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Abstract
Citrus have been grown as a commercial fruit crop in Morocco for a decade. The area dedicated to growing and producing 
citrus has increased from 2006 to 2018 throughout the country. The rapid decline of citrus trees has been observed in many 
locations. Therefore, this study aimed to identify and characterize fungal pathogens associated with dry root rot (DRR) 
disease of citrus from diseased trees and soil collected from different citrus-growing plantations. Isolation and morphologi-
cal identification of pathogens were performed using PDA-SC medium. Thirty-four Fusarium isolates were recovered from 
symptomatic plants. These isolates were identified based on morphological traits and the sequence of the internal transcribed 
spacer (ITS) region. Four Fusarium species were identified. Fusarium solani (Martius) was most frequently identified 
(70.60%), followed by F. oxysporum (17.65%), F. equiseti (8.82%) and F. brachygibbosum (2.94%). The two latter species 
have recently been associated with DRR in Morocco. Two separate pathogenicity trials were conducted to test the effect of 
the pathogens on young citrus seedlings. Results indicated that, with the exception of F. equiesti, Fusarium isolates were 
aggressive pathogens of citrange-Troyer and sour orange seedlings 2 months postinoculation. Citrus trees displayed key 
symptoms of DRR such as root rot, discolored and necrotic roots, purple wood discoloration, plant yellowing and general 
weakness. Further, all four species were able to induce lesions when they were used to inoculate citrus branches. This is the 
first detailed report of Fusarium species associated with DRR in Morocco.
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Introduction

Citrus are among the most highly cultivated fruit crops in 
Morocco and worldwide. Morocco is known as one of the 
important producers of citrus and has increased the area 

dedicated to their production to 126,600 ha, which has been 
used to produce 2.6 million tons of citrus fruits annually 
(Jaouad et al. 2020). Despite its wide distribution and eco-
nomic importance, the crop is frequently threatened by pests 
and diseases. However, knowledge of citrus fungal diseases, 
particularly those caused by Fusarium species, is limited. 
The identification of pathogens imperative (Guarnaccia and 
Crous 2017). Fusarium spp. are known to affect a large num-
ber of crops and cause various serious diseases like fruit rot, 
root rot, seedling damping-off and plant wilt (Parikh et al. 
2018b; Rivera-Jiménez et al. 2018; Ezrari et al. 2019).

Fusarium species are a major threat to citrus production 
worldwide and cause serious diseases including dry root rot 
(DRR), twig rot, decline dieback, twig blight, vascular wilt, 
feeder root rot, root and stem rot (Spina et al. 2008; Al-Sadi 
et al. 2014; Liu et al. 2019). To the best of our knowledge, a 
few studies have investigated the importance of these kinds 
of diseases in Mediterranean areas, including Morocco. In 
Tunisia, a preliminary study revealed the presence of F. 
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oxysporum f. sp. citri in some orchards within the Cap-Bon 
region (Hannachi et al. 2014). As a result of this study, and 
observed declines in citrus production due to Fusarium spp., 
DRR is becoming an increasingly important global problem. 
In fact, during the last decade, citrus production has under-
gone severe decline, which was probably linked to climatic 
change.

The presence of DDR in Morocco was first reported by 
Vanderweyen and Serrhini (1981) and Fusarium spp. was 
identified its causative agent. Its incidence was enhanced 
when plants were subjected to biotic (interaction with Phy-
tophthora species and the nematode Tylenchulus semipen-
etrans) or abiotic (drought, root asphyxiation due to over 
watering, and excessive fertilization) stresses (Adesemoye 
et al. 2011; Yaseen and D’Onghia 2012). Furthermore, DRR 
was reported to be caused by a complex of different Fusar-
ium species, and F. solani (Neocosmospora solani) was 
shown to be most significantly associated with DRR (Yaseen 
and D’Onghia 2012; Sandoval-denis et al. 2018). F. solani 
is an opportunistic pathogen that affects citrus trees when 
they are stressed (Adesemoye et al. 2011). The combination 
of abiotic and biotic stressors and F. solani is destructive 
and might lead the sudden decline of trees (Sandoval-denis 
et al. 2018). The impact of the disease is most substantial 
in nurseries and orchards during spring and summer, and 
significantly damage new plantations. The first symptoms of 
disease typically initiate after spring temperatures warm, fol-
lowing the rainy season. DRR disease progression depends 
on weather conditions and decline are most rapid throughout 
hot summer periods (Adesemoye et al. 2011).

DRR Symptoms begin with the yellowing of leaves from 
the midrib, chlorosis and wilting, which are followed directly 
by an entire dieback of the plant. Regardless of rootstock, 
citrus trees of all ages are vulnerable to DRR (Adesemoye 
et al. 2011). Sometimes, hemiplegia can occur in diseased 
trees in the longitudinal direction (Malikoutsaki-Mathioudi 
et al. 1987). Infected trees lose their canopies as desication, 
leaf-fall, fruit drying on the branch occurs (Olsen et al. 2000; 
Kunta et al. 2015). The roots of symptomatic trees are black-
ened with discolored peels, necrosis and wood browning 
at the base of the trunk without gummosis (Malikoutsaki-
Mathioudi et al. 1987).

The survival and persistence of Fusarium species in the 
soil and under stressed conditions are typically ensured by 
the presence of dormant chlamydospores and macroconidia 
structures. Under favorable environmental conditions, per-
sistent forms of the pathogen germinate and give rise to 
mycelial filaments that penetrate the cortical cells of roots 
via natural openings and injuries. Under conditions of stress, 
the pathogen colonizes vascular tissues by degrading pri-
mary cell wall structures.

The genus Fusarium was introduced by Link in 1809 
under the name “Fusisporium,” and is currently called 

Fusarium sensu Wollenweber (1913). It is one of the most 
studied genera the fungal kingdom. It is a filamentous 
fungus (Sordariomycetes: Hypocreales: Nectriaceae) that 
causes devastating diseases in plants (Nelson et al. 1983), 
and is one of the most diverse fungal species, both mor-
phologically and phylogenetically, and with respect to host 
specificity. Molecular sequencing techniques have identified 
more than 300 species and 22 species complexes, which are 
comprised of more than 300 phytopathogenic species (Aoki 
et al. 2014). Currently, more than 1400 Fusarium names are 
listed in MycoBank databases (Sandoval-denis et al. 2018). 
However, after the introduction of modern molecular tools, 
the majority of phytopathogenic Fusarium species have been 
grouped into four species complexes, as follows: F. solani 
species complex (FSSC), F. solani sensulato, which the 
members are responsible for foot and root rot in many hosts; 
F. oxysporum species complex (FOSC), the species cause 
vascular wilt and rot associated with root rot and include 
more than 100 special formations (ff. Sp.); F. graminearum 
species complex (FGSC) and F. fujikuroi species complex 
(FFSC) (Aoki et al. 2014). Fusarium spp. are known to be 
a vascular pathogens and have been associated with sev-
eral plant hosts, including citrus (Timmer 2000; Yaseen and 
D’Onghia 2012). They present serious threat to citrus pro-
duction worldwide (Sandoval-denis et al. 2018).

F. solani (Fusarium solani (Martius) Appel & Wollenwe-
ber emend. Snyder & Hansen) (teleomorph: Nectriahaema-
tococca; Common Synonym. Nectriahaematococca) is the 
Fusarium species most frequently isolated from citrus (Ade-
semoye et al. 2011). It was described for the first time as 
Fusisporium solani by von Martius (1842), and then trans-
ferred named F. solani by Appel and Wollenweber (1910). 
The name Fusarium solani was attributed to species belong-
ing to FSSC by plant pathologists and clinical microbiolo-
gists before the introduction of molecular techniques (San-
doval-Denis and Crous 2018). Lombard et al. (2015) and 
Sandoval-Denis et al. (2018) grouped species belonging to F. 
solani species complex (FSSC; O’Donnell 2000/sect. Mar-
tiella (Wollenweber 1913) into Neocosmospora. However, 
throughout the present work, the name Fusarium solani will 
be used (Liu et al. 2019).

F. solani (as N. solani) belonging to phylogenetic species 
5 within FSSC clade 3 (Schroers et al. 2016), has a wide 
host range and has been reported to be associated with veg-
etables, humans and animals. It is a ubiquitous soil fungus, 
and has been associated with citrus tree roots worldwide, 
notably under conditions of stress (Nemec et al. 1980; Ade-
semoye et al. 2011). However, other species of Fusarium 
can cause the same type of disease. These species include 
F. oxysporum, which has been isolated from the roots and 
rhizosphere of citrus trees, and F. equiseti, which has been 
rarely isolated from citrus roots (Smith et al. 1989). F. pro-
liferatum and F. sambucinum have also been isolated from 
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citrus (Malikoutsaki-Mathioudi et al. 1987), but their impact 
on citrus health is still unknown. Therefore, the goal of the 
present investigation was to identify Fusarium species asso-
ciated with severe declines in citrus in Morocco using mor-
phological characteristics, genetic analyses of the ITS region 
of rDNA, and via the assessment of the capacity of isolates 
to induce DRR and twig lesions.

Materials and methods

Field sampling, pathogen isolation and purification

Throughout 2017 and 2018 growing seasons, citrus fields 
different locations throughout the country were surveyed 
(Fig. 1) for the presence of key symptoms of DRR and 
Fusarium dieback such as shrivelling and drying of the foli-
age, the presence of cracks at the base of the trunk and bark. 
Root samples from citrus trees showing typical symptoms 
of DRR, such as light purple coloration and vascular dis-
coloration, were aseptically collected from orchards of key 
citrus-growing regions of Morocco (Fig. 2). Both the roots 
and soil were samples. Root and soil samples from each 
identified citrus tree were transported to the laboratory in 
separate plastic bags and stored at 4 °C until cultures were 
isolated from samples.

Symptomatic root tissues (roots showing vascular discol-
oration) were collected from the surveyed fields and rinsed 
using tap water to remove soil particles. Afterward, they 
were cut with a sterile scalpel into small pieces (5 × 5 mm) 
and surface-sterilized in a sodium hypochlorite solution 
(2%) for 30 s, followed by dipping in 70% ethanol for 30 s, 
and rinsed 3 times using sterile distilled water (SDW). 
Tissue pieces were deposited on sterilized Whatman fil-
ter paper, air-dried in a Laminar flow hood, and three pieces 

were placed onto a Petri dish (9 cm in diameter) containing 
20 ml of potato dextrose agar (PDA-SC) medium supple-
mented with streptomycin (100 μg/mL) and chlorampheni-
col (100 μg/mL). All plates were incubated in the dark at 
25 ± 1 °C for at least 4–7 days, and afterward fungal colonies 
growing on tissue pieces were transferred and subcultured 
onto new PDA media.

Soil samples (20 g) from each citrus field were suspended 
in 100 mL SDW, placed in a rotatory shaker set to 150 rpm 
for 30 min, and serially diluted 10-fold. Three Petri dish 
plates containing 20 mL PDA were inoculated with 0.1 mL 
of each diluted soil solution. All plates were incubated at 
25 ± 1 °C until colonies of filamentous fungi were visible. 
Since our study focused on Fusarium species, fungal iso-
lates containing Fusarium-like colonies were purified and 
transferred to fresh PDA plates for further morphological 
and molecular characterization.

Morphological identification

Fungal colonies resembling to Fusarium spp. were identified 
based on their morphological characteristics, as described 
previously (Leslie and Summerell 2006). Morphological 
traits including colony color, agar pigmentation on PDA, 
growth rate, macroconidia produced in sporodochia, and 
form and arrangement of both microconidia and chlamydo-
spores were examined visually and using a light microscope. 
Microscopic images of both mycelium and spores, including 
micro-macroconidia and chlamydospores of each Fusarium 
species, were taken. The length of micro/macroconidia and 
chlamydospores was measured using a microscope equipped 
with a camera (Bx40 with a camera associated with Touch-
Scope Integrated powerful software). Imaging results were 
compared with those reported in previous studies. Repre-
sentative isolates of each sampled field were labelled, stored 

Fig. 1  A map showing sampling fields containing plants examined for dry root rot symptoms. 1 Beau Séjour (Sidi Kacem); 2 Khnichet (Sidi 
Kacem); 3 Somapra (Khmisset); 4 Lac (Salé); 5 Benioukil (Beni-Mellal); 6 El-Kdima (Taroudant), prepared using ArcGIS software 10.3.1
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in tubes containing 25% glycerol, and then deposited into the 
ENA-Meknes (CMENA) microorganism collection.

DNA extraction, PCR amplification and molecular 
identification of Fusarium species

All suspected Fusarium fungal isolates were subcultured 
on PDA medium and incubated for 7 days at 25 °C in the 
dark. Afterward, the mycelium of each isolate was har-
vested and genomic DNA was extracted as described previ-
ously (Doyl and Doyle 1990). Briefly, a small amount of 
mycelium (~ 1 cm2) was gently scraped from the surface of 
each pure fresh-growing PDA-SC culture and placed into 
an Eppendorf tube (1.5 mL), and 500 μL extraction buffer 
was then added. The mixture was ground with a pestle, 
vortexed lightly, and incubated at 65 °C in a warm-water 
bath for 30 min before being briefly centrifuged for 5 min 
at 13,000 rpm. Supernatant (400 μL) was recovered, and an 
equivalent volume (400 μL) of chloroform/isoamyl-alcohol 
(24v/1v) was added. The resulting mixture was gently mixed 
for 5 min and centrifuged for 5 min at 14,000 rpm. Then, the 
supernatant (350 μL) was recovered and precipitated with 
350 μL of isopropanol. The tubes were then centrifuged for 
10 min at 14,000 rpm. The supernatant was then discarded 
and 500 μL of 70% ethanol was added to the pellet, which 

was vortexed and centrifuged for 5 min at 14,000 rpm. The 
obtained pellet (DNA) was dried in an incubator at 60 °C 
(30 to 45 min), resuspended in 50 μL SDW, and then stored 
at − 20 °C for further use.

Dry root rot disease is commonly caused by Fusarium 
species; therefore, a polymerase chain reaction assay 
(PCR) was used to detect Fusarium spp., F. solani and F. 
oxysporum. Sets of genus specific primers were used (TEF-
Fu3f:GGT ATC GAC AAG CGA ACC AT/TEF-Fu3f:TAG TAG 
CGG GGA GTC TCG AA) (Arif et al. 2012) to amplify an 
420 bp region of transcription elongation factor (TEF-1α) 
as follows: 5 min at 94 °C; and 40 cycles of 94 °C for 1 min, 
58 °C for 1 min and 72 °C for 2 min; followed by a 10 min 
incubation at 72 °C (Arif et al. 2012). A second PCR assay 
was carried out to detect F. solani using specific primers 
(TEF-Fs4f: ATC GGC CAC GTC GACTC/TEF-Fs4f: GGC 
GTC TGT TGA TTG TTA GC) that amplified a 680 bp region. 
The PCR protocol for the amplification step was as follows: 
5 min at 94 °C; 40 cycles of 94 °C for 1 min, 58 °C for 1 min 
and 72 °C for 2 min; followed by 10 min incubation step at 
72 °C (Arif et al. 2012). To identify F. oxysporum, specific 
primers targeting an internal transcribed spacer region (ITS; 
FOF 1: 5′ ACA TAC CAC TTG TTG CCT CG 3′ FOR1: 5′ CGC 
CAA TCA ATT TGA GGA ACG 3′) were used to amplify 
400 bp region. The PCR program for the amplification used 

Fig. 2  Infected Trees displaying several symptoms of dry root rot in 
the field are shown (a–d): a and b indicate sparse canopy and wilted 
foliage, c indicates fruit persistent in the canopy with detached leaves, 

and d shows plants at an advanced stage of decline. Infected seedling 
sections (e) are reddish-purple to black and (f) shows an image of tree 
bark that was stained a dark color post-Fusarium solani infection
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was: 5 min at 95 °C; 35 cycles of 94 °C for 30 s, 55 °C for 
30 s 72 °C for 1 min; followed by a 5 min incubation step 
at 72 °C (Mishra et al. 2003). Amplification of the internal 
transcribed spacer region was performed using ITS1 and 
ITS4 (White et al. 1990). The PCR amplifications were car-
ried out using an Eppendorf thermal cycler using the follow-
ing settings: 3 min at 95 °C; followed by 35 cycles of 35 s at 
95 °C, 1 min at 55 °C and 2 min at 72 °C; with a final 10 min 
extension step at 72 °C.

A final volume of 25 μL was used for all PCR reactions. 
Reaction ingredients included 2.5 μL PCR buffer, 2 μL 
MgCl2 (50 mM), 0.25 μL dNTPs (10 mM), 0.25 µL of each 
primer (10 µΜ), 0.2 µL Taq DNA Polymerase (5 U/μL) (Inv-
itrogen™ Taq DNA Polymerase), 2 μL of genomic DNA 

and SDW was added to reach a final 25 μL reaction volume. 
Amplified PCR products were visualized on a 1.5% agarose 
gel after by electrophoresis using tris borate EDTA buffer 
(TBE) (0.5×) and a 1-kb DNA ladder was used as a stand-
ard. Gels were stained with ethidium bromide and visual-
ized using a UV trans-illuminator to assess the presence and 
size of amplicons. PCR products were then sequenced. The 
forward and reverse ITS sequences were edited and aligned 
using DNAMAN sequence analysis software (version 6.0, 
Lynnon Biosoft, Canada). The obtained sequences were 
verified using Blast search to identify the similar sequences 
in GenBank databases (National Center for Biotechnology 
Information) and then deposited in GenBank with the acces-
sion numbers as indicated in Table 1. Phylogenetic analysis 

Table 1  Details information 
on the origin, sampling year 
and GenBank accession 
numbers of Fusarium species 
isolates recovered from citrus 
plantations with dry root rot 
symptoms

Code Species Orchards origin Accession number Sampling year

Ked1 F. Brachygibbosum Kedimate Taroudante MH999442 2017
Ked2 F. equiseti Kedimate Taroudante MH999443 2017
Ked 3 F. solani Kedimate Taroudante MH999444 2017
Ked4 F. oxysporum Kedimate Taroudante MH999445 2017
Ked5 F. solani Kedimate Taroudante MH729387 2017
Ked6 F. solani Kedimate Taroudante MH999831 2017
Ked7 F. solani Kedimate Taroudante MH999832 2017
Ked8 F. solani Kedimate Taroudante MH999833 2017
Ked9 F. solani Kedimate Taroudante MH999834 2017
Ked10 F. solani Kedimate Taroudante MH999835 2017
Ked11 F. solani Kedimate Taroudante MH999836 2017
Lac1 F. oxysporum Lac Salé MK002868 2018
Lac2 F. solani Lac Salé MK088239 2018
Lac3 F. solani Lac Salé MK002769 2018
Lac4 F. oxysporum Lac Salé MK002869 2018
Lac5 F. solani Lac Salé MK002770 2018
Lac6 F. oxysporum Lac Salé MK002870 2018
Lac7 F. solani Lac Salé MH999817 2018
Lac8 F. solani Lac Salé MH999818 2018
Lac9 F. oxysporum Lac Salé MK002871 2018
PRM1 F. solani Kedimate Taroudante MK681890 2018
BSJ1 F. equiseti Beauséjour Sidi Kacem MK905429 2018
BSJ2 F. oxysporum Beauséjour Sidi Kacem – 2018
Khn1 F. solani Khnichate Sidi Kacem MK681890 2018
Khn5 F. solani Khnichate Sidi Kacem MK905430 2018
Khn9 F. solani Khnichate Sidi Kacem MK905431 2018
SMP1-1 F. solani SOMAPRA Khmeisset MK905432 2018
SMP1-2 F. solani SOMAPRA Khmeisset MK905433 2018
SMP2-1 F. solani SOMAPRA Khmeisset MK905434 2018
SMP2-2 F. solani SOMAPRA Khmeisset MK905435 2018
BM1 F. solani Beni oukil Beni-Mellal – 2019
BM2 F. oxysporum Beni oukil Beni-Mellal – 2019
BM3 F. equiseti Beni oukil Beni-Mellal – 2019
BM4 F. solani Beni oukil Beni-Mellal – 2019
Crg1 F. equiseti Agadir MK072833 2018
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was conducted using sequences of Fusarium spp. determined 
in the present study (Table 1) and those available in Gen-
Bank. The obtained ITS sequences were used to generate 
a phylogenetic tree, and isolates were rearranged to form 
major clusters using MEGA 5.0 software. The Rhizoctonia 
solani (HG934415) sequence from GenBank was selected 
as an out-group. The maximum likelihood (ML) method was 
used to estimate phylogenetic relationships. Support for each 
branch in the inferred tree was evaluated using 1000 boot-
strap replications.

Pathogenicity tests

In this study, two separate pathogenicity trials were con-
ducted. For all Fusarium isolates, the first trial was con-
ducted on conditionally healthy one-year-old citrange-Troyer 
seedlings. Fusarium inoculums were prepared from 14-day-
old PDA fungal cultures grown at 25 °C. Spores were har-
vested by adding a few millimeters of SDW to each Petri 
plate, and sporal concentrations were adjusted to 1 × 106 
conidia/mL using a hemocytometer. Citrus seedlings were 
gently removed from their substrate, cleared of soils, and 
their roots were injured (Malikoutsaki-Mathioudi et  al. 
1987). Then, they were inoculated by dipping their roots 
into conidial suspensions of each isolate for 30 min and 
the rest of conidial suspension was added to the pot after 
replanting to make sure that the inoculum was in contact 
with the roots. Plants soaked in SDW served as controls. 
The inoculated seedlings were replanted into new pots 
containing a sterile soil substrate and kept in a greenhouse 
(18/26 °C). Plants were watered with normal tap water two 
to three times weekly and examined each week for disease 
symptoms. After 2 months, plants were removed from the 
greenhouse, examined for disease symptoms (Spina et al. 
2008), and re-isolation of the pathogen was performed in 
accordance with Koch’s postulates (Leslie and Summerell 
2006). Accordingly, plants were removed from pots, their 
root systems were separated from the aerials part, and plant 
height and roots length were assessed. To determine dry 
weight, aerial and root portions of the plants were cleaned, 
weighted and dried at 105 °C. Disease severity was assessed 
based on visual symptoms such as wilting, defoliation and 
the degree chlorosis observed using a 1–5 scale, which has 
previously been described (Spina et al. 2008), as follows: 
1 (0%) was attributed to healthy plants, 2 (10%) indicated 
partially defoliated plants with interveinal chlorosis (1–20% 
of the foliage affected), 3 (35%) indicated partially defoli-
ated plants with interveinal chlorosis (21–50% of the foliage 
affected), 4 (65%) indicated partially defoliated plants that 
was accompanied by leaf yellowing (51–80% of the foli-
age affected) and 5 (90%) indicated plants displaying total 
defoliation. Sour orange rootstocks have been demonstrated 
to be resistant to root rot diseases. Representative isolates 

of F. brachygibbosum K1, F. equiseti K2, F. Solani K3 and 
F. oxysporum K4 were used to test the pathogenicity of sour 
orange as described above. Another trial was performed with 
8 representative isolates using the mycelial plug method as 
described in a recent citrus canker study (Sandoval-denis 
et al. 2018). Citrus seedlings were wounded on their stems 
and inoculated with a mycelial plug (5 mm in diameter) from 
the edge of 7-day-old, actively growing colonies. Pathogen-
free PDA plugs were used as controls. To prevent desic-
cation, inoculated wounds were sealed with parafilm and 
plants were incubated in a greenhouse at 25 °C. Three repli-
cates were performed for each treatment, and each plant was 
wounded six times. One month postinoculation, the aggres-
siveness of fungal isolates was assessed by measuring the 
length of wood discoloration (LWD) observed above and 
below inoculation sites. All experiments were repeated once.

Statistical analysis

All tests were carried out using a completely randomized 
design. All datasets were summarized as mean ± SD (stand-
ard deviation). To assess disease severity, datasets were 
transferred to arcsin values. All data obtained were tested 
for normality using the Shapiro–Wilk test. Dataset of each 
measured parameters from the first pathogenicity trial failed 
the normality test and variable transformation was carried 
out in order to improve normality or homogenize the vari-
ables, but with no success. Therefore, to assess the effect 
of inoculation with each isolate, the nonparametric statisti-
cal test Kruskal–Wallis was applied. When the effect was 
revealed to be significant, pairwise comparison was used to 
compare each isolate with the control. Dataset of the sec-
ond pathogenicity trail was square-root transformation to 
improve normality and stabilize the variance before the two-
way analysis of variance (ANOVA). When the effect was 
revealed to be significant, the Duncan test was performed 
and means determined to be different for values of p ≤ 0.05. 
All analyses were performed using SPSS statistical software 
(version 20, IBM SPSS Statistics 20).

Results

Symptoms of DRR in surveyed citrus orchards

Infected citrus exhibited specific symptoms of DRR, includ-
ing sudden decline and grayish-brown discoloration of the 
large wood and collar. This had the potential to lead to 
the complete decline and death of the tree (Fig. 2). In the 
orchard, different symptoms of dieback were noted, includ-
ing mild canopy symptoms (early wilting) (Fig. 2a), sparse 
canopies, withered foliage, severe twig dieback (Fig. 2b), 
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defoliation with persistence of mature fruit on the canopy 
(Fig. 2c) and advanced dieback and plant death (Fig. 2d).

Morphological characterization of the causal 
pathogen of DRR

Based on morphological traits, the results indicated that the 
fungal pathogen responsible for citrus DRR citrus belongs to 
the genus Fusarium spp. Four Fusarium species were distin-
guished from infected citrus roots, which included F. solani, 
F. oxysporum, F. equiseti and F. brachygibbosum. These 
different species belong to species complexes a (Fig. 3), b 
(Fig. 4), c (Fig. 5) and d (Fig. 6), respectively.

Fungal isolates belonging to FSSC displayed cultural and 
morphological variability. Cultured colonies of F. solani 
K3 were white to cream, with sporodochia that were often 
produced in colors that varied from cream, blue to green. 
Macroconidia are wide, straight to slightly curved and 
characterized by a short, blunt and rounded apical cell, and 
are arranged in shorter and branched conidiophores. Basal 

cells are straight to almost cylindrical, and usually display 
a notched or a rounded end. The macroconidia have 3–5 
septa and measure 26.2–47.8 × 3.23–6.56 µm. Microconidia 
are oval, ellipsoid, reniform and produced on elongated and 
scarified conidiophores. They had 0–3 septae and measured 
9.1–23.151 × 3.11–5.03 µm. Chlamydospores appeared after 
14 days of incubation. They were abundant, rounded, ter-
minal or interleaving, occurred in singular form or in rough 
or smooth pairs, were globose or subglobose in shape, and 
measured 5.56–9.60 µm.

Fungal isolates of FOSC were white with intense aerial 
mycelium. The inverted surface of most colonies was pink 
or light to dark violet. Macroconidia range from short to 
medium length, sickle- to nearly straight-shaped, and are 
thin-walled with three septa. The apical cell is tapered and 
curved, short and attached. The basal cell is foot-shaped 
or notched and measured 19.78–35.91 × 4.24–7.32  µm. 
Observed microconidia were arranged on short mono-
phialides and were generally observed to be abundant in 
elliptical, oval or reniform forms and have 0–1 septa that 

Fig. 3  Morphological characters of Fusarium solani. a Colonies 
grown on PDA for 7 days at 25 °C in the dark are shown. b–d Sporo-
dochial conidiophores and phialides, e chlamydospores, f aerial 

conidia (microconidia) and g sporodochial conidia (macroconidia) are 
shown (scale bars = 10 μm)
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measure 5.38–20.44 × 2.34–6.57 µm. Chlamydospores are 
produced after 14 days of incubation and measure 8–10 µm 
in diameter.

Fusarium isolates of FEISC had fast growing colo-
nies, and abundant mycelium that were initially white 
and later turned brown. Chlamydospores measured 
5.6–12.07 μm, and were either isolated or formed short 
chains on PDA after 14  days of incubation. Macroco-
nidia had strong dorsiventral curvature and 5–7 sections 
measuring 25.8–48.03 × 3.47–6.03 μm, with a distinctly 
foot-shaped basal cell and the apical cells were tapered. 
F. brachygibbosum isolates had intercalary and terminal 
chlamydospores measuring 5.31–9.484 μm. Macroconidia 

were slightly curved with three to five septa measuring 
25.87–40.4 × 4.5–5.05 μm with slightly hook-shaped apical 
cells and slightly foot-shaped basal cells. Microconidia were 
oval-shaped, sometimes ovoid, usually with one septum, 
11.5–20.87 × 3.62–5.02 μm.

ITS amplification and phylogenetic analysis

In addition to morphological characterization, the PCR 
assays were used to assess 34 isolates. Primers specific 
detection of the Fusarium spp. genus confirmed that all iso-
lates were indeed Fusarium. Several isolates were identi-
fied as F. solani and F. oxysporum and the identity of 29 

Fig. 4  Morphological characters of Fusarium oxysporum. a Colonies grown on PDA for 7 days at 25 °C in the dark are shown. b Chlamydo-
spores, c, d aerial phialides, aerial conidia (microconidia), f sporodochial conidia (macroconidia) are shown (scale bars = 10 μm)
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Fusarium isolates out of 34 collected were further confirmed 
by molecular sequencing of the rDNA internal transcribed 
spacer (ITS) region using ITS1 and ITS4 primers (Ezrari 
et al. 2020). Based on morphological traits and phyloge-
netic analysis, we were able to confirm that Fusarium spp. 
fungal pathogens are responsible for citrus DRR. Four dif-
ferent Fusarium species were isolated from the citrus roots. 
Phylogenetic relationships between Fusarium isolates from 
citrus clustered into four species complexes; F. solani (Mar-
tius) Appel and Wollenweber emend. Snyder and Hansen 
belonging to Fusarium solani species complex (FSSC); 
F. oxysporum Schlechtendahl emend. Snyder and Hansen 
belonging to Fusarium oxysporum species complex (FSSC); 
and two new species found to be associated with decline dis-
ease in Morocco, F. brachygibbosum Padwick belonging to 
the Fusarium sambucinum species complex (FSAMSC) and 
F. equiseti (Corda) Saccardo belonging to Fusarium incar-
natum-equiseti species complex (FIESC) (Fig. 7). Fusarium 
solani was the most frequently identified species, followed 

by F. oxysporum, two isolates of F. equiseti and one isolate 
of F. brachygibbosum.

Pathogenicity

The pathogenicity of all isolates against citrange-Troyer 
plants was assessed. Results showed that Fusarium spp. 
are pathogenic when wounded plants are inoculated, and 
produced variable symptoms (Fig. 8). Inoculated seedlings 
showed root rot, vascular discoloration and wilting. Two 
month later, plants presented shorter shoots, started wilted 
leaves and stem drying. Their root systems were reduced in 
size and had root hairs of reduced length when compared 
with non-inoculated citrus seedlings. Furthermore, skin des-
quamation of the epidermis was observed in some plants 
with severe DRR (Fig. 8a–c). Some plants are survived the 
infection, however, they displayed necrotic spots in their sec-
ondary roots. Not all citrus seedlings inoculated by isolates 
were killed, and the ultimate stage of infection in which leaf 

Fig. 5  Morphological characters of Fusarium brachygibbosum. a 
Colonies grown on PDA for 7 days at 25 °C in the dark are shown. 
b Microscopic images of colonies, c chlamydospores, d–g conidia, d 

aerial conidia (microconidia) and f–g sporodochial conidia (macroco-
nidia) are shown (scale bars = 10 μm)



440 Journal of Plant Diseases and Protection (2021) 128:431–447

1 3

desiccation occurs was not always reached. As a result, the 
dehydrated plants harbored the fungus only in their root tis-
sues and all root levels were colonized by the pathogenic 
fungus. In general, symptoms described above were not 
found in the root systems of uninoculated control seedlings.

Table 2 includes information regarding disease sever-
ity, plant height, root length, fresh and dry root weight per 
citrange-Troyer plant 60-day postinoculation. Statistical 
analyses revealed highly significant differences (p = 0.000) 
in aggressiveness among the isolates. Furthermore, a signifi-
cant effect (p < 0.05) of all Fusarium isolates was observed 
for all evaluated parameters. The average plant height of 
non-inoculated plants was 101.17 ± 1.09 cm, which differed 
highly significantly from plant inoculated with F. oxysporum 
L6 (75.33 ± 0.67) and L4 (76.00 ± 6.00), F. brachygibbo-
sum k1 (76.00 ± 7.09) and F. solani (79.3 ± 3.3). The aver-
age of root length (RL) for control plants was 21.17 ± 1.69, 
which highly significantly differed from 9.33 ± 1.20 to 
13.67 ± 2.03 cm values produced by inoculating with K3, 
L4, L6, BSJ2, L5 and SMP2-1. Plant dry weight (PDW) 
and root dry weight (RDW) were significantly reduced 

in plants inoculated with Fusarium spp. relative to unin-
oculated plants. Observed PDW and RDW values ranged 
from 5.41 ± 0.37 to 16.43 ± 1.57 g and from 2.53 ± 0.33 
to 5.83 ± 0.87 g, respectively, while the average PDW and 
RDW of control plants was 31.80 ± 0.76 g and 8.03 ± 1.39 g, 
respectively. Interestingly, our results revealed a significant 
effect of Fusarium isolate type on disease severity. The most 
highly aggressive isolates were K3, K5, L3, L7 and SMP2-2 
belonging to the Fusarium solani group, and K4, L6 and 
BM4 belonging to F. oxysporum group.

The representative isolates of all Fusarium species, 
except F. equiseti, were determined to be pathogenic to sour 
orange. Under greenhouse conditions, inoculation of plants 
induced wilting, a significant degree of root browning, root 
hair loss and the presence of necrotic spots (Fig. 8d–k). Iso-
lated fungal species were re-isolated from the root tissues of 
inoculated plants and confirmed, in accordance with Koch’s 
postulates. Moreover, the mycelial plug inoculation method 
showed that all tested Fusarium spp. isolates were patho-
genic and induced visible lesions in citrus seedlings. Within 
inoculated wounds, the internal discoloration of tissues 

Fig. 6  Morphological characters of Fusarium equiseti. a Colonies grown on PDA for 7 days at 25 °C in the dark are shown. Chlamydospores are 
shown in (b), and sporodochial conidia (macroconidia) are shown in (c) (scale bars = 10 μm)
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could be observed (Fig. 8l–p). Conversely, no apparent 
symptoms were observed in control plants. Interestingly, a 
very highly significant difference was observed between the 
aggressiveness of isolates was observed (p = 0.0001). The 
greatest degree of lesion formation was observed in plants 
inoculated with F. brachygibbosum, whereas F. oxysporum 
L1 was the most aggressive among F. oxysporum isolates. 
Further, no differences were observed among between root-
stocks and the grafts tested. F. solani K3 induced larger 
lesions on rootstocks than grafts. However, F. equiseti 
K2 was weakly aggressive on rootstocks relative to grafts 
(Table 3, Fig. 8l–p).

Discussion

For the first time, this study detailed the morphological and 
the molecular identification of Fusarium species associ-
ated with DRR in citrus plantations in Morocco, and tested 
the pathogenicity of isolates used to inoculate greenhouse-
grown plants. Isolates were successfully identified based on 
morphological traits and molecular characterization of the 
ITS region of the genome. Obtained results confirmed the 
existence of a complex of four Fusarium species Fusarium 
solani, F. oxysporum, F. equiseti and F. brachygibbosum 
within diseased citrus roots. The disease was detected in 

Fig. 7  Phylogenetic tree 
comprised of Fusarium isolates 
associated with citrus dry root 
rot created using an ITS rDNA 
dataset. The maximum likeli-
hood method was implemented 
using a Kimura two-parameter 
model in MEGA X software. 
The analyses were performed 
using a heuristic search. The 
tree was evaluated via 1000 
bootstrap replications and was 
rooted using Rhizoctonia solani 
(HG934415)
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a variety of citrus-growing areas including El-Kdima 
(Taroudante), Lac (Salé) Beau séjour and Khnichet (Sidi 
Kacem), Somapra (Khmisset) and Benioukil (Beni-Mellal). 
Similar symptoms to those outlined in this study have pre-
viously been described by many authors (Adesemoye et al. 
2011; Kunta et al. 2015; Sandoval-denis et al. 2018). In 
Morocco, citrus plantations are continually under stress as 
a result of climactic changes, which will likely influence 
the appearance of disease and intensify the threat of DRR 
to citrus plantations. This phenomenon might explained the 
current results in which F. solani, F. oxysporum, F. equiseti 

and F. brachygibbosum are the most frequently identified 
Fusarium species associated with citrus decline in Morocco. 
With the exception of F. brachygibbosum, these species were 
previously reported to be associated with diseased citrus 
trees worldwide (Smith et al. 1989; Yaseen and D’Onghia 
2012; Sandoval-denis et al. 2018). Species of Fusarium were 
also reported to be the causal agent of many citrus diseases 
including wilt, canker damping-off and root rot. F. solani 
was the species most frequently isolated from diseased 
plants in studies previously published (Yaseen and D’Onghia 
2012; Kunta et al. 2015).

Fig. 8  Different symptoms caused by inoculation of citrus trees with 
Fusarium isolates are shown. a–c Symptoms of dry root rot gener-
ated by Fusarium spp. on one-year-old citrange-Troyer 60-day post-
inoculation are shown. Black discoloration of roots (a), desiccation 
of leaves (b), complete drying (c) and discoloration (d) are shown. 
d–k Symptoms of dry root rot generated by Fusarium spp. infection 

in 6-month-old citrus seedlings recorded 60-day postinoculation with 
F. oxysporum and F. solani (d and e, respectively) are shown. Control 
plants (f), and yellowed of seedlings inoculated with F. brachygibbo-
sum (g, h), and black discoloration, desquamation and necrotic root 
spots (i–k) are shown
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Fusarium species, particularly F. solani and F. oxyspo-
rum, have been demonstrated to be present in all citrus 
orchards worldwide, which probably facilitates the rapid 
spread of disease as stressful conditions occur (Ade-
semoye et al. 2011). F. solani has been reported to be pre-
sent in citrus plantations of Brazil (Paguio 1984), Greece 

(Malikoutsaki-Mathioudi et  al. 1987), South Africa 
(Labuschagne and Kotze 1988; Van Janse Rensburg et al. 
2001), Iles Canaries (Rodríguez 1989), Morocco (El Guilli 
and Chafai 1995), Italy (Ippolito et al. 1990; Spina et al. 
2008; Sandoval-denis et al. 2018), India (Ramakrishnan 
1954; Chandran and Kumar 2012), Egypt (El-Mohamedy 

Table 2  Disease severity (DS), plants heights, root height and plants/roots fresh weights of citrange-troyer 60-day postinoculation with Fusarium 
spp (± SD) (n = 3)

Data represent mean ± standard deviation (SD). The values in bold in the same column are significantly different from uninoculated control 
(p = 0.05)
***p ≤ 0.001; **0.001 < p ≤ 0.01; *p ≤ 0.05

Isolates Parameters evaluated

Plant height (cm) Root length (cm) Plant weight (g) Root weight (g) DS %

Fresh Dry Fresh Dry

K1 76 ± 7.1** 17.5 ± 0.3 22 ± 1.3* 9.9 ± 1.8* 5.3 ± 0.7* 4.4 ± 0.4* 26.7
K2 92.4 ± 3.9 19.8 ± 1.2 19.1 ± 3.1** 5.4 ± 0.4*** 7 ± 1.0 3.7 ± 0.1** 18.4
K3 79.3 ± 3.3** 9.3 ± 1.2*** 17.1 ± 1.6** 5.6 ± 0.5*** 5.5 ± 0.3* 4.9 ± 0.2 90.0***
K4 81 ± 5.2* 16.5 ± 1.5 20.5 ± 0.6** 6.4 ± 0.5*** 6.4 ± 0.7 4.9 ± 0.1 90.0***
K5 83.7 ± 2.3* 17.4 ± 1.7 19.2 ± 2.7** 6 ± 1.0*** 6 ± 0.4 3.8 ± 0.1** 90.0***
K6 88.3 ± 5.2 17.5 ± 1.4 28.1 ± 2.5 14 ± 1 6.4 ± 0.4 4.3 ± 0.2* 28.3
K7 85.3 ± 3.5* 17.5 ± 0.3 19.1 ± 6.2** 10.6 ± 2.3* 5.6 ± 1.2* 4.6 ± 1 51.7*
K8 98.7 ± 4.3 19.5 ± 1.0 22.6 ± 1.5* 12 ± 0.9* 7 ± 1.0 5.4 ± 0.5 23.3
K9 88.7 ± 7.3 17 ± 1.7 31.4 ± 7.2 16.8 ± 4 7.5 ± 1.0 5.6 ± 0.8 15.0
K10 83 ± 1.2* 17.2 ± 0.2 14.4 ± 0.7*** 11.3 ± 0.2* 5.2 ± 0.1* 3.6 ± 0.1** 63.3*
K11 89.7 ± 0.3 17.5 ± 0.3 29.9 ± 4.0 12.2 ± 0.9* 8 ± 0.3 5.4 ± 0.2 0.0
L1 83.3 ± 6* 16.3 ± 0.3* 31.3 ± 3.0 16.4 ± 1.6 7.7 ± 1.0 5 ± 0.7 3.3
L2 84 ± 6* 17.7 ± 1.8 30.4 ± 2.5 13.7 ± 3.2 6.8 ± 1.1 4.7 ± 0.9 11.7
L3 91.7 ± 2.9 15.7 ± 1.9* 16.4 ± 2.3*** 10.1 ± 1.8* 6.1 ± 0.6 4.7 ± 0.9 73.3**
L4 76.00 ± 6.00** 11 ± 1.0*** 19.2 ± 1.3** 11.5 ± 1* 5.5 ± 0.4* 3.5 ± 0.3** 11.7
L5 86.7 ± 5.7 13.7 ± 1.2** 27.6 ± 3.6 14.4 ± 1.6 7.6 ± 0.7 5.6 ± 1.1 11.7
L6 75.3 ± 0.7** 12.5 ± 0.3** 12.5 ± 2.5*** 9.2 ± 0.5** 3.8 ± 0.8* 2.5 ± 0.3*** 71.7**
L7 84 ± 6.1 14.33 ± 1.45* 14.9 ± 3.9*** 12.4 ± 1.4* 6.4 ± 0.8 4.6 ± 0.4 71.7**
L8 87.7 ± 8.3 19.33 ± 0.33 19.4 ± 4.2** 12.8 ± 3.4* 8 ± 1.2 5.8 ± 0.9 46.7*
L9 89.3 ± 4.4 17.3 ± 1.2 23.1 ± 3.5* 14.5 ± 0.9 6.2 ± 0.9 4.5 ± 0.6 23.3
PRM1 97.5 ± 1.8 19.2 ± 2.8 31.8 ± 4.1 23.8 ± 4 14.3 ± 1.3 4.6 ± 1 36.7
BSJ1 92.0 ± 8.1 15.7 ± 3.8 39.9 ± 5.4 31.3 ± 5.1 14.4 ± 2.2 5.9 ± 0.6 55*
BSJ2 94.2 ± 2.9 12.2 ± 1.4** 41.4 ± 1.1 33 ± 1.0 12.9 ± 0.9 4.8 ± 0.6 28.3
Khn1 109.3 ± 5.2 17.7 ± 2.4 36.6 ± 7 29.4 ± 6.9 15.6 ± 0.9 6.8 ± 1 63.3*
Khn5 105.3 ± 9.0 14.2 ± 3.1* 42.6 ± 2.4 35.3 ± 2.6 15.2 ± 1.2 5.7 ± 0.3 23.3
Khn9 84.3 ± 3.3* 15.3 ± 1.8* 33.6 ± 0.6 25.7 ± 0.7 13.2 ± 1.4 5.2 ± 0.5 11.7
SMP1-1 104 ± 4.5 20.7 ± 1.8 36.3 ± 2.7 28.5 ± 2.2 14.9 ± 2.9 5.6 ± 0.5 53.3*
SMP1-2 106 ± 8.7 19.3 ± 1.5 39 ± 1.9 29 ± 1.5 12.7 ± 2.2 6.7 ± 0.4 46.7*
SMP2-1 90.7 ± 0.7 13.7 ± 2** 38.5 ± 3.7 30.7 ± 2.9 16.4 ± 3.1 6.2 ± 0.8 36.7
SMP2-2 93 ± 12.5 14.7 ± 2.6* 34 ± 4 27 ± 3.6 14.4 ± 3.2 6.2 ± 1.1 71.7**
BM1 98.7 ± 3.3 15.5 ± 1* 41 ± 2.5 30.7 ± 1.3 9.1 ± 1.7 5.2 ± 0.7 36.7
BM2 101.3 ± 6.4 16.7 ± 1.5 40 ± 2.1 28.3 ± 1.8 9.7 ± 1.3 5.4 ± 0.6 26.7
BM3 102.3 ± 8.8 20.2 ± 1.3 35.8 ± 3.2 28 ± 3.2 9.3 ± 1.0 4.9 ± 0.8 35.0
BM4 98.2 ± 3.2 14 ± 2.1* 26.6 ± 5* 18.7 ± 4.7 6 ± 0.4 2.6 ± 0.8** 81.7**
Uninoculated 

control
101.2 ± 1.1 21.2 ± 1.7 45 ± 2.0 31.8 ± 0.8 10.4 ± 0.6 8 ± 1.4 0.0
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and Hasabo 2005), Oman (Al-Sadi et al. 2014), Pakistan 
(Rehman et al. 2012), Iraq (Al-Karboli and Kuthair 2016), 
China (Liu et al. 2019) and USA, in particular in Califor-
nia (Klotz and Sokoloff 1943; Bender et al. 1982), Arizona 
(Allen 1962), Florida (Nemec 1975; Graham et al. 1985), 
and Texas (Kunta et al. 2015; Kunta et al. 2015). While, 
F. oxysporum was isolated from citrus orchards in Florida 
(Sherbakoff 1953), California (Nemec 1989), South Africa 
(Labuschagne et al. 1987) and Tunisia (Khouja et al. 2008). 
Fusarium equiseti was only found in citrus plantations in 
Florida (Smith et al. 1989). Recently, Sandoval-Denis et al. 
(2018) reported the presence of a several-organism complex 
of Fusarium species in citrus plantations of southern Italy.

This study is the first report the presence of Fusarium 
equiseti in citrus trees in Morocco. Nevertheless, this patho-
genic fungus has been isolated from other diseased crops 
including zucchini (Ezrari et al. 2019), bread and durum 
wheat (El Yacoubi et al. 2012; Ennouari et al. 2018). Moreo-
ver, the species has also been isolated from citrus roots in 
Florida, but its role in inducing and affecting the develop-
ment of disease is not known (Smith et al. 1989). The spe-
cies is commonly found in soil and plant tissues, and acts as 
a saprophytic colonizer and invader (Leslie and Summerell 
2006). There have been no previous reports regarding an 
association between F. brachygibbosum and citrus planta-
tions. However, this study revealed for the first time that the 
species is present in citrus fields surveyed. This finding indi-
cates that the species may be involved in DRR disease pro-
gression. This fungus was first described by Padwick in 1945 
and was reported to be associated with many other plants. 
It was identified as a pathogenic fungus, causing disease 
in crops including sugar beet (Cao et al. 2018), sunflower 
(Xia et al. 2018), maize (Shan et al. 2016), onion (Tirado-
Ramírez et al. 2019), olive, almond trees (Stack et al. 2016), 
Euphorbia larica (Al-Mahmooli et al. 2013), date palm (Al-
Sadi et al. 2012) and legumes (Tan et al. 2011).

In accordance with Koch’s postulate, the pathogenicity 
of the four Fusarium species isolated from citrus samples 
against healthy citrus seedlings was assessed using two dif-
ferent inoculation protocols. Results showed that Fusarium 
isolates were able to induce a variety of disease symptoms, 
which had the potential to lead to plant death. However, 
there was significant variation regarding the pathogenic-
ity of Fusarium isolates. In this study, Fusarium isolates 
produced symptoms of DRR that included browning and 
wilting. In contrast, numerous studies have reported that 
reproducing Fusarium disease via artificial inoculation 
is difficult, since disease onset depends on interactions 
between biotic and abiotic factors (Graham et al. 1985; 
Dandurand 1993). In accordance with results reported 
here, several studies shown that F. solani and F. oxyspo-
rum have the capacity to aggressively cause disease in 
citrus plantations (Nemec et al. 1980; Bender et al. 1982; 
Malikoutsaki-Mathioudi et al. 1987; Kunta et al. 2015). 
Since Fusarium spp. induces disease under conditions of 
stress, several authors have not been able to reproduce 
symptoms of the disease under experimental conditions 
(Bender et al. 1982; Strauss and Labuschagne 1995). The 
disease caused severe root rot in citrus roots, but there was 
a possibility that it appeared in the epidermis and was trig-
gered by interactions with other citrus soilborne pathogens 
of citrus, Phytophthora species, CTV viruses, rodents and 
insects (Bender et al. 1982; Dandurand and Menge 1992; 
Adesemoye et al. 2011; Al-Sadi et al. 2014). Therefore, the 
population density of Fusarium spp. in the soil could play 
a crucial role in triggering disease. The increased initial 
concentration of F. solani in soil contributes substantially 
to the predisposition of citrus plants to disease (Nemec 
et al. 1980; Khouja et al. 2008). In contrast, less virulent 
Fusarium isolates are able to colonize healthy citrus roots 
and establish asymptomatic infections (Nemec 1978).

It was observed that symptoms recorded at the end of 
the pathogenicity test were associated with reduced seedling 
growth and vigor. These results are in agreement with those 
of previous studies in which citrus seedlings inoculated 
with Fusarium species have been shown to be decreased 
in height, root length and weight relative to healthy plants 
(Olsen 2000; Spina et al. 2008; Kunta et al. 2015). Similarly, 
Spina et al. (2008) showed that reduced stem height, root 
length and weight of citange troyer seedlings was observed 
in soil infested with F. solani (Nemec and Zablotowicz 
1981; Dandurand 1993). Graham et al. (1985) were able to 
show that F. solani infected only weakened citrus trees and 
reduced both root growth and vigor. The fungus induced root 
rot and increased vessel plugging in both the roots and above 
ground parts of blighted trees (Nemec et al. 1980). In addi-
tion, other studies showed that F. solani infection can cause 
significant reductions in seedling growth, reducing seedling 
dry weight by about 33% (Olsen 2000). Infection by the 

Table 3  Lesion length on citrus inoculated with isolates of nine 
Fusarium spp. after 30 days of inoculation (± SD) (n = 9)

No significant difference among the values followed by the same let-
ter in the same column according to Duncan test (p = 0.05)

Species Lesion length

Rootstock Graft

F. brachygibbosum K1 14.24 ± 0.98h 10.44 ± 0.32defg

F. equiseti K2 9.47 ± 0.65cd 8.73 ± 0.82cd

F. solani K3 12.32 ± 0.67fgh 8.42 ± 0.48bc

F. oxysporum K4 7.75 ± 0.99b 5.70 ± 0.44a

F. oxysporum L1 12.56 ± 0.65gh 12.34 ± 0.77fgh

F. oxysporum L4 11.40 ± 0.91defg 9.69 ± 0.85cd

F. oxysporum L6 11.91 ± 0.72efg 9.80 ± 0.22cde

F. oxysporum L9 10.30 ± 0.48cdef 10.22 ± 0.68cdef
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fungus is chronic, and significantly decreases the capacity 
of root to nourish plants (Strauss and Labuschagne 1995).

Fusarium spp. have been shown to be pathogenic invaders 
of sour orange rootstocks. Furthermore, the availability of 
rootstocks resistant to F. solani is low (Krueger and Bender 
2015). However, the use of grafted citrus plants might pro-
vide information regarding the impact of Fusarium spp. 
infection on the aerial parts of plants and the resulting inhi-
bition of plant development. These findings are line with 
our results, which in which four Fusarium species induced 
lesions in inoculated citrus seedlings. Moreover, these spe-
cies can be added to the list of other Fusarium spp. responsi-
ble or citrus canker worldwide (Sandoval-denis et al. 2018).

The management of soilborne diseases caused by patho-
genic fungi is a difficult task for farmers. Therefore, increas-
ing our knowledge of the identity of fungal species involved 
in DRR and the environmental factors that affect its develop-
ment is essential if we want to adequately control disease. 
Currently, there is no known means to cure this devastating 
disease. Consequently, an integrated management approach 
that is based on a combination of sanitation, culture, use of 
biological control agents, chemical substances and resistant 
rootstock varieties has been reported to be the best method 
for combatting DRR (Abd-Elgawad et al. 2010; Adesemoye 
et al. 2011; Marais 2015; Khanzada et al. 2016; Parikh et al. 
2018a).

Conclusions

Taken together, findings reported here enhance our under-
standing of the biodiversity of Fusarium species associated 
with citrus plantations in Morocco. Four species including 
F. solani, F. oxysporum, F. equiseti and F. brachygibbosum 
were observed to be associated with DRR disease in citrus, 
based on morphological and molecular characterization of 
isolates. Furthermore, F. solani were the species that were 
most frequently isolated in this study. However, results also 
showed variability between the four species isolated, with 
regard to their characteristics in culture, morphological traits 
and capacity to induce DRR disease in pathogenicity tests. 
Researchers observed reductions in plant height, root length 
and the fresh and dry weights of both plants and roots inocu-
lated with fungal strains relative to uninoculated plans. To 
the best of our knowledge, this is the first detailed report 
of an association between both F. brachygibbosum and F. 
equiseti and citrus trees in Morocco.
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