related to metabolic cellular 
processes such as redox activity (GO: 0016491), purine NTP binding (GO: 0035639), adenosine 5’-diphosphate 
binding (GO: 0043531), coenzyme binding (GO: 0050662) and drug binding (GO:0008144). There were no enriched 
GO terms for the “Initial Time-period” condition. However, for the “Final Time-period” among the 366 DEGs, 
the most enriched GO terms were those related to serine-like protease activity (GO: 0008236), response to heat 
shock (GO: 0009408) and response to hydrogen peroxide (GO: 0042542) (Fig. 4).

Based on the comparison of the gene expression of the 15 DEs in the “Initial Time-period” condition with 
the others, exclusive overexpression and upregulation of genes related to plant defense were identified, such as 
two proteins related to pathogenesis (PR) and one to heat shock, at the initial time-period, 5–20 DAI, of the 
interaction, in infested soil (Fig. 5A). Genes expressed at the same basal levels were also found, such as “AtBAG6 
(BAG family molecular chaperone regulator 6)” and “probable galactinol-sucrose galactosyltransferase 6 isoform 
X2”, related to programmed cell death and carbohydrate metabolism, respectively. Among these, 15 ’Initial 
Time-period’ DEGs, 11 were mapped to metabolic pathways associated with biotic stress (Fig. 5). Among the 
genes for the initial response to infection, the PR (Pathogen Related) proteins, the heat shock protein and a gene 
related to proteolysis, are included.

Regarding the differential patterns of gene expression of 366 DEGs in the “Final Time-period” condition, 
131 were upregulated (Fig. 6A). From that total, 169 genes were mapped in the biotic stress pathway (Fig. 6B). 
However, only 42 DEGs were activated and involved in the oxidative stress and peroxidase pathways, in the 

Table 1.  Results of differential expression tests for the contrast between BRS Kiriris and BGM-1345 for all 
treatments.

Category

Number of genes

General control Initial time-period Final time-period

Upregulated 5.142 10 131

Downregulated 5.165 5 235

Non-significant 13.605 23.897 23.546

Total differentially expressed 10.307 15 366

Total genes 23.912
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Figure 3.  General overview of cassava metabolism based on the MapMan software from logFC (FoldChange) 
in treatment “Control” (A); “Initial Time-period” (B) and “Final time-period” (C). Each square in the figure 
represents a different gene mapped to the same metabolic process. Blue, red, and white colors represent down-
regulated, up-regulated and non-differentially regulated genes, respectively.
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Figure 4.  Gene ontology terms enriched in the contrasts “absolute control” and “final time-period”. There 
was no statistically significant enriched term for the “initial time” contrast (p < 0.01). Density plots depict the 
distribution of logFC of all the genes for each category. Blue marks are downregulated, red upregulated, and 
black non-significantly differentially expressed genes.

Figure 5.  (A) Heatmap for differentially expressed genes (DE) at the “Initial Time-period” of the interaction 
as a function of the LogFC values (FoldChange), compared to their expression profile in the samples from 
the “Control” and “Final – time-period” samples. The blue and red colors represent negatively and positively 
regulated DEGs, respectively. (B) Expression profiles of genes mapped in the biotic stress pathway based on 
logFC (FoldChange). Each square represents a different gene mapped to the same process. Blue dots represent 
the down-regulated differentially expressed (DE) genes, while the red dots represent the DEGs with up 
regulation and in gray the genes with experimental indication of involvement in the metabolic pathway.
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auxin hormones, jasmonic acid (JA) and brassinosteroids (BR) pathways, defense genes related to secondary 
metabolites and PR proteins; cell wall reinforcement, beta-glucanase activities and proteolysis, signaling and 
transcription factors (MYB proteins).

Candidate genes
Quantitative analysis of transcripts over the time-periods of root rot evolution provided evidence regarding 
changes in gene expression of the contrasting genotypes, as well as possible candidate genes induced in the resist-
ant genotype. A total of 210 DEGs were identified (Fig. 7A), co-expressed in the “Control” and “inoculated plants 
(initial and final time-periods of interaction)” treatments. Of these, 85 DEGs were up-regulated, although 22 
were considered ‘no hits’ because they did not have an identified protein function in the Genbank data. However, 
the group of infection response genes includes proteins related to pathogenesis (PR), genes involved in oxidative 
stress, in the pathways of jasmonic acid, auxin and brassinosteroids (BR) hormones, proteolysis and glucanases, 
in addition to genes related to transduction of signals and secondary metabolism (Fig. 7B).

The second step of selection was based on events related to responses to biotic stress that were upregulated 
at baseline levels and maintained overexpression at initial and final time-periods, in addition to those whose 
expression was restored to baseline levels at ‘final time periods’ of the infection process. Thus, a screening was 
performed within 63 up-regulated DEGs with the identified protein functions, with selection of those with func-
tions related to root elongation, defense and/or resistance to pathogens, cell death, plant immunity and responses 
to injuries/wounds. Based on these criteria, 18 candidate genes were selected as candidates for further validation 
via real-time PCR technique (Table 2).

qRT-PCR analysis
From the selection of candidate genes, a set of 18 primers (Table 3) was designed for gene expression analysis 
through qRT-PCR considering the treatments (Infested/Healthy) and the post-inoculation interaction time 
with the pathogens. Among the 18 investigated genes, eight were validated by qPCR: MANES_01G170600, 
MANES_01G250800, MANES_08G043700, MANES_09G064600, MANES_11G005800, MANES_11G165400, 
MANES_15G130600 and MANES_15G004100. The analysis revealed distinct expression profiles highlighting 
the differential response and temporal regulation.

bvAt 15 days after inoculation (DAI), MANES_15G130600 (MLP-like protein 31), GO: associated with recov-
ery from infection caused by pathogen infection, showed a significant difference in expression patterns among 
the studied genotypes (Fig. 8). The resistant genotype (BRS Kiriris) exhibited a higher basal expression of the 
target gene under the non-inoculated condition compared to the susceptible genotype (BGM-1345). However, 
considering the inoculated condition, no statistical difference was observed between the expression values of 
the two genotypes. Furthermore, a reduction in expression values of the resistant genotype was observed in this 
condition, statistically differing from the non-inoculated treatment. These results suggest that although pathogen 
inoculation impacted expression patterns similarly in susceptible and resistant genotypes, the resistant genotype 

Figure 6.  (A) Heatmap of differentially expressed genes (DEGs) in the “Final Time-period” of the interaction 
as a function of LogFC values (FoldChange) compared to their expression profile in the “Control” and “Initial 
Time-period” samples. The blue and red colors represent down-regulated and up-regulated DEGs, respectively. 
(B) Expression profiles of genes mapped in the biotic stress pathway based on logFC (FoldChange) in the 
“Final Time-period”. Each square represents a different gene mapped to the same process. Blue dots represent 
the differentially expressed genes (DEGs) with down-regulation, while the red dots represent the DEGs with 
up-regulation and in gray the genes with experimental indication of involvement in the metabolic pathway.
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Figure 7.  (A) Heatmap of differentially expressed genes (DEGs) co-expressed in absolute control and in the 
initial and final time-periods of the plant/pathogen interaction as a function of LogFC values (FoldChange). 
The blue and red color represents negatively and positively regulated DEGs, respectively. (B) Expression profiles 
of genes co-expressed in the absolute control and in the initial and final time-periods of the plant/pathogen 
interaction mapped to processes of the biotic stress pathway based on logFC (FoldChange). Each square 
represents a different gene mapped to the same process. Blue dots represent the down-regulated DEGs, while the 
red dots represent the up-regulated DEGs and in gray the genes with experimental indication of involvement in 
the metabolic pathway.

Table 2.  Candidate genes with potential for validation of gene expression in the Manihot esculenta × root rot 
interaction.

Gene Gene Ontology -GO General function

MANES_01G170600 Laccase-2-like Root elongation under dehydration conditions

MANES_01G250800 BAG family molecular chaperone regulator 6 (AtBAG6) Basal plant resistance, with programmed responses to 
cell death and stress

MANES_02G109100 La-related protein 1C-like (LARP1c) Senescence-associated genes (SAGs) and defense-related 
genes

MANES_03G129300 ATL27 (NEP1-interacting protein-like 1) Involved in the early stages of the plant defense signal-
ing pathway

MANES_07G008700 Putative disease resistance protein RGA3 isoform X1 Disease resistance protein

MANES_08G043700 Peroxidase A2-like Response to pathogen attack, injury and oxidative stress

MANES_08G130900 Germin-like protein (GLP) subfamily 1 member 13 Plays a role in plant defense

MANES_09G064600 Ankyrin repeat-containing protein BDA1-like Regulation of plant defense responses

MANES_09G146400 G-type lectin S-receptor-like serine/threonine-protein kinase CES101 Fungi response

MANES_10G106500 Protein NRT1/ PTR FAMILY 4.3 Response to nematodes

MANES_11G005800 Aspartyl protease AED3-like Salicylic acid-mediated response to a pathogen

MANES_11G121200 S-norcoclaurine synthase 1-like Result of a stimulus by molecules of fungal origin

MANES_11G165400 NDR1/HIN1-like protein 1 Plays a role in plant immunity

MANES_12G144000 Cytochrome P450 83B1-like Activation of glucosinolate in response to pathogens

MANES_13G135900 Calcium uniporter protein 2, mitochondrial Activation of cell death pathways

MANES_14G131900 Protein NRT1/ PTR FAMILY 6.2-like Injury response

MANES_15G004100 Pleiotropic drug resistance protein 3-like General defense protein

MANES_15G130600 MLP-like protein 31 Response to the presence of a foreign body or the occur-
rence of an injury
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demonstrated a differential response, with significantly higher expression in the non-inoculated condition. This 
may indicate prior preparation or activation of defense mechanisms in the resistant genotype, conferring it an 
initial advantage in the infection response.

The gene MANES_08G043700 (peroxidase A2-like), associated with GO: response to wounds and pathogen 
infection, also exhibited distinct expression patterns in response to treatments. Although no statistically signifi-
cant differences were observed between the two genotypes in both non-inoculated and inoculated conditions, 
there was a statistical difference in the expression of the target gene by the susceptible genotype between the 
two conditions. BGM-1345 showed a significant reduction in the inoculated treatment compared to the non-
inoculated treatment. This result suggests that the presence of the pathogen negatively impacted the expression 
of the MANES_08G043700 gene in the susceptible genotype. The reduction in gene expression in the inoculated 
condition may indicate suppression or interference in plant defense mechanisms in response to pathogen infec-
tion, resulting in susceptibility.

Another relevant data is that there was no expression in the inoculated condition compared to the reference 
gene PP2A for the susceptible genotype for the MANES_09G064600 (ankyrin repeat-containing protein BDA1-
like) gene associated with GO: plant defense; MANES_01G170600 (laccase-2-like), associated with GO: lignin 
biosynthesis; MANES_11G165400 (NDR1/HIN1-like protein 1), GO: plant immunity; MANES_15G004100 
(pleiotropic drug resistance protein 3-like), GO: defense protein, making it impossible to perform statistical 
tests, although it was expressed in the non-inoculated condition. For the resistant genotype, no expression was 
detected in the inoculated condition, only for MANES_01G170600. These results suggest a possible variation in 
defense mechanisms between susceptible and resistant genotypes, as well as suppression of defense mechanisms 
in the susceptible genotype in response to pathogen infection.

Upon evaluating the interaction at 45 DAI (Fig.  9), a statistical difference in the expression of 
MANES_15G130600 (MLP-like protein 31), was observed. Unlike the interaction at 15 DAI, at 45 DAI, BGM-
1345 it showed higher expression values, statistically differing from BRS Kiriris in the inoculated condition. 
This difference may indicate a compensatory response of the susceptible genotype; however, considering the 
phenotype observed in the field and under controlled environment experiments, the late expression may not 
significantly contribute to resistance, highlighting the importance of temporal analysis in understanding the 
molecular mechanisms underlying cassava resistance.

In contrast, although no statistically significant differences were observed between the two genotypes for 
the expression of the MANES_11G005800 (aspartyl protease AED3-like) gene in both conditions, there was 
a statistical difference in the expression of the target gene by the susceptible genotype between the two treat-
ments. BGM-1345 showed a significant reduction in gene expression in the inoculated treatment compared to 
the non-inoculated treatment, indicating that the presence of the pathogen negatively impacted the expression 
of the target gene.

In addition to these results, it is important to highlight that the data observed at 45 days after inoculation 
(DAI) reveal an absence of expression, compared to the reference gene PP2A, of some genes important for plant 
resistance both in the susceptible and resistant genotypes in the non-inoculated condition. Specifically, for the 
susceptible genotype, the MANES_01G170600 (laccase-2-like) and MANES_11G165400 (NDR1/HIN1-like 
protein 1) genes showed no detectable expression. Similarly, for the resistant genotype, the MANES_09G064600 
(ankyrin repeat-containing protein BDA1-like), the MANES_11G165400 (NDR1/HIN1-like protein 1), and 

Table 3.  Primers used in gene expression analysis of the interaction between cassava genotypes and pathogens 
associated with root rot at different times.

GENE ID Forward primer sequence (5´- 3´) GC% Reverse primer sequence (5´- 3´) GC% Amplicon length (pb)

MANES_01G170600 TTG CAG ACA GGA GCT GCC CC 65% CCC TGG CTT CAC CTT CAG CC 65% 114

MANES_01G250800 CGC AGC AGG GGA ACC AAA TG 60% GCG GAA ATA GGG GTA GCA CG 60% 164

MANES_02G109100 TAG CTC ACC TCG GCA TCC TG 60% AAT TTG TGT CCA CGG CGA GG 55% 118

MANES_03G129300 GCA TTA GGA GGG GCT GCA GT 60% CTC GCC ATC AGC AGC TGA TT 55% 147

MANES_07G008700 AGA TCG GAT TGT GGT GGG GC 60% CGC CTT AGA GCT TCA GTG GC 60% 199

MANES_08G043700 GGC AGC ACT ACT ACT GGT GC 60% CGG GGA TCG GAT TGA AGG GC 65% 126

MANES_08G130900 CTC TGC CTT TGA CCC TAG CC 60% GGT TCT TGC AGA ACT TCC CG 55% 95

MANES_09G064600 CGG CGG ACC ATA TAC GGA GC 65% CGC CAC CCA GTC AAG AGC CT 65% 117

MANES_09G146400 GGG CAG ATG CTG CGG GAT TG 65% TCT ACT CGG TTG GCC ACC CA 60% 110

MANES_10G106500 AGA GGG AGA CCC TCC AAT CC 60% CCA CCA AGG AGG GCT AAG AT 55% 212

MANES_11G005800 GCG AGT TGG GAA CGC GAC GG 70% CAT GGC CAG GCA TGT CGT GC 65% 169

MANES_11G121200 TGT TGA GAG TGT GCA GGC GC 60% GCT CAG CCA GCT CAT CAC CA 60% 176

MANES_11G165400 ATC TTG CTG CTG CTC TGG GC 60% CCC CGT CGA CAA TGC CAT GG 65% 177

MANES_12G144000 TTC CCA CCA GGT CCT CGA GC 65% GGT TCA AAG CCC ATG CGC AA 55% 134

MANES_13G135900 CTC CCC GGA GCT CCG TTC GA 70% CCG GTT CCC TCT CCG GCC TA 70% 149

MANES_14G131900 GCA CCG GCC TCT TCC TGA CA 65% GCT AAC CAT CCC TGG CCA CC 65% 109

MANES_15G004100 GGC AGC TCA GCT AGT AGG CC 65% CGC CTC CTT CGG ATT GAC GG 65% 137

MANES_15G130600 GCG AAT GGG GGA AAG AAG GC 60% GCA CCA AGC TTC CAT CCC CC 65% 204
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the MANES_15G004100 (pleiotropic drug resistance protein 3-like) genes, were also not detected, making it 
impossible to perform statistical analyses. However, it is important to note that both genotypes expressed these 
genes under inoculated condition.

Discussion
The understanding of the genetic mechanisms responsible for the different levels of resistance to root rot pre-
sented by cassava genotypes is extremely important to assist the characterization of the disease in search for 
control strategies and selection of promising accessions for the genetic improvement program of the species. 
Thus, phenotypic data on survival and development of the root system (in direct contact with the soil) in infested 
areas is the main indicator of resistance of a genotype to root rot. Although field evaluations have some bottle-
necks, especially regarding the uneven distribution of inoculum, the data collected here are indicators that the 
infection process under the same conditions is very different between cassava genotypes considered resistant 
and susceptible to rot root.

Symptoms in the shoot correlated with the presence of fungal structures in the root during the interaction, 
which indicates that the variety does not have complete resistance to the disease (immunity profile). Moreover, 
the infection by root rot pathogen did not prevent the development and expansion of new roots and what is 
noticed in the susceptible genotype, is the recovery of the diseased plant and the root system, which is constantly 
in progress. On the other hand, the reduction in the growth of the root system of BGM-1345 at 15 days after 
planting in infested soil coincided with the detection of fungal presence in its roots. The susceptible genotype 
(BGM-1345) was not able to emit new roots after infection culminating in the reduction of the root system and 
even the death of the plant, characterizing extreme susceptibility.

Figure 8.  Relative expression levels of eight defense-related candidate genes in cassava contrasting genotypes 
at 15 days after inoculation (DAI) of pathogens associated with root rot. Averages compared by Student’s t test 
(p < 0.05). ND: "Not detected". IS: Infested Soil. HS: Healthy Soil. The ’protein phosphatase 2A’ (PP2A) was used 
as a reference gene.
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Although the resistance of the BRS Kiriris variety results in a reduction in the symptoms of root rot, its 
absence of complete resistance reinforces the complexity of resistance to cassava root rot disease with the involve-
ment of many genes, being characteristically a quantitative type of  resistance17. Comparative analysis of the 
transcriptome between the two contrasting genotypes over time of interaction provided evidence regarding 
changes in genes expressed between the resistant genotype and the susceptible genotype, their inferred metabolic 
functions, as well as possible constitutive candidate genes related to resistance to root rot.

The analysis resulted in a total of 23,912 DEGs with the highest number of DEGs being observed in the ’abso-
lute control’ (Time 0-non-inoculated seedlings in non-inoculated substrate), that is, 10,307 DEGs.

The sequencing generated high quality reads with filtering of low-quality reads by Phred analysis. Even with 
this high quality of reads, the alignment for the BGM-1345 genotype was lower than expected. Our hypothesis 
is that, since BGM-1345 is a local landrace, with poor agronomic characteristics, highly heterozygotic and sus-
ceptible to root rot disease, while BRS Kiriris is an improved variety, the landrace genome might have suffered a 
disadvantage in comparison to BRS Kiriris since most reference genomes of cassavas favors improved varieties.

Based on functional enrichment analyses, these genes were significantly associated with cellular metabolic 
processes, such as oxidoreductase activity (GO:0016491) involved in defense signaling  pathways29; NTP binding 
of purine (GO:0035639), precursors of metabolite biosynthesis, essential in RNA synthesis and energetic coupling 
 reactions30; binding of adenosine 5’-diphosphate -ADP (GO:0043531). Furthermore, associated with components 
of the structure of leucine-rich repeat receptors (NLRs) involved in plant immune  responses31, coenzyme binding 
(GO:0050662), present in the response of other transcriptomes to biotic and abiotic  stresses32,33 and drug binding 
(GO:0008144), also associated with responses to biotic and abiotic  stresses34. Therefore, constitutively, enriched 
GO terms related to signaling pathways and responses to biotic and abiotic stresses were reported in the resistant 

Figure 9.  Relative expression levels of eight defense-related candidate genes in cassava contrasting genotypes 
at 45 days after inoculation (DAI) of pathogens associated with root rot. Averages compared by Student’s t test 
(p < 0.05). ND: "Not detected". IS: Infested Soil. HS: Healthy Soil. The ’protein phosphatase 2A’ (PP2A) was used 
as a reference gene.
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genotype. This can allow for an early perception of pathogens by the plant with consequent resistance that can 
allow growth and development, including achieving satisfactory root productivity even when cultivated in areas 
infested by pathogens that cause root rot.

In contrast, the temporal post-infection responses showed that the number of DEGs in the initial phase of 
interaction (15 DEGs) was much lower than in the final phase (366 DEGs). In the interaction of cassava × root 
rot pathogens, the initial response to infection was not related to significantly enriched GOs terms, although 
transcripts related to heat shock proteins (HSPs) and pathogenesis-related proteins (PR) were positively regu-
lated. HSPs, were also described in the response of cassava genotypes to infection by viruses and  bacteria24,35. 
These are biomolecules responsive to various biotic and abiotic stresses responsible for modifying physiological 
processes and biochemical factors which lead to the development of stress  tolerance36 as well as pathogenesis-
related proteins (PR); major components of the plant’s innate immune system, especially of systemic acquired 
resistance (SAR). PR proteins protect plants from future infections, not only accumulating locally in infected 
and surrounding tissues, but also in remote, uninfected  tissues37.

In addition to the mapping of DEGs in the biotic stress pathway, the analysis of the plant’s general metabo-
lism indicated the overexpression of genes involved in carbohydrate metabolism and nucleotide synthesis. This 
overexpression associated with the lack of DEGs involved in the other metabolic processes, may be a strategy of 
the plant to maintain the minimum energy necessary for its development and ensure that the nutritional needs of 
the pathogen are not met in the initial phase of the interaction (5 to 20 DAI)38. However, at the final time-period 
(30 to 60 DAI) enrichment of GO terms related to serine-type peptidase activity (GO:0008236) were identified 
involved in several physiological processes in plants such as hypersensitivity, transduction and differentiation 
response signal, senescence, degradation and protein  processing39,40. GOs also related to the response to heat 
stimulus (GO: 0009408) referring to the increased expression of heat shock proteins involved in the response to 
biotic and abiotic  stresses36 and the increase in genes related to the stimulus of hydrogen peroxide (GO: 0042542) 
involved in cell wall defenses, in hypersensitivity, in the signaling of acquired systemic resistance and in the 
expression of defense  genes41 were also found.

On the other hand, the overexpression of genes related to starch biosynthesis, the metabolism of smaller 
carbohydrate molecules and the TCA cycle, indicates an increase in energy supply at the end of the interaction 
with the pathogens that cause root  rot42. Metabolism analysis also identified processes involved in lignin bio-
synthesis and cell wall modification, which may correspond to plant development and ageing over time, but act 
as a physical barrier in defense against  pathogens43.

Regarding the biotic stress pathway, there was an increase in the expression of genes associated with the oxida-
tive process (ROS) and peroxidase; hormonal signaling through the synthesis of auxins, jasmonic acid (JA) and 
brassinosteroids (BR); defense genes related to secondary metabolites and PR proteins; cell wall reinforcements, 
beta-glucanase activities and proteolysis, signaling and transcription factors (MYB proteins). An indication that 
there was progress in the plant × pathogen interaction, is the potential induction of the hypersensitivity response. 
Triggered by the recognition of biotic elicitors, the hypersensitivity reaction causes death of cells at the site of 
penetration of the microorganism in addition to the death of some adjacent cells, thus limiting the colonization 
and advancement by the  pathogen44,45.

In the resistance mechanism mediated by the hypersensitivity response, the accumulation of reactive oxygen 
species (ROS), signaling pathways, hormone biosynthesis (especially salicylic acid, jasmonic acid or ethylene), 
reprogramming of gene expression, especially induction of defense-related genes, such as the production of 
pathogenesis-related proteins (PR proteins), and genes referring to the biosynthesis pathways of nitrogen-con-
taining compounds, as well as terpenoids, phenols and flavonoids that may result in cell wall thickening and 
 lignification46,47 were identified.

These mechanisms were also noted in the biotic stress pathways of the resistant genotype from 30 days after 
planting in soil infested by black and dry root rot pathogens. Therefore, based on the temporal analysis of the 
transcriptome of the BRS Kiriris variety, the defense against root rot is possibly composed of a constitutive 
response present in this variety which possibly allows the rooting and growth of plants in infested areas with 
penalties to root productivity that are acceptable given the possibility of 100% loss with the use of susceptible 
varieties. This defense mechanism also seems to be associated with the induced response mainly noted as of 
30 days after planting in infested soil.

The transcriptome of infection caused by root rot pathogens reinforces the hypothesis of quantitative inher-
itance of cassava rot root  resistance17. From a genotypic point of view, quantitative resistance is based on the 
combined effect of several genes, each contributing quantitatively to the resistance level of the plant, being able 
to be influenced by the environment and each  other48. In general, the perception of the pathogen by the resist-
ant genotype (BRS Kiriris) involved an elaborate system of physical and biochemical mechanisms through the 
expression of resistance genes followed by the induction of the hypersensitivity response, production of reactive 
oxygen species, ubiquitination, cell wall reinforcement and hormonal signaling which are fundamental mecha-
nisms during plant  immunity46,47.

Thus, the selection of candidate genes was based on those DEGs constituting the resistant genotype, positively 
co-expressed in the initial and/or final moments of the interaction, with functions related to root elongation, 
defense and/or resistance to pathogens, cellular death, plant immunity, and lesion/injury responses. Due to the 
quantitative characteristic of cassava root rot resistance, the effects of these genes probably occur concomitantly, 
making it difficult to separate and identify the real isolated contribution of each mechanism.

However, among the 18 selected DEGs, three genes were found to be involved in defense mechanisms of 
a structural nature, including cellular and histological defense reactions to limit infection, such as cell wall 
reinforcement through increased lignification (MANES_01G170600 and MANES_08G043700) adhesion with 
the plasma membrane (MANES_09G146400), and processes that act as a physical barrier to the penetration of 
pathogens. MANES_01G170600 (Laccase-2-like) is involved in lignin  biosynthesis49 through the overexpression 
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of laccases, enzymes expressed in greater numbers in roots compared to other plant organs/tissues. Since the 
cassava root system is directly affected by black and dry root rot pathogens, possibly the lignin deposit rein-
forces the cell wall of the roots and, consequently, restricts tissue colonization by pathogens associated with 
these  diseases43,50. Likewise, the role of MANES_08G043700 (Peroxidase A2-like), is involved in a wide range of 
physiological processes such as lignin and suberin formation, auxin metabolism, cell elongation, plant defense, 
wound healing, as well as the generation of highly reactive oxygen species (ROS) as a plant defense response 
after pathogen  recognition51,52. On the other hand, MANES_09G146400 (G-type lectin S-receptor-like serine/
threonine-protein kinase) plays a crucial role in mediating cellular response to various environmental stimuli, 
hormonal signals, and stress  perception53. Lectin receptor-like kinases contain an extracellular lectin domain 
that is located in plant cell membranes and play important roles in transmembrane movements, cell wall plasma 
membrane binding, and responses to  pathogens54,55.

In addition to genes related to structural nature, 15 related to biochemical responses were selected, such 
as those involved in mechanisms responsible for the production of reactive oxygen species (ROS), hormonal 
signaling and production of secondary metabolites, as well as processes that trigger programmed cell death.

Plants have alternative sources of ROS. One of the main responses of plants after the recognition of pathogens 
and among the selected genes, is the expression of MANES_08G130900 (Germin-like protein subfamily 1 mem-
ber 13), involved in the response to various biotic and abiotic stress  conditions56. GLP proteins are present in all 
organs and developmental stages of  plants57, and their role in resistance signaling is mainly associated with the 
production of hydrogen peroxide involved in the oxidative  response58. Likewise, MANES_13G135900 (Calcium 
uniporter protein 2, mitochondrial), which is associated with mitochondrial calcium homeostasis and plays a key 
role in cell physiology including regulation of cell bioenergetics, cytoplasmic calcium signals and activation of cell 
death  pathways59 triggered by a variety of stimuli including hydrogen peroxide and the production of  ROS60,61.

Regarding genes involved in hormonal signaling and production of secondary metabolites, 
MANES_10G106500 (Protein NRT1/PTR FAMILY 4.3) and MANES_14G131900 (Protein NRT1/ PTR FAMILY 
6.2-like) encode the “NRT1/PTR FAMILY” proteins, which were originally identified as nitrate or di/tri-peptide 
 transporters62. However, recent studies show that this family also transports the plant hormones auxin, abscisic 
acid (ABA), gibberellin (GA) and jasmonic acid (JA), as well as secondary metabolites (glucosinolates) involved 
in a wide range of physiological processes including plant defense against  pathogens63,64.

The MANES_15G004100 (Pleiotropic drug resistance protein 3-like) gene encodes a pleiotropic drug resist-
ance transporter (PDR) found only in fungi and  plants65. PDR transporters are involved in plant constitutive 
and induced defenses, probably by transporting antimicrobial secondary metabolites to the cell  surface66,67. 
MANES_15G130600 (MLP-like protein 31) encodes major latex proteins/ripening-related proteins (MLP/RRP) 
known to be involved in a wide range of biological processes of plant development and various stress  responses68. 
Although they are ubiquitously present in plants, the greatest accumulation of MLP is in the  root69. Over-
expression of these proteins amplify defense signaling, including ethylene, jasmonic acid, and salicylic acid 
 pathways70,71. Moreover, MANES_11G005800 (Aspartyl protease AED3-like), is associated with systemic acquired 
resistance (SAR) signaling through salicylic acid (SA)-mediated  responses72.

The involvement of AED3 aspartyl protease in acquired systemic resistance against fungal and herbivore inva-
sion has been extensively  studied73,74 and also the gene MANES_11G165400 (NHL1—NDR1/HIN1-like protein 
1), which plays crucial roles in plant responses to biotic  stress75,76. The overexpression of genes that are members 
of the NHL family is related to host resistance by activating hormonal signaling pathways, such as abscisic acid, 
salicylic acid, jasmonic acid and  ethylene76,77.

MANES_11G121200 (S-norcoclaurine synthase 1-like) encodes norcoclaurine synthase (NCS); a key enzyme 
in the biosynthesis of benzylisoquinoline alkaloid (BIA), one of the most important secondary metabolites 
in  plants78. The NCS is a member of the family of pathogen-related proteins (PR-10)37, widely described as a 
component of the innate immune system in plants, expressed mainly under pathogenic or stress conditions of 
environmental  issues79,80.

In addition to the functions described here, hormonal signaling is also involved in processes that trigger 
programmed cell death. The MANES_02G109100 gene (la-related protein 1C-like—LARP1c), for example, is 
involved in the regulation of premature leaf senescence, in the up-regulation of defense-associated PR  genes81,82 
and salicylic acid biosynthesis, promoting cell death during plant  defense83. Likewise, MANES_03G129300 
(ATL27), described as a member of the E3 ubiquitin ligase  subfamily84 is involved in the initial steps of the plant 
defense signaling  pathway85,86. Upregulation of ATLs (Arabidopsis Toxic in Yeast), particularly during plant-
pathogen interactions, is related to hormonal  signaling87 and also to programmed cell  death88.

Similarly, MANES_01G250800 encodes AtBAG6 (BAG family molecular chaperone regulator 6), a calmodulin-
binding protein (CaM) which is proteolytically activated to trigger basal immunity and induce programmed cell 
 death89,90. In the infection process, the upregulation of AtBAG6 triggers autophagic cell death and consequently 
host  resistance91,92. On the other hand, MANES_09G064600 (Ankyrin repeat-containing protein BDA1-like) is a 
plant immunity regulator, which activates cell death and defense responses  constitutively93.

Proteins containing ankyrin repeat domain (ANK) are associated with quantitative resistance to differ-
ent pathogens, including soil-borne  pathogens94,95, which are the causal agents of cassava black and dry root 
rots. Also, within the spectrum of mechanisms that act as a toxic barrier to pathogens is MANES_12G144000 
(Cytochrome P450 83B1-like), a gene necessary for glucosinolate activation in plant response to  pathogens96. This 
chemical compound belongs to the class of phytoantecipins which are antimicrobial compounds constitutively 
produced by the plant without the need for the presence of the  microorganism97,98. Glucosinolate, when broken 
down by the enzyme myrosinase, is converted into toxic isothiocyanates (ITCs), which directly protects plants 
against pathogens and  herbivores99.

Finally, MANES_07G008700 (putative disease resistance protein RGA3 isoform X1), which is an analogue 
of disease resistance genes (RGA) with conserved domains and structural features that have specific roles in 
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pathogen-host  interactions100. RGAs specifically target effector proteins from the pathogen within the host cell 
via the effector-triggered immunity (ETI) response, and thus mediate immunity triggered by pathogen/microbe-
associated molecular pattern (PAMP/MAMP) and (PTI/MTI)101.

The information provided in this study underscores the complexity of the molecular mechanisms underlying 
cassava resistance to root rot pathogens. The differential expression patterns observed in response to pathogen 
inoculation and among genotypes highlight the dynamic nature of plant-pathogen interactions emphasizing the 
importance of considering both genetic variation and temporal dynamics in these interactions.

Furthermore, the absence of detectable expression for certain genes in the non-inoculated condition, par-
ticularly in the susceptible genotype, suggests a potential basal level of defense in the resistant genotype. This 
phenomenon warrants further investigation to elucidate the underlying regulatory mechanisms and their impli-
cations for enhancing resistance breeding strategies in cassava.

Based on their functions, the 18 genes selected here are potentially involved in cassava resistance to root rot, 
and to our knowledge, this is the first proposed resistance model for the M. esculenta × root rot pathosystem. The 
understanding of these resistance mechanisms, including the biochemical pathways and mainly the identifica-
tion and validation of these candidate genes will substantially contribute to cassava genetic breeding programs 
aiming to implement selection strategies assisted by molecular markers for the development and selection of 
resistant cassava genotypes to root rot disease.

The selection of the genes described here will not only contribute to the use of functional molecular mark-
ers associated with resistance, but will also make it possible to screen germplasm and segregating populations 
in a way that does not depend on inoculation or a more appropriate moment for the overexpression of genes 
associated with resistance. This will imply in cost and time reduction in the stages of identification of the most 
promising cassava clones in terms of resistance to root rot.

Material and methods
Plant material and experimental site
Aiming to compare the Manihot × root rot disease interaction, two genotypes previously evaluated on field tri-
als and by means of genomic selection were chosen: (i) cultivar BRS Kiriris—code BRA 00073992-0 (https:// av. 
cenar gen. embra pa. br/ avcon sulta/ Passa porte/ detal hes. do? ida= 91789) which is widely planted in Northeastern 
Region in Brazil as a source of resistance to root-rot with the best ratio between above ground and fresh root 
yield, meaning that it expresses resistance at field  level26,102 and (ii) the germplasm accession BGM-1345—code 
BRA 00077536-1 (https:// av. cenar gen. embra pa. br/ avcon sulta/ Passa porte/ detal hes. do? ida= 96632), extremely 
susceptible to soil-borne  diseases26.

The experiment was carried out at the Plant Pathology Laboratory and in the Advanced Biology Center 
(NBA), both located at Embrapa Mandioca e Fruticultura in Cruz das Almas, Bahia, Brazil (12°’0′52″5″ S, 
39°’5′22″6″ W, 222 m asl).

All experimental research and field studies involving plants, whether cultivated or wild, were conducted in 
compliance with applicable institutional, national, and international guidelines and regulations. Permission for 
the collection of plant material was obtained from SISGEN A8C56D4.

Plant material preparation for phenotyping
Cassava seedlings from both genotypes were obtained from stem cuttings (5 cm) sprouted and enrooted in 75 mL 
plastic tubes containing vermiculite and commercial substrate (Vivatto, Technes). The substrate was sterilized by 
autoclaving at 121 °C for 20 min 48 h previously to the planting of the stem cuttings. The seedlings were grown 
in an automated thermal chamber for 45 days with 40 °C average temperature, daily variation from 28 to 55 °C, 
and 60 ± 3% relative humidity.

Inoculum preparation, inoculation and root clarification
The pathogens were isolated from soil samples gathered from an area naturally infested with root rot-causing 
pathogens. These samples were collected from a site dedicated to selecting resistant sources over a decade of 
continuous cassava cultivation in the city of Umbaúba, situated in the state of Sergipe, Brazil (11°22′37.9″ S, 
37°40′29.6″ W). The sampling took place at the experimental field of Embrapa Tabuleiros Costeiros during the 
years 2016 and 2017. Each isolate (six isolates from black rot and 54 from dry rot—Table S2) was cultivated as 
a single colony in Petri dishes containing PDA medium (200 g  L−1 of Potato; 20 g  L−1 of Dextrose and 20 g  L−1 
of Agar), and incubated in growth chamber at a temperature of 25 ± 2 °C with 12 h of light for 7 days. Primary 
inoculum of each isolate was placed in 500 g sterilized rice grains. In order to prepare the rice medium, the 
total amount needed of rice grains was previously moistened by adding water directly to the grains (100 mL of 
water/50 g of rice) and kept for 10 min, followed by discharge of the residual water, and storage in transparent 
plastic bags using 500 g portions, followed by autoclave sterilization for 20 min at 120 °C. After cooling, 30 mL of 
spore suspension from each isolate associated with dry and black rot was added to individual rice grains in plastic 
bags and incubated in growth chamber (BOD) for a seven-day period, at 25 ± 2 °C, under a 12-h photoperiod 
and 70 ± 10% humidity multiplication. The plastic bags were manually shaken daily to obtain homogeneous 
colonization of the substrate. For the infestation procedures, the isolates previously grown in rice grains were 
mixed in a bucket and the same weight of each isolate added.

The plastic bags for the seedlings were filled with 2 kg of naturally infected soil (collected from an area with a 
history of disease incidence) plus a mixture of 100 g of rice grains infested by isolates associated with black and 
dry root rot (6 ×  105 conidia  mL−1). As a control treatment, plastic bags were filled with sterilized soil and no 
infested rice. Soil sterilization was performed by two successive autoclavings at 120 °C with an interval of 24 h 
between the procedures. After 45 days of planting, the seedlings (all rooted) produced in an automated thermal 

https://av.cenargen.embrapa.br/avconsulta/Passaporte/detalhes.do?ida=91789
https://av.cenargen.embrapa.br/avconsulta/Passaporte/detalhes.do?ida=91789
https://av.cenargen.embrapa.br/avconsulta/Passaporte/detalhes.do?ida=96632
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chamber were transplanted into bags containing infested soil (Treatment 1) and sterilized non-infested soil 
(Treatment 2). The experiment was kept in the greenhouse and the seedlings irrigated with distilled sterilized 
water every two days for 60 days.

Samples were collected at eight different time-periods: 0, 5, 10, 15, 20, 30, 45 and 60 days after inoculation 
(DAI), chosen based on disease dynamics in the  field26. For each collection time, nine inoculated plants and nine 
controls were used for the molecular analyses. Plant roots were detached, washed in autoclaved distilled water, 
packed, identified, frozen in liquid nitrogen and stored in ultrafreezer (− 80 °C).

For visualization of internal colonization of the cassava roots by the pathogens, a clarification procedure was 
conducted, followed by staining of the fungal  structures103. Root samples were washed in running water and 
cut into 2–4 cm long fragments to assess the colonization by fungi isolates associated with root rot disease. For 
clarification and staining of pathogen structures, three plants from each treatment (inoculated and control) were 
used. Root fragments were placed in recipients containing KOH solution (10%), heated on a hot plate (Quimis) 
for one hour (90 °C) for bleaching. Then, the roots were washed in distilled water and acidified in HCl solu-
tion (1%) for 4 min at room temperature. Subsequently, the solution was discarded and the roots stained with 
Trypan Blue solution of 0.05% lactoglycerol (2:1:1; v:v:v; lactic acid:glycerin:water) at room temperature for 
24 h. Afterwards, the dye was discarded and the roots immersed in a lactoglycerol solution (2:1:1; v:v:v; lactic 
acid:glycerin:water) to remove excessive dye. The clarified roots were visualized and photographed under a light 
microscope (Leica Microsystems model DM500).

Total RNA extraction
RNA extraction was conducted using the CTAB (2% CTAB; 100 mM Tris–HCl pH 8.0; 50 mM EDTA pH 8.0; 
1.4 M NaCl)104 protocol with  modifications105. Total RNA was extracted from the roots of inoculated and non-
inoculated cassava plants. 300 mg of tissue was macerated in liquid nitrogen and 1.5 mL of CTAB buffer added 
to a 2.0 mL microtube and then incubated at room temperature (26 ± 2 °C) for 15 min. Subsequently, the sam-
ples were centrifuged at 13.000 rpm for 5 min and 800 µL of the extract was collected and transferred to 2.0 mL 
Eppendorf microtubes, with subsequent addition of 800 µL of chloroform: isoamyl alcohol (24:1, v:v), vortexed 
and the mixture centrifuged at 13.000 rpm for 10 min.

The supernatant (600 µL) was transferred to a new microtube (1.5 mL) and 360 µL of isopropanol was added, 
and the microtubes kept at − 20 °C for 20 min. The samples were then centrifuged at 13.000 rpm for 10 min and 
the supernatant discarded. The pellet was washed with 70% ethanol (700 µL), kept at − 20 °C for 10 min and 
centrifuged at 13.000 rpm for 10 min. Ethanol was discarded and the pellet allowed to dry at room temperature. 
Analysis of the integrity and concentration of total RNA was verified by electrophoresis in a 1% agarose gel in 
1 × SB buffer (10 mM NaOH pH 8.5; adjusted with boric acid) at 3 V  cm−1, applying an aliquot of 2 µL of total 
RNA from each sample. 700 ng of total RNA from each sample was treated with DNAse I (Amplification grade, 
Thermo Fisher Scientific, USA). After finding no signs of degradation 1 U μL−1 of DNAse, buffer, 1 U of RNA-
seout (Invitrogen) and sterile ultrapure water (Mili-Q) treated with 0.01% DEPC, were used for a final volume 
of 20 μL. The reaction was incubated in a Veriti® thermal cycler (Applied Biosystems) at 37 °C for 40 min. Then 
2 μL of 25 mM EDTA was added, incubated at 65 °C for 10 min, followed by cooling to 4 °C. Half of the volume 
of total RNA treated was used for cDNA synthesis and the other half stored in an ultrafreezer (− 80 °C).

Library construction and RNA sequencing
The RNA-Seq transcriptional profile analysis of the treatments were derived from an equimolar pool, including 
the absolute control (time ‘0’), initial time-periods (‘5’, ‘10’, ‘15’ and ‘20’ DAI) and final time-periods (‘30’, ‘45’ 
and ‘60’ DAI). Afterwards, cDNA libraries were constructed for both genotypes, BRS Kiriris and BGM-1345, 
produced in infested soil and without infestation (sterilized soil), in the initial and final time-periods, in addition 
to the absolute control. Each treatment was analyzed in biological  duplicates106–108, totaling 20 libraries (Fig. 10).

The gene expression profiles of the 20 libraries were obtained based on the RNA-Seq technique, which allowed 
the quantification and identification of differentially expressed genes (DEGs) potentially related to root rot 
resistance. The sequences generated by the Cofactor Genomics company (Saint Louis, Missouri, USA) using an 
Illumina HiSeq xten/NovaSeq 6000 sequencer, were analyzed for quality using FastQC, 1.8 (https:// www. bioin 
forma tics. babra ham. ac. uk/ proje cts/ fastqc/). Raw data generated on the sequencing platform contained a small 
percentage of low-quality data, which was then filtered to get high-quality data to generate clean reads. The raw 
data were processed as the following steps by using Pear software (v0.9.6): 1) Filter low quality reads, (more than 
15% bases with Phred quality score less than 30); 2) Filter reads with N content greater than 8% reads.

For reference-guided analysis, the sequencing reads were aligned against the cassava reference genome v6.128 
deposited in the Phytozome v11.0 database, using STAR software (https:// pubmed. ncbi. nlm. nih. gov/ 23104 886/). 
The count of fragments mapped to each gene was performed using the HTseqe (https:// htseq. readt hedocs. io/ en/ 
master/ count. html). Finally, a matrix was set up with the counts of the mapped fragments of each gene in each 
sample. This table was then used for the analysis of differentially expressed genes (DEGs).

Differentially expressed gene analysis
After obtaining the count matrix, the analysis of differentially expressed genes was performed using the ‘edgeR’ 
package implemented in the R 4.0.3  environment109. Initially, for each genotype, the samples were classified 
into five treatments: (C) Control, (HI) Healthy Initial, (II) Infested Initial, (HF) Healthy Final and (IF) Infested 
Final. Annotation to represent the gene abundances per sample by πg, t, was adopted with the first index to 
denote a genotype and the second for a specific treatment, e.g., πBRS.HI represents the sample BRS Kiriris with 
HI treatment. Then, multidimensional scaling (MDS) analysis was performed to infer about the variability of 
the samples, separating technical and biological samples variances. This variance was based on the difference in 

https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://pubmed.ncbi.nlm.nih.gov/23104886/
https://htseq.readthedocs.io/en/master/count.html
https://htseq.readthedocs.io/en/master/count.html
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expression of the 500 most differentially expressed genes among the analyzed genotypes with distances calculated 
from the gene expression levels.

From the classification of the samples, the expression levels were adjusted using a generalized linear model—
glmLRT (generalized linear model—Likelihood Ratio Test), based on the negative binomial distribution, which 
models the data dispersion by including different parameters for mean and variance. In order to better exploit 
resistance-related genes against root rot pathogens, the following comparisons were made between the con-
trasting treatments: (1) Absolute Control: πBRS.C − πBGM.C; (2) Initial Time: (πBRS.II − πBRS.HI) − (πBGM.
II − πBGM.HI); and (3) Final Time: [(πBRS.IF − πBRS.II) − (πBRS.HF − πBRS.HI)] − [(πBGM.IF − πBGM.
II) − (πBGM,HF − πBGM.HI)]. Absolute Control compares the basal expression between susceptible and resist-
ant under controlled conditions. Initial Time and Final time-periods tests check for the interaction of infection 
and genotype at different time points, having as baseline healthy plants also grown in sterile conditions sampled 
in the same manner and age as infected ones. Thus, the overall purpose of the latter contrasts is to detect dif-
ferentially expressed genes elicited by infection or disease in a genotypic-specific manner.

For each contrast, the differential expression profile was based on the likelihood ratio  test110. Finally, the False 
Discovery Rate—FDR (p-value ≤ 0.05)111 was used to correct for multiple testing and to control the occurrence of 
false positives, improving the accuracy in the identification of most significant genes. The differentially expressed, 
activated or repressed genes between the compared treatments, were used to generate mean-difference graphs, 
which relate the log fold-change (log FC) and represent the relative differences between groups, with the mean 
expression level of the genes measured by the mean logarithm of counts per million (log CPM).

For each one of the three contrasting treatments (1—‘Absolute Control’, 2—‘Initial Time’ and 3—‘Final Time’) 
a list of differentially expressed genes between the resistant and susceptible variety, was generated. The three gene 
groups were then compared and illustrated in a Venn diagram using the “VennDiagram” package, in the R 4.0.

Figure 10.  Flow chart depicting the different time-periods and obtainment of pools. Two contrasting varieties 
for resistance to CRRD, with and without inoculation, were used. The initial time-period was composed by 
samples collected at 5, 10, 15 and 20 DAI and the final, time-periods at 30, 45 and 60.
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Functional assessment of differentially expressed genes
After identifying the genes with increased (up-regulated) or decreased (down-regulated) expression, the bio-
logical and molecular processes modulated in response to the changes in which the genotypes were found (soil 
conditions and plant/pathogen interaction time), were mapped.

Gene ontology (GO) analysis was performed with the Blast2Go  software112, as well was hierarchical ontology 
classification with the MapMan  software113. For these steps a functional annotation file for the reference genome 
and the appropriate MERCATOR v.3.6  ontologies114, were used; the latter is based on information contained 
in functional annotation databases, on a genome-wide scale. The comparison of the log fold-change values of 
the differentially expressed genes (DEGs) in each condition and the molecular function of each DE gene were 
presented in the form of a heatmap, using the pheatmap package in the R 4.0.3  software109.

Candidate genes
The candidate genes to be validated were selected based on three criteria: (i) DEGs in common between the 
‘Control’ and ‘Inoculated’ contrasts (Initial and final time-periods of the interaction); (ii) the Log2 Fold-Change 
differential expression, selecting only the overexpressed genes (up-regulated), and (iii) the selection of genes 
with relevant potential for signaling pathways or direct defense responses of plants to pathogens based on a more 
in-depth search of the functions through the UniProt  platform115.

qRT-PCR primer design, conditions and analysis
The primers were designed using the online platform Benchling (https:// www. bench ling. com/) taking into 
account the described estimates of suitable melting temperature for qPCR, GC content, ΔG of primer hybridi-
zation, and amplified fragment length no longer than 220 bp. The primers were designed based on the target 
genes selected from our transcriptomic analyses using the available genomic sequence of M. Esculenta Crantz. 
Next, the candidate primers were subjected to a blastn query against the genome to avoid non-specific binding 
and duplicated genes. The ’protein phosphatase 2A’ (PP2A) was used as a reference gene selected from previous 
studies on gene expression in  cassava116.

cDNA synthesis and quality control
For the qRT-PCR analysis, RNA samples from two genotypes (BGM-1345 and BRS Kiriris) were used at both 
the initial period (15 DAI) and the final period (45 DAI), under both inoculated and non-inoculated conditions. 
Thus, the analysis comprised 2 (genotypes) × 2 (time points) × 2 (treatments) × 18 (genes) × 3 replicates.

The cDNA synthesis was performed using 10 μL of DNAse-treated RNA supplemented with 1 μL of 50 μM 
poly-T primer (oligo-dT, 18 bp), 1 μL of 10 mM dNTPs, and 3 μL of sterile Milli-Q water, in a final volume of 
15 μL. The mixture was then incubated at 65 °C for 5 min followed by cooling to 4 °C for 5 min. For reverse tran-
scription, 20 U of Ribolock RNase Inhibitor (Fermentas) and 200 U of Revertaid Premium Reverse Transcriptase 
(Fermentas) supplemented with the appropriate 5X RT Buffer (Fermentas) were added to a final volume of 20 μL. 
The reaction was incubated in the Applied Biosystems thermocycler (Model Veriti) at 60 °C for 30 min followed 
by 85 °C for 5 min to deactivate the reaction. After synthesis the cDNAs were stored at − 20 °C.

In order to verify the amplification identity of the primers designed for real-time quantitative PCR (qPCR) 
gene expression analyses an amplification reaction, was conducted. The reaction mixture contained 3 μL of 
cDNA at a 1:10 dilution (v/v), 0.2 mM dNTPs, 0.2 μM of each primer, 2 mM  MgCl2, 1 U of Taq DNA polymer-
ase (Fermentas) in appropriate buffer and sterile Milli-Q water in a final volume of 25 μL. Amplification was 
carried out using the Applied Biosystems thermocycler (Model Veriti) with the following cycling conditions: 
initial denaturation at 94 °C for 4 min; 35 cycles of denaturation at 94 °C for 30 s, annealing at 60 °C for 30 s, and 
extension at 72 °C for 30 s; and a final extension at 72 °C for 5 min. The amplification product was visualized on 
1% agarose gel with 1X SB buffer at 3 V  cm−1.

The gene expression quantification was performed using the ABI PRISM 7500 Real-Time PCR system 
(Applied Biosystems) with SYBR Green detection. Negative controls consisting of contaminant-free water sam-
ples were included in place of cDNA, and melting curves were generated for all analyses. Each reaction included 
1.0 μL of cDNA, 0.3 μL of each primer, 5.0 μL of SYBR Green Master Mix with ROX (Invitrogen), and 3.4 μL of 
water, resulting in a final volume of 10.0 μL per sample. The amplification protocol consisted of an initial cycle 
of 2 min at 50 °C followed by denaturation for 10 min at 95 °C, then 40 cycles of 15 s at 95 °C and 1 min at 60 °C 
and finalizing with 15 s at 95 °C with fluorescence signal detection at the end of each extension step. Data were 
collected and stored using the 7500 Fast Software (Version 2.1).

Melting curve analysis was performed after completion of the reaction cycles with melting temperatures 
ranging from 72 to 95 °C. For each gene studied, the entire qRT-PCR experiment was conducted using different 
cDNAs obtained from each sample with three technical replicates for each. Results were normalized using cycle 
threshold (CT) values obtained from the expression of the reference gene (PP2A) employing the comparative 
CT method.

The expression values for each sample were normalized using the reference gene and the quantitative expres-
sion variation of the target genes in the inoculated samples at each time point was calculated relative to the 
non-inoculated samples. Normalization was performed using the equation ΔCT = CT (target gene) − CT (endog-
enous control). Calibration was determined by the formula ΔΔCT = ΔCT (sample) − ΔCT (calibrator) with the 
calibrator being one of the samples used as the basis for comparative expression results. Relative quantification 
was obtained using the formula RQ =  2−ΔΔCT. Following real-time PCR amplification, each amplification product 
was analyzed by the dissociation curve to ensure that for each gene and genotype the amplified product did not 
exhibit nonspecific bands or primer dimer formation.

https://www.benchling.com/
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The RQ estimates were inputted for the case of missing data using the arithmetic mean of the remaining data 
points per group. We performed a Student T test to assess whether log(RQ) was significantly different between 
groups with n = 3 samples within the detection threshold. The p-values were further corrected for multiple 
comparisons.

Conclusion
Plants of the BRS Kiriris variety considered phenotypically resistant to root rot restricted the progression of the 
disease, limited the occurrence of symptoms in the leaves and allowed the expansion (increase in volume) of the 
roots, even when under fungal colonization.

Temporal post-infection responses showed that the number of DEGs in the initial phase of interaction (15 
DEGs) was much lower than in the final phase (366 DEGs). In addition, GO terms that significantly enriched in 
the initial response to infection (five to 20 DAI), were not identified.

The cassava defense/resistance response model to root rot disease is based on the induction of genes that 
encode the hypersensitivity response (HR), acquired systemic resistance (SAR), induction of pathogen-related 
proteins (PR-Proteins), reinforcements of the cell wall and signaling compounds, such as auxins, jasmonic acid 
(JA), brassinosteroids (BR) and hydrogen peroxide.

A total of 18 candidate genes were selected and their validation will allow the use of functional molecular 
markers associated with resistance for further screening of germplasm and segregating populations to identify 
the most promising cassava clones with resistance to root rot.

Data availability
All datasets generated for this study are presented in the article, supplementary material, and Figshare (https:// 
doi. org/https:// doi. org/ 10. 6084/ m9. figsh are. 20493 144. v1).
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