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ABSTRACT 
 

Fusarium wilt (Fusarium oxysporum) is one of the most important plant pathogens of soybean. 
However, molecular processes associated with the soybean-fusarium interaction are still needed to be 
studied. In this research, effects of Fusarium wilt infection on the mitochondrial and chloroplast 
functions in resistant soybean plants were sought in order to understand the mechanism the plant 
adopt for quick response to the F. oxysporum invasion. Fusarium wilt affects the function of 
mitochondria and chloroplasts, causing gene expression disruption until one day after infection. The 
rate of mitochondrial function decreased from 100% in control leaves to almost 50% at 1 day after 
infection (dai). Significant decreases in the activities of cytochrome c oxidase and malate 
dehydrogenase (MDH) were observed in the fusarium wilt-infected leaves, suggesting serious impair 
in the tricarboxylic acid cycle (TCA) and electron transfer capacity. Chlorophyll and catalase enzyme 
dramatically decreased in the infected leaves from first and second days after infection. However, the 
mitochondrial and chloroplast functions were fully restored at the 2 dai except for the catalase 
enzyme, which exhibited a fully recovered expression 3 dai. These results provide new insights into 
understanding the mechanism of soybean-fusarium resistance interaction.  
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Introduction 
 

Fusarium wilt is known to be an important plant disease that cause severe damages to many 
host plants including soybean. The causative of fusarium wilt is F. oxysporum, a pathogen that is 
persistently borne and live in the soil for many years without a host. Healthy plants can easily get 
infected by F. oxysporum if they are growing in soil infested with the pathogen (Ignjatov et al., 2012). 
F. oxysporum infection is also associated with some other symptoms such as the root rot damping-off, 
wilt, cortical decay, and vascular discoloration (Farias and Griffin, 1989; French and Kennedy, 1963; 
Leslie and Summerell, 2006; Nelson, 1999). Pathogenicity effects of Fusarium oxysporum on the 
mitochondrial and chloroplast functions have not been fully demonstrated in neither  the resistant nor 
the susceptible plants. 

Soybean (Glycine max L.) is one of the most important sources of oil and protein worldwide. Its 
protein content is considered the highest among leguminous crops (Abady et al., 2008). Of all legume 
crops, soybean in particular, is infected with many different plant parasites and pathogens (Ibrahim et 
al., 2010 and 2011; Matthews, 2013). Multiple Fusarium species have been found to be associated 
with multiple soybean diseases (Arias et al., 2013). The annual losses of soybean yield caused by 
Fusarium wilt disease in particular, is still difficult to be quantified worldwide because the often 
combination of this infection with other pathogens or plant health problems (Arias et al., 2013). 

Plants recognize the pathogen and respond to the infection via induction of several defense 
mechanisms (He et al., 2013). One of the quick responses is the rapid production of active oxygen 
species (AOS) at the very early stages of infection. It has been considered and characterized as a 
common feature in the programmed cell death in many plant-pathogen interaction mechanisms 
(Greenberg et al., 1994). In addition, some important aerobic metabolic processes such as respiration 
and photosynthesis mainly participate in the production of reactive oxygen species in mitochondria 
and chloroplasts (Apel & Hirt, 2004). Though Fusarium oxisporum fungi attack the plant roots, they 
also affect the leaves causing wilting of the stem and upper leaves, accordingly, affecting the 
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photosynthesis and respiration efficiency in the leaf tissue leading to premature leaves drop. 
Photosynthesis, respiratory pathways and defense responses to fusarium wilt pathogen have not been 
well covered in soybean or other legume plants. However, other leaf infecting fungi such as powdery 
mildew have been well documented in different plants (Wang et al., 2014). Hence, we reasoned that 
plant susceptibility to fusarium wilt could be related to malfunctions of mitochondria and/or 
chloroplasts. 

Gene expression studies may provide insights into fusarium wilt disease pathogenicity and 
identify potential biomarkers for the relationship between fusarium and their host plants. In this study, 
a series of temporal molecular indices related to mitochondrial and chloroplast activities were 
investigated extensively in fusarium-inoculated resistant soybean plants using real-time PCR (RT-
PCR), to examine the expression profiles of mitochondrial cytochrome C oxidase and malate 
dehydrogenase (MDH), as well as the chloroplast catalase, and chlorophyll a and b coding genes, at 
different time points of infection, to better understand the physiological effects of the infection and 
the rapid response of the resistant species against fusarium infection.  
 
Materials and Methods 
 
Plant material, fungal isolates and inoculation  
 

Soybean seedlings, var. Giza 111 were used to study chloroplast and mitochondrial functions 
after inoculation with Fusarium oxysporum. Fusarium isolate used in the study was obtained from 
soybean root samples collected during 2014 in the department of plant protection, Faculty of 
Agriculture, Cairo University, Egypt. Inoculation was performed on 2-weeks soybean seedlings. 
Seedlings of the same age without inoculation were used as control, and kept in separate illuminated 
incubators to avoid cross infection by the fungus. The inoculated and control seedlings were grown at 
25C, 16 h day light and 80% relative humidity in green house. Three seedlings per treatment, and the 
control were used in each experiment . Three leaves from each plant were used for RNA extraction. 
The inoculated and control leaves were collected at 6 different time points before and after treatment 
(0, 1, 2, 3, 5, 7 dpi) for further study. qRT-PCR was performed in three biological replicates and each 
reaction was replicated three times. 

 
RNA Extraction and cDNA Synthesis 
 

Total mRNA was extracted using the High Pure RNA Isolation Kit (Thermo Fisher Scientific, 
MA, USA) according to the manufacturer's protocol, and the products were transferred to −80°C for 
storage. Total cDNA was produced using first strand cDNA synthesis Kit (Thermo Fisher Scientific, 
MA, USA), according to the manufacturer's protocol. The products were transferred to −20°C for 
storage. The cDNA was used for subsequent real time-PCR amplification of the mitochondrial 
cytochrome C oxidase and malate dehydrogenase (MDH), and chloroplast catalase, and chlorophyll a 
and b coding genes. Glyceraldehyde 3-phosphate dehydrogenase and beta–actin were used as the 
reference genes for gene expression analysis. 

  
Real time-PCR Analysis 
 

Relative quantification of the transcript levels of the genes encoding the cytochrome C oxidase, 
malate dehydrogenase (MDH), catalase, chlorophyll a and b, was investigated using real time-PCR. 
100–300 ng of cDNA from the 6 time points and controls were subjected to real time-PCR 
amplifications in 20 μl reactions containing 1X absolute SYBER Green ROX Mix, and 100 nM of 
each specific primer (Table 1). All primer pairs were initially tested via standard RT-PCR using the 
same conditions as described for real-time RT-PCR. Amplification of single products of expected size 
was verified by electrophoresis on 3% agarose gel and ethidium bromide staining (data not shown). 
The real time-PCR amplifications were carried out in a Strategen MX 3000p apparatus (Stratagen, La 
Jolla, CA., USA) according to the following protocol: 15 seconds at 95°C, followed by 40 cycles of 
denaturation for 30 seconds at 95°C, annealing for 1 minute at 60°C and extension for 30 seconds at 
72°C. Each experiment was performed in 3 replicates, and was repeated three times. Standard curves 
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were generated in triplicates for each primer using ten-fold serial dilutions of a cDNA sample 
prepared from total RNA. The efficiencies of the real time-PCR Startegen MX3000p software was 
used to determine the amplification cycle in which product accumulation was above the threshold 
(Ct). Real time-PCR Ct values were analyzed using the 2−ΔΔCt method according to Rutledge and 
Stewart (2008) and Ibrahim et al. (2010). In each experiment, the mean Ct of the triplicates for a 
given gene was normalized to the mean Ct value of the reference genes. 

 
Table 1: Primers used in RT-PCR reaction to quantify the transcript level of some molecular indices 

related to mitochondrial and chloroplast activities. 

Transcript 
Primers 

Forward Reverse 
Cytochrome Oxidase AGTCTGACCCTGCCACCTAT CCGGCTTCCTTGAGTTGAGT 

MDH  GGTGTGGCGGTTTTGTTGTT AAGGGTACAACACCCTGCAA 
Catalase CTGCGGAGTCAGAAAGCCAT ACGCTCGTGGATAACAGTGG 
Chlorophyll a-b TTTTCTCTCAACCGGCCCAA TCTTCGCAAGGTTCTGGTCC 
 

Results  
 

Infection with Fusarium oxysporum affects chloroplast and mitochondrial functions in soybean 
plants  
 

The Fusarium oxysporum fungi could successfully infect the light green leaves of 2-weeks old 
soybean seedlings and resulted in slight root rot and further leaves necrosis and wilting at later time 
points (Fig. 1). At 1 dai, all transcripts of the tested genes were noticeably down regulated. 

 

 

Fig. 1: Giza 111 resistant soybean plants infected with F. oxysporum  exhibiting mild symptoms after infection 
with slight necrosis spots on the leaves (Arrows) at 4 dai.  

 
Cytochrome c oxidase transcripts decreased sharply by more than 50% in the infected leaves 

comparing with the un-inoculated control and quickly increased at 2 and 3 dai (Fig. 2). Similar results 
were detected for chlorophyll a and b transcripts. MDH transcripts was 2-fold higher in the control 
sample than that in the infected leaves at 1 dai and also had a recovered level of expression at 2 and 3 
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dai. Moreover, catalase enzyme transcript decreased at early time point of infection and sharply 
dropped at 2 dai (Fig. 2). The catalase transcript level increased up to reach back the same level of 
expression as the control at the 3 dai. 

 
Fig. 2: The effect of Fusarium oxysporum on mitochondrial and chloroplast functions at different time points 

after infection compared to control. Bars with different letters showed significant differences at P<0.01 
of fold changes. 

 
Discussion  
 

Fusarium wilt disease caused by F. oxysporum is one of the most important diseases in Egypt 
that affect a wide spectrum of plant species including soybean and cause root rot of soybean, leaf 
necrosis and premature dropping for leaves (Aries, 2012). Though this pathogen is soil-borne fungi 
and affect mainly the plant roots, the infection is followed by a rapid wilting of plant leaves leading to 
decline in photosynthesis, energy production, and regulation of other cellular metabolism processes. 
In the present study, the effect of fusarium invasion on the mitochondrial and chloroplast activities at 
different time points of infection was investigated by quantifying the level of gene expression of 
genes that code for mitochondrial and chloroplast enzymes to better understand the physiological 
effects of the infection. Four genes were chosen in this study, (cytochrome C oxidase, Malate 
Dehydrogenase (MDH), catalase, chlorophyll II a and b) and their products were identified and 
quantitatively measured in qRT-PCR using specific designed primers (Table 1) at different time 
points after infection with fusarium oxysporum. 

Both cytochrome c oxidase and malate dehydrogenase are mitochondrial enzymes that have 
primary roles in the tricarboxylic acid (TCA) cycle and energy production. Cytochrome c oxidase is 
the last respiratory complex of the electron transfer chain in mitochondria and is responsible of 
transferring electrons to the final acceptor, oxygen, in the respiratory pathway. Mitochondrial malate 
dehydrogenase catalyzes the interconversion of malate and oxaloacetate to form citrate, reduces OAA 
to malate during conversion of the amino acid Gly to Ser, and catalyzes a reversible NAD+-
dependent-dehydrogenase reaction. Deficiency in MDH results in reducing leaf respiration and 
negatively affects the photorespiration process and plant growth (Tomaz et al., 2010; Wang et al., 
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2015). Our results suggest interruption of the TCA cycle in mitochondria during infection with 
fusarium.  

The chlorophylls are the main light absorbing pigments of the photosynthetic apparatus. In the 
tricarboxylic acid (TCA), an active malate dehydrogenase is required to facilitate carbon flow from 
phosphoenolpyruvate to oxaloacetate by reversibly catalyzing the oxidation of malate to oxaloacetate 
utilizing the reduction of NAD+ to NADH.   

Catalase is the enzyme which releases gaseous oxygen from hydrogen peroxide and known to 
occur in chloroplasts (Mhamdi et al., 2010).  It catalyzes the decomposition of hydrogen peroxide to 
water and oxygen. The catalase activity can be detected in chloroplasts due to the presence of 
peroxisomes (Mhamdi et al., 2010).  Knocking out CAT2 enzyme-encoding gene using gene-specific 
T-DNA confirmed that, this major isoform of the leaf catalase gene is closely linked to 
photorespiration in Arabidopsis (Queval et al., 2007). Its activity can also be determined by 
continuous monitoring of the decomposition of H2O2 at 240 nm (Wang et al., 2014). Our findings 
showed that the catalase transcript decreased at 1 dai, and almost disappeared at 2 dai. This is in 
accordance with the slight rotting of the roots and leaf necrosis (Fig. 1) observed at 1 dai. The catalase 
enzyme severely decreased on the second day of infection unlike the rest of the other tested 
transcripts, which exhibited accumulation of H2O2 leading to the release of ROS, and subsequent 
death of leaves.  In plants, hydrogen peroxide (H2O2) plays a major signaling role in triggering both a 
defense response and cell death. In barley, Catalase-deficiency resulted in leaf bleaching (Kendall et 
al., 1983), while in tobacco, CAT1 antisense-transformed plants exhibited necrotic lesions due to the 
activation of certain defense responses against Pseudomonas syringae (Chamnongpol et al., 1996; 
Takahashi et al., 1997).  

Moreover, the major decline in chlorophyll content indicated that F. oxysporum infection had a 
severe impact on photosynthetic efficiency of soybean leaves at the first exposure to the fungi.  But, 
the noticeable and rapid straight increase of the chlorophyll content suggests a speedy response and 
recovery of the resistant Giza 111 variety from that infection, which implies a resistance 
characteristics against F. oxysporum, consistently with the study reported by Abdel-Monaim et al. 
(2011) which stated that Giza 111 is the least susceptible cultivar to Fusarium oxysporum among all 
the tested soybean cultivars ().  However, another study showed that Giza 111 exhibited a susceptible 
reaction to fusarium infection (Abd El-Hai et al., 2016).  

To date, detailed mechanisms of F. oxysporum infection and resistance in soybean are mostly 
unknown. The results reported here indicate that it could be concluded that the infection negatively 
affected both mitochondrial and chloroplasts function severely on the first day after infection, but the 
Giza 111 plants were able to retrieve the complete function of their mitochondria and plastids at the 
third day of infection. These results may lay foundations for further investigations of the mechanism 
of fusarium wilt (F. oxysporum) X Plant interactions at the transcriptome, proteome, and metabolome 
levels.  
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