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Chapter 1. General Introduction

1. General introduction
1.1 Introduction
In Oman, maize is considered the main cereal crop in terms of production and area of
cultivation. Production peaked at 40,000 t in 2011 but dropped to less than15,000 t in
2014 (MAF, 2014). Root rot diseases are considered as the most important factor
limiting maize production in Oman, with sometimes dramatic losses. Development of
fungicide resistance, rapid degradation of fungicides in soil, delayed inactivation of
pathogen inoculum and the low efficacy of cultural and biocontrol methods make root rot
control challenging (Deadman et al., 2006; Al-Hinai et al., 2010; Al-Sadi et al., 2011; AlSadi, 2012). Several fungal and oomycete pathogen genera such as Fusarium,
Rhizoctonia, Botryodiplodia, and Pythium have been reported to be associated with
maize root rot in the north of Oman (Moghal, 1993).
In general, farming systems in Oman are facing a number of challenges such as high
salinity, alkaline soils with low organic matter, and high temperatures (Al-Kalbani and
Martin, 2015). Farming is mainly conventional, which is characterized by heavy use of
chemical fertilizers and pesticides. During the last few years, there has been a shift
towards the use of organic farming in some farms in Oman because organic
amendments are a source of growth substrates that stimulate plant growth and
suppress plant diseases.
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Traditionally, sun dried sardines are used as a fertilizer in Oman ( Mekki et al., 1998; AlJufaili et al., 2006). Also, farmers commonly use unprocessed animal manure (Buerkert
et al., 2010). In some mountain oases, semi-composted animal manure forms the basis
for the productivity of man-made, irrigated terrace soils. In Oman, two different
composting methods are used, aerobic (windrow), and anaerobic but the open-air
windrow system is the most used method in Oman. It takes between 8-9 weeks to have
finished compost, which is much shorter than in western regions (Al Busaidi et al.,
2014).
The Ministry of Agriculture and Fisheries Wealth encourages the production and
application of anaerobic compost. Booklets on how to process animal manure and farm
waste, application quantities and schedules were distributed to farmers by the
agriculture extension office since 1982. In addition, research on developing suitable
local amendments to meet local conditions and needs is encouraged. However, uptake
of compost based methods is slow and there is still a lack of knowledge about the
composting process as affected by the hot and arid climatic conditions in Oman and the
substrates used for composting. Studies are required exploring the effect of the local
starting recipes on the compost composition and the dynamics of bacterial and fungal
community structures during windrow composting with culture independent methods
and their correlations with physico-chemical properties.
Comparisons highlighted that despite some common taxa at early stages of
composting, most of the discrepancies at later stages of composting could largely be
2
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explained by the starting recipes, composting processes, duration as well as conditions
of the different studies (Ryckeboer et al., 2003; Langarica-Fuentes et al., 2014).
Moreover, local antagonist isolates, such as Trichoderma sp, could potentially be more
tolerant for high temperatures and high salinity levels associated with an arid region
such as Oman and therefore, they might be better candidates for suppression testing
against maize root rot compared to commercial biological control agents.

1.2 Objectives
The main objective of this thesis is to contribute to improving plant pathogen resistance,
growth and yield potential by organic farming practices in Oman. Specific objectives
are:
1. Investigating the etiology of maize root rot and the cause of suppression of
the disease in the field through organic management.
2. Investigating the changes of chemical properties and the microbial
community structures during different stages of windrow (aerobic)
composting process and after storage for one year in Oman.
3. Determining if and how the processes during composting in Oman are
affected by method and substrate composition and how these are related
to final product quality such as physico-chemical properties and microbial
structure.

3
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4. Determining the biocontrol potential of a native salt and thermo-tolerant
Trichoderma asperellum isolate from Oman against maize root rot
pathogens.

1.3 Structure of the Thesis
Results of a survey on maize root rot conducted in eight maize growing governorates in
Oman are presented in Chapter 2. Fungi and oomycetes from plant samples were
isolated using culture-dependent methods and identified using ITS fragment
sequencing. Comparative pathogenicity tests on maize were conducted to identify the
most pathogenic fungal species to maize and additive effects of more than one of the
other pathogens determined.
Large differences were observed in maize disease incidence between two fields with
similar environmental conditions and maize seeds from the same seed source but one
managed organically with compost amendments and one conventionally without
compost. Culture-dependent and culture-independent approaches were used to
compare the rhizosphere microbiome in the two fields (Chapter 3).
As chapter 3 results showed that the use of organic compost amendments enhanced
soil health and this was clearly reflected by better plant health, growth and production of
maize, in chapter 4, the physico-chemical properties and microbial communities at
different composting stages of windrow (aerobic) composting process and after 1 year
storage were explored to gain better understanding of the contribution and correlations
4
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of the start recipes, microbial community successions and physico-chemical properties
in composting. Finding that the compost properties were acceptable and reached
maturity faster under the conditions in Oman and having rich microbial diversity
encouraged to investigate, the differential effects of organic amendments and
processes

(aerobic

and

anaerobic)

on

compost

physico-chemical

properties,

phytotoxicity and microbial communities were characterized. The microbial communities
were identified using a culture independent approach (Chapter 5).
The abundance of Trichoderma (Hypocrea) species in the maize rhizosphere
microbiome in the field treated with compost was significantly higher than in the field
sprayed with fungicides (see chapter 3). The presence of Trichoderma was associated
with lower disease incidence and direct antagonism was observed in the laboratory
(Chapter 6). Furthermore, the growth performance of the Omani isolate at different
salinity concentrations and temperatures were compared to commercial T. harzianum
as a control (the Netherlands).
Finally, in chapter 7 the results and their possible implications for organic and
conventional farming in Oman are synthesized and discussed.
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2. Etiology of maize root rot in Oman

Abstract
The incidence of maize root rot infection and a survey of associated pathogens was
conducted in eight Omani governorates; Al- Batinah South, Al-Batinah North, Muscat,
Dhofar, Al-Dahirah, Musandam, Al- Sharqiya and Al-Dakhiliya. Fungi and oomycetes
were isolated from plant samples using culture-dependent methods and identified using
sequences of the internal transcribed spacer region of the ribosomal DNA (ITS rDNA).
Maize root rot infection was present in all surveyed areas with disease incidence in the
different surveyed fields ranging from 0 to 35%. This was associated with nine fungal
and/or oomycete species. Fusarium fujikuroi was identified and is a new record to Oman.
Under controlled conditions, different pathogens caused varying degrees of severity but
Pythium arrhenomanes was the most aggressive. Only the combination of five fungal
pathogens resulted in equivalent severity symptoms as caused by P. arrhenomanes.
This study shows that P. arrhenomanes has the potential to cause serious problems in
maize in Oman. In addition, often, complexes of various fungal species including
mycotoxins producing Fusarium species are associated with maize root rot disease.

Keywords: Pythium arrhenomanes, Fusarium fujikuroi, Pathogenicity, Wilt, ITS rDNA
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2.1 Introduction
In Oman, maize is the main cereal crop in terms of production and area of cultivation.
Production peaked at 40,000 t in 2011 but dropped to less than15,000 t in 2013 (MAF,
2014). Root rot diseases are considered as the most important factors limiting maize
production in Oman, with sometimes dramatic losses. Development of fungicide
resistance, rapid degradation of fungicides in soil, delayed inactivation of pathogen
inoculum and the low efficacy of cultural and biocontrol methods make root rot control
challenging (Deadman et al., 2006; Al-Hinai et al., 2010; Al-Sadi et al., 2011; Al-Sadi,
2012).
Several fungal and oomycete genera have been reported to be associated with root rot
of maize, including Fusarium, Pythium, and Rhizoctonia (Bodah, 2017). Botryodiplodia
is an ear rot fungus but it is also associated with seedling diseases in maize (Vincelli,
2008) and Botryodiplodia theobromae has been found causing stalk rot on maize in
limited-scale surveys in northern Oman (Moghal, 1993). However, it is not clear which
pathogens are associated with maize root rot in Oman in general.
This study was conducted to assess the incidence of maize root rot disease in Oman
and to identify the causal pathogens. In addition, seed samples as well as commercial
seed batches were collected from fields (Muscat and Al-Batinah S) where poor
germination or patchy growth was observed. Pathogens were identified morphologically
and confirmed by DNA sequencing. Pathogenicity tests were conducted to determine
the effects of pathogen infection on maize growth and fresh weight. The most
9
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aggressive pathogen on maize, Pythium arrhenomanes, was additionally tested for
pathogenicity on traditional cultivars of barley and wheat grown in oases. Preliminary
data on the presence of one pathogen, P. arrhenomanes, have already been published
(Al-Ansari et al., 2017).

More data is presented about this pathogen and other

pathogens in this study.

2.2 Materials and Methods
2.2.1 Survey and assessment of incidence
A survey was conducted in the eight maize growing governorates in Oman: Al-Batinah
South, Al-Batinah North, Muscat, Al-Dahirah, Al-Dakhiliya, Musandam, Al-Sharqiya and
Dhofar (Figure 2.1) in order to assess the incidence of maize root rot and to identify the
associated pathogens. The survey was conducted from the end of 2012 to April 2014.
Five Root samples were collected from a minimum of three farms per governorate. Five
symptomatic plants per farm were collected following a zig zag pattern across the field.
Incidence of the disease was estimated by determining the number of sick plants
compared to the total number of plants in the field.
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Figure 2.1. Governorates of Oman map (modified from d-map.com).
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Roots were washed with water to remove the soil and 7 mm pieces were disinfected
with sodium hypochlorite (1%) for 2 min, rinsed with sterilized distilled water, and placed
on sterilized filter paper to dry. Fungi and oomycetes from plant samples were isolated
using 25% potato dextrose agar (PDA, Oxoid, UK) 25g/1l distilled H2O amended with 10
mg l-1 rifampicin and 200 mg l-1 ampicillin as described by Al-Sadi et al. (2011) and V8
agar (100 ml V8 juice (after filtration), 16 g agar, 3 g CaCO 3, 900 ml distilled H2O)
(Nechwatal et al., 2008). Five pieces from each sample were placed per Petri-dish.
These were incubated at 25˚C for 10 days. Fungal growth out of the samples was
excised and transferred to new media plates. Pure cultures were obtained using
mycelial tip culture (Al-Sadi et al., 2011). Pure fungal cultures were transferred to PDA
slants and preserved at 4˚C.

2.2.2 Seed sampling
During the survey, in two fields of maize grown in sandy loam soil at Muscat and ALBatinah South, approximately 15% of the seeds did not germinate. From these fields, 50
non-germinated seeds were dug out, washed with water, and disinfected with sodium
hypochlorite (1%) for 2 min. After that, seeds were rinsed with sterilized distilled water
and placed on sterilized filter paper to dry. The same protocol as described above for
root samples was followed to isolate associated fungi and oomycetes. In addition, 100
seeds obtained from each of three commercial seed batches B1 Mais dolce, B2 White
pearls and B3 local seed were tested for seed infections.
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2.2.3 Identification of fungal species
Identification of the isolated fungi from the roots and seeds to the species level was
done based on morphological characteristics (Van der Plaats-Niterink, 1981; Barnett
and Hunter, 1998; Leslie and Summerell, 2006). This was further confirmed for all
isolated fungi by sequencing the internal transcribed spacer region of the ribosomal
DNA (ITS rDNA). For DNA extraction, about 0.05 g of mycelium of pure cultures were
ground with 600 μl sterile sand and incubated in a hot water bath at 65°C for 1 h. After
that, 600 μl of phenolchloroform isoamyl alcohol was added and samples were
centrifuged at 1000 g for 15 min. The supernatant was transferred to a new 1.5 ml
Eppendorf tube and 300 μl of isopropanol and 10 μl of 3 M NaAC were added. After
incubation at -20°C, the DNA pellet was washed with 70% ethanol and after drying
dissolved with 100 μl Milli-Q water as described by Al-Sadi et al. (2011). The ITS rDNA
region was amplified with ITS1 forward (5’-TCCGTAGGTGAACCTGCGG-3’) and ITS4
reverse (5’-TCCTCCGCTTATTGATATGC-3’) primers (White et al., 1990). The
polymerase chain reaction (PCR) mixture contained PuReTaq Ready-To-Go PCR
Beads, 0.4 μM ITS1 primers, 0.4 μM ITS4 primers, 2 μl of DNA and Milli-Q water up to a
final volume of 25 μl. Samples were heated at 95˚C for 10 min followed by 35 cycles of
denaturation at 95˚C for 30 s, annealing at 55˚C for 30 s and extension at 72˚C for 90 s.
The final extension was performed at 72˚C for 10 min, as described by Al-Sadi et al.
(2011). Fusarium fujikuroi was also identified by sequencing the conserved exons of
nuclear elongation factor (EF). The EF primers EF-1 (5’- ATG GGT AAG GA(A/G) GAC
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AAG AC -3’ ) and EF-2 (5’- GGA (G/A) GT ACC AGT (G/C)AT CAT GTT -3’) were used
(O’Donnell et al., 1998). The PCR conditions were modified as: 1 cycle of 3min at 94 ˚C;
30 cycles of 30 s at 94 ˚C, 30 s at 55 ˚C, and 45s at 72 ˚C; followed by 1 cycle of 7 min
at 72 ˚C and a 4 ˚C soak. Successful amplification was checked by running 5 μl of each
PCR reaction product on a 1.5% agarose gel in 0.5x Tris-borate-EDTA buffer (TBE) on
a gel electrophoresis cell at 130 V for 30 min. Samples were sent for sequencing by
Macrogen Inc.
ChromasPro version 1.5 (Technelysium Pty Ltd) software was used to edit and align the
sequences of each isolate. The sequence for each isolate was compared to others
deposited in NCBI (National Centre for Biotechnology Information) using BLASTn
search.

2.2.4 Pathogenicity tests
The pathogenicity of three of the identified fungi, Helminthosporium sp., Fusarium
solani, and Alternaria alternata was not tested. Fusarium solani was not tested because
it is most commonly reported in maize and has been studied extensively (Ranzi et al.,
2017), while Helminthosporium sp., and A. alternata were not commonly found in
infected fields and are considered to be air borne, respectively. The pathogenicity of
one isolate of each of the six most commonly found fungi and oomycetes from the
survey

namely;

Pythium

arrhenomanes,

Fusarium

fujikuroi,

Rhizoctonia

sp,

Botryodiplodia theobromae, Fusarium oxysporum and Rhizoctonia solani was tested on
maize under controlled conditions in a glasshouse at Sultan Qaboos University. Four
14
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surface sterilized maize seeds (with 70% ethanol) were sown in 30 cm pots into
autoclaved field soil. Pots were inoculated three days after sowing. Inoculum was
prepared with nine day old F. fujikuroi, five day old P. arrhenomanes, and seven day old
F. oxysporum, R. solani, Rhizoctonia sp and B. theobromae by blending a colony from
one PDA Petri-dish with in 1l sterilized distilled H2O. In addition, a mixture of equal
portions of the four fungi but not P. arrhenomanes was used.
Inoculations were done by pouring 10 ml of the suspensions for each pot in a circle
around the four planted seeds. In each control pot, 10 ml of plain PDA blended with
water was applied. Pots were kept at 30 ± 1 °C day and 18 ± 1 °C night temperature in
a completely randomized design with 5 replicates per treatment with a day length of 12
h. Plants were irrigated daily with 100 ml of water, and 50 ml of 1% aqueous NPK
(20:20:20) fertilizer (Kristalon, Hungary) was used once per week.
The percentage of germinated seeds and wilt symptoms were recorded every 2 days
after inoculation. After 30 days, the soil was gently washed from the roots of the plants
and disease symptoms were assessed. Fresh weights were taken per plant and dry
weights after drying at 63°C for 34‒35 h. In order to fulfill Koch’s postulates, reisolations were performed on all plants harvested. The disease rating scale was as
follows: 5= severe infection to wilt; 4= wilting, discoloration up to 50% root mass
reduction compared to controls; 3= moderate discoloration and/ or with lesions; 2=
moderate symptoms or up to 10% root mass reduction compared to controls and
1=healthy with no lesions or discoloration.
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In addition, the pathogenicity of the most aggressive species P. arrhenomanes was
tested on barley (Hordeum vlgare, L.) and wheat (Triticum aestivum, L.) under
controlled conditions in a growth chamber at Sultan Qaboos University. Five mycelium
disks (1 cm) were taken from 5 day old P. arrhenomanes pure culture and placed on
autoclaved millet grains (100 g) mixed with 200 ml of sterile H 2O in 500 ml bottles. After
two weeks of incubation at 25°C, the colonized millet was ground and mixed with
autoclaved field soil from Sohar at a ratio of 1:10 (v/v). as described by Nzungize et al.
(2011). Autoclaved millet with agar was used as control. Three seeds of surface
sterilized maize (cultivar Honey jean), Omani wheat (cultivar Cooley); imported wheat
(cultivar Manna) and barley (cultivar Beecher) were planted per pot per treatment and
inoculated at sowing. Wilt symptoms (Yellowing and stunted growth compared to the
control that were green and growing normally) appeared in the inoculated soil one week
after inoculation. Fresh weights per pot were taken from all pots after three weeks. In
order to fulfill Koch’s postulates re- isolations were done on all plants harvested.

2.2.5 Data Analysis
Excel was used for data graphical representation. All statistical analyses were
performed using SPSS software package after checking the normality of the data using
Shapiro-Wilk test. Analysis of Variance (ANOVA) was carried out to compare the effects
of pathogen isolates on maize fresh weights. Mean comparisons were carried out using
Tukey tests and p values ≤ 0.05 were considered statistically significant.
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2.3 Results
2.3.1 Incidence and distribution of maize root rot disease
Maize root rot disease was present in the eight governorates but its incidence in the
surveyed fields ranged from 0 to 35%. The highest incidences were observed from two
fields in Muscat and Dhofar (Figure 2.2).
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Figure 2.2. The most common fungi and oomycete isolated from maize and disease incidence
from in the surveyed fields. The numbers next to the symbols give percent disease incidence.

F. oxysporum, F. solani and F. fujikuroi were common within all governorates. Also,
Helminthosporium sp. and Alternaria alternata, were common but were not included in
the exploratory analysis, as they are air borne und ubiquitous. P. arrhenomanes was
isolated in Muscat, Musandam, Al-Sharqiya and Al-Batinah S (Figure 2.3). R. solani
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was found in Dhofar, Muscat and Al-Dakhiliya; Botryodiplodia theobromae was found in
five sites and Rhizoctonia sp. in only one.
Fusarium fujikuroi is very similar to F. proliferatum on PDA, forming white mycelium
(Figure 2.3 A) that becomes magenta with age. The same was reported by Leslie and
Summerell (2006). The ITS sequence from this study matches the GenBank accession
number KJ000444.1 with 100% identity for F. fujikuroi. Also, the same sample sequence
for the elongation factor matches the GenBank accession number AHI46388.1 with
100% identity for F. fujikuroi. P. arrhenomanes produced Pythium-like colonies on PDA
(Figure 2.3 B). Colonies were white in color with dense and abundant slow growing
aerial mycelium (in contrast to Pythium aphanidermatum). There were no oospores
even after 10 days incubation. To induce the production of oospores; mycelium was
transferred to V8 agar (Nechwatal et al., 2008) (Figure 2.3 C). Identification of the
pathogen was confirmed using sequencing of the internal transcribed spacer (ITS) of
the ribosomal DNA (ITS1 and ITS4 primers) (Al-Ansari et al., 2017b).
A

B

C

Figure 2.3. A. Culture of Fusarium fujikuroi on potato dextrose agar (PDA) forming densely
creamy mycelium at 25 °C after 3 weeks; B. Pythium arrhenomanes on PDA characterized by
white, dense and abundant mycelium. C. Oospores of P aphanidermatum (lactophenol cotton
blue mount; magnification, 40x).
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2.3.2 Seed infections in the field and in commercial seed batches
The seed that did not germinate from Muscat and AL-Batinah yielded eight species
(Figure 2.4).

Pythium

arrhenomanes,

F.

fujikuroi,

F.

oxysporum,

F.

solani,

Helminthosporium and Alternaria alternata were also isolated from the roots (Figure
2.4). In addition, Penicillium sp and Aspergillus sp were common. Seven species

occurred in the Muscat farm with annually maize mono-cropping (no crop rotation),
while only five species were found at lower frequencies in Al-Batinah farm, which is
following intercropping system (between date palms) (Figure 2.4). In contrast to the
fields, only five species were isolated from seeds collected from the three commercial
seed batches (Figure 2.4). Penicillium was common on all batches with infection levels
ranging from 10% in B2 to 24% in B3. Helminthosporium (>50% in B2 seeds),
Aspergillus (34% on B1), Fusarium fujikuroi (<6% on B2) and Alternaria (10% on B3)
occurred in single batches only.
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Figure 2.4. Pathogens isolated from seeds dug out from two fields in Muscat and Al-Batinah
South and from three commercial maize seed batches.

19

Chapter 2. Etiology of maize root rot in Oman

2.3.3 Pathogenicity tests
Inoculation with F. oxysporum, F. fujikuroi, R. solani, Rhizoctonia sp., and B.
theobromae resulted in stunted growth, yellowing and gradual death or wilt of maize.
This was linked with sunken areas in the hypocotyls, after which seedlings collapsed
(Figure 2.5 A).
A

B

18
16

Fo

Ff

Rs

R

Bt

14
12

5

10

4

8

3

6

2

4

1

2
0
C

M

Fo

Ff

Rs

R

Bt

P
C
c
h
a
o

Fresh weight (g)

M

Disease score for harvested
plants

C

1.2
1.0

*

0.8
0.6

*

0.4

r
0.2
a
p 0.0

P

*

*

*

*

C

M

Fo

Ff

Rs

R

Bt

P

Figure 2.5. A. Symptoms on maize observed three weeks after inoculation. C= control, M =
Mixture of the five fungi, Fo = Fusarium oxysporum, Ff = Fusarium fujikuroi, Rs =Rhizoctonia
solani, R= Rhizoctonia sp, Bt = Botryodiplodia theobromae, and P = Pythium arrhenomanes. B.
Number of harvestable maize seedlings out of 20 sown seeds and disease scores on the
surviving plants. C. Fresh weight per plant of the harvested plants after 30 days. * indicate
significantly different fresh weights compared to the control (P<0.05, Tukey’s test).
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Only few plants survived when inoculated with a mixture of the five fungi or with P.
arrhenomanes with almost all survivors being seriously affected (Figure 2.5B). This was
also reflected in significant fresh weight reductions compared to the uninoculated
controls except for plants that were inoculated with Rhizoctonia sp. (Figure 2.5C).
Besides on maize, Pythium arrhenomanes also caused symptoms on wheat and barley
(Figure 2.6). Fresh weight reductions on maize reached 60% and were statistically
highly significant. In wheat and barley, reductions were 20-50% but this was not
statistically significant.

*

Figure 2.6. Fresh weight of Maize, barley, imported wheat, and Omani wheat inoculated with
Pythium arrhenomanes (I) and (C) control. * indicates a significant fresh weight reduction
compared to the control (P<0.05,) Tukey’s test. Inserted images show vigor, length, and root
zones of control (left) and treated plants (right) of maize, barley and wheat inoculated with
Pythium arrhenomanes. No control is shown for Omani wheat.
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2.4 Discussion
A total of eight fungal species and one oomycete were isolated from the roots of maize
affected by root rot in Oman. In addition to the genera identified from Maize before in
Oman, (Moghal, 1993; Sweets and Warther, 2000; Vincelli, 2008) the survey yielded F
fujikuroi and P. arrhenomanes. This is the first report of Fusarium fujikuroi as causal
agent of maize root in Oman; the occurrence of P. arrhenomanes has been reported
(Al-Ansari et al., 2017b). Two or three pathogen species were present in the commercial
seed batches at moderate to high frequencies. In contrast, among the non-germinated
seeds dug up from the fields and exposed to field borne inoculum, five and seven
pathogenic species were identified.
F. solani is commonly reported in maize and has been studied extensively (Ranzi et al.,
2017), while Helminthosporium sp., and A. alternata were not commonly found in
infected fields and are considered to be airborne. The five fungi that were tested for
pathogenicity caused moderate to severe symptoms on maize seedlings when
inoculated alone but the effects were additive when co-inoculated pointing to the
importance of the pathogen complex that causes foot and root rot of maize. Pythium
arrhenomanes alone caused as much seedling damage as the mixture of the five fungi
tested and it thus emerged as a highly aggressive pathogen that was present in at least
two governorates in northern Oman: Al Batinah south and Muscat. In addition, we
showed that it can infect as well barley and wheat even though the damage to these
was moderate. P. arrhenomanes is known to be a main source of seedling blight and
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root rot of early-sown rye and wheat in warm areas of South Africa (Scott, 1987). It is
also widely spread in Japan infecting rice but also weeds making it difficult to control
(Toda et al., 2015).
F fujikuroi is well known for the production of a broad spectrum of secondary
metabolites (SMs) such as gibberellic acids (GAs), mycotoxins and pigments
(Pfannmüller et al., 2015). Maize is an important staple food and used as forage as well
in Oman (Deadman et al., 2006). The mycotoxins are of concern especially as contents
may increase during storage (Riley and Norred, 1999) and F. fujikuroi was found in
commercial seed in this study. Clearly, commercial seeds can act as a source of root rot
inducing pathogens in maize and care has to be taken to improve seed health.
Alternaria, Fusarium, Mucor, Penicillium, Pythium, Rhizoctonia, and Diplodia are
commonly associated with maize seed (Vincelli, 2008; Tanova et al., 2015). It is not
clear, if P. arrhenomanes is seed borne in maize but as other Pythium species are
known to be seed borne, this is to be expected. Considering the extreme
aggressiveness of the pathogen, there is a need to diligently avoid further spread of the
pathogen to new areas in Oman.
Besides avoiding the spread of the pathogen there is also a need to identify
management methods that reduce the survival of the soil borne inoculum and that help
to increase soil health by building up an active and effective antagonistic potential
through proper rotations and organic matter management. This can lead to general soil
suppressiveness and may help manage problematic soil borne diseases (van Bruggen
et al., 2015). In fact, there is evidence that some of the variation observed in disease
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incidence in the surveyed fields in Oman may be related to compost based soil fertility
management (Chapter 3).
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2.6 Supplementary Figures
A

B
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C

D

Figure S 2.1. Maize field with (A) poor germination, (B) patchy growths, (C) infected roots and
(D) infected seed.
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3. Organic compost based management increases microbial
diversity and reduces maize root rot in Oman
Abstract
Large differences in maize disease incidence were observed between two fields in
Oman, one managed organically with compost amendments and one conventionally
without compost. Seed originating from the same seed batch had been used and
environmental conditions were similar. Fungal and bacterial communities in the two
fields and in the rhizosphere were studied with culture-based and culture-independent
methods. Fungal and bacterial richness as measured by Shannon and Chao1 indices
were higher in the organic field compared to the conventional field. Also, organic matter
and N contents were higher in the organic field. The abundance of Trichoderma
(Hypocrea) species in the maize rhizosphere microbiome in the field treated with
compost was considerably higher than in the field sprayed with fungicides and the
fungus was associated with lower wilt disease incidence. The results indicate that the
use of organic compost amendments enhanced microbial diversity and soil health,
which was clearly reflected in better plant health, growth and productivity.

Keywords: Pythium arrhenomanes, Fusarium fujikuroi, Next generation sequencing,
Microbial communities, microbial diversity
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3.1 Introduction
Farming systems in Oman face challenges such as high salinity, alkaline soil with low
organic matter, and high temperatures. Farming is mainly conventional, which is
characterized by heavy use of chemical fertilizers and pesticides. During the last twenty
years, there has been a shift towards the use of organic farming in some farms in Oman
in an attempt to achieve a more sustainable agriculture (Mekki et al., 1998).
Organic farmers in Oman traditionally use sun dried sardines and unprocessed animal
manure as fertilizers (Mekki et al., 1998; Al-Jufaili et al., 2006). In some mountain
oases, semi-composted animal manure applied 2-3 times per year with an annual
application rate of up to 30 t ha-1 forms the basis for the productivity of man-made,
irrigated terrace soils (Buerkert et al., 2010). Also, since 1986, the agriculture extension
office of the Ministry of Agriculture and Fisheries Wealth encourages the production and
application of anaerobic compost. Booklets on how to process animal manure and farm
waste, application quantities and schedules are distributed to farmers for awareness.
Root rot diseases are considered the most important factors limiting maize production in
Oman with sometimes dramatic losses. Several fungal and oomycete pathogens such
as Fusarium, Rhizoctonia, Botryodiplodia, and Pythium (Moghal, 1993) as well as
Pythium arrhenomanes (Al-Ansari et al., 2017b) and Fusarium fujikuroi (Chapter 2) are
associated with maize root rot in Oman.
During a disease survey (Chapter 2) in March 2014, a notably healthy crop of maize
was observed in an organically managed field receiving regular inputs of compost
(Figure 3.1) while the maize from the same seed source performed comparatively
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poorly in a conventional field receiving mineral fertilizers and pesticides. The soils were
analyzed and the rhizosphere microbial communities in the maize rhizosphere from the
organically managed and the conventional field were studied using next generation
sequencing. The following questions were addressed: (i) What are the differences in the
rhizosphere soil chemical properties among the two fields? (ii) What are the differences
in fungal and bacterial communities and can these be related to the observed
differences in plant health?
B

A

C

Figure 3.1. (A) Governorates of Oman. Red stars: location of the fields shown in B and C with
maize of variety Honey Jean originating from the same seed lot at the same time of the year
when rhizosphere samples were taken (B) organically maintained field (Sohar) in Al-Batinah
North (Northern Oman) fertilized with compost, not sprayed with fungicides. (C) Conventional
field (Najed) in Dhofar (Southern Oman) fertilized with chemical fertilizers, plants received three
fungicide sprays (Ridomil, Topsin and Tachigaren).
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3.2 Materials and Methods
3.2.1 Soil and rhizosphere sampling
An organically maintained farm in Al-Batinah North (Sohar) and a conventional field in
Dhofar (Najed) (Figure 3.1 B, C) were selected for rhizosphere microbial community
investigations. In both fields, the maize variety Honey Jean, from the same seed source
(Taiwan) had been used. Sampling was done during flowering in November 2014.
Following a W pattern, nine maize plants were dug up carefully to a depth of 15 cm with
their roots and surrounding soil. The soil falling off plants spontaneously was used for
the bulk soil samples that were taken directly to the lab for chemical analysis.
Rhizosphere soils were taken by strongly shaking the roots to remove adhering soil
from the plants. Three samples were bulked resulting in three samples of approximately
200 g soil per field. Each sample was ground with liquid Nitrogen with a sterilized mortar
and pestle to make sure that all aggregates and clumps were ground well and sieved
through 2 mm mesh to remove stones and large particles. For each field, the three
samples were mixed and approximately 2 g of the mix were transferred into three tubes
and stored at −80°C until DNA extraction.
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3.2.2 Soil chemical properties
Soil samples of the two fields in Sohar and Najed were air-dried, ground and passed
through a 2 mm sieve to remove roots and plant debris and stored at -80 °C until
analysis. Electrical conductivity (EC) and pH were determined using a pH meter and an
electrical conductivity meter at 25 °C, respectively. Nitrogen was analysed by Kjeldahl
method and P, K, Mg, Al, Be, B, V, Cu, As, Cd, Ba, B, Cu, Ba, and Pb were analysed by
ICP-OES (Perkin Elmer, type Optima 3300 DV) Inductively Coupled Plasma Optical
Emission Spectrometry. Ca content was measured with flame photometry (Sherwood
450 flame photometer) and organic matter was determined by dry combustion (Sato et
al., 2014).

3.2.3 Soil DNA extraction and next generation sequencing analyses
Three methods were used to extract the DNA from the soil. One was using the Power
soil kit MO BIO Laboratories Inc. (Carlsbad, CA, USA), according to the manufacturer’s
instructions. The second method was using ISOLATE Fecal DNA Kit (Bioline, USA) and
the third was using skimmed milk as described by Kazeeroni and Al-Sadi (2016). For
each soil sample, DNA extraction was done in three replicates. The extracted DNA
quality and quantity was determined using Nano Drop (Model 2000). DNA was
submitted for further processing to the Research and Testing Laboratory (RTL,
Lubbock, TX, USA). Illumina MiSeq paired-end Illumina was used for sequencing
bacterial 16S rRNA and fungal small subunit (SSU) rRNA fragments.
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3.2.4 Isolation of fungi from soil using culture-dependent methods
Two isolation techniques were used to isolate the fungi from the soil samples. Numbers
of fungi were estimated by the soil dilution and plate count method of Johnson et al.
(1959) starting with 10 g soil and 90 ml sterilized water in a conical flask, and the soil
solution was diluted from 10-1 to 10-3 after shaking for 1 h in an oscillator (Al-Sa’di et al.,
2008). A volume of 1 ml soil solution (10-3) was poured evenly on PDA amended with 1
ml/l antibiotics (10mg l-1 Rrifampicin and 200mg l-1 Aampicillin) added after autoclaving
to restrict bacterial growth, five plates for each sample. All plates were incubated at
room temperature for 5 days or until fungal growth was observed. Emergent hyphae
were transferred and purified on new PDA plates. Fungal isolates were grouped on the
basis of their morphological differences and counted.
The soil direct plating method was also employed by directly spreading 0.2 g of soil onto
the surface of PDA with 0.025 g l-1 Rose Bengal (Al-Sa’di et al., 2008). Five plates were
used for each sample. The isolation plates were incubated at room temperature for 7
days and the number of growing fungi was counted. The isolated colonies of each
fungus were grown on PDA at 24°C for 3-4 weeks. About 80 mg mycelia from purified
colonies were harvested, transferred to1.5 ml Eppendorf tubes and freeze dried.

3.2.5 Identification of fungal species
Identification of the isolated fungi (from the root, seeds, and the soil samples) to the
species level was done based on morphological characteristics (Van der PlaatsNiterink, 1981; Barnett and Hunter, 1998; Leslie and Summerell, 2006). This was further
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confirmed for all the isolated fungi by sequencing the internal transcribed spacer region
of the ribosomal DNA (ITS rDNA) as described by White et al. (1990).
ChromasPro version 1.5 (Technelysium Pty Ltd) software was used to edit and align the
sequences of each isolate. The resulting ITS sequence for each isolate was compared
to others deposited in NCBI (National Centre for Biotechnology Information) using
BLASTn search.

3.2.6 Data Analysis
Excel was used for data graphical representation. Taxonomic alpha diversity (withinsample) and beta diversity (between samples) were calculated as the number of
observed OTUs (operational taxonomic units) and the Shannon H and Chao1 indices
(Hill, 1973; Chao, 1987), respectively. Ecological alpha and beta diversity indices as
well as basic distributions of OTUs in rhizosphere samples were prepared using the
Explicit software package (Robertson et al., 2013) and the R package phyloseq
(McMurdie and Holmes, 2013). Two-Proportions Tests were used to estimate the
significantly different proportion abundance of fungi and bacteria between the two fields
using STAMP software (Parks et al., 2014). Differences at P ≤ 0.05 were considered as
statistically significant.

3.3 Results
3.3.1 Soil chemical properties
The chemical properties of the rhizospheres in the two fields differed for several key
parameters (Table 3.1). Organic matter, N, and K contents in the organic field in Sohar
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were considerably higher than in Najed and the pH with 7.5 much more favorable
compared to 8.3 in Najed. In contrast, salinity, P, and Ca values were much higher in
Najed.

Table 3.1. Soil chemical properties at the conventional site in Najed and the organic site in
Sohar. OM=organic matter contents. Except for N, elements in mg kg -1, EC =electrical
conductivity (mS cm-1).
OM
(%)
1.2

Site
Najed
Sohar

3.6

N
(%)
0.05
0.11

P

K

11
4

Ca
4

2000 11.6*10

4

2900 4.4*10

Mg Al Cr Mn Zn

Fe Ni Sr

210 65 0

74

0

0

B

Cu

0 54 0.08

0

Ba

Pb

380 32 4 2.8 0.1 117 4 21 0.02 0.06 0.21

0

The best DNA extraction results from rhizosphere soil samples compared to other
extraction protocols were obtained with the skim milk method (Table 3.2).
Table 3.2. Quantities (DNA ng/ml) and qualities of DNA extracted from soil by different
methods, 260/280 is the ratio of absorbance at 260 nm and 280 nm that is used to assess the
purity of DNA.
Fecal kit

Power soil kit

Sample/DNA

DNA

260/280

DNA ng/ml

Quantity &Quality

ng/ml

ratio

Najed

74

1.34

22.8

Sohar

1233

1.61

25

260/280

Skim milk
DNA ng/ml

260/280 ratio

1.48

273.7

1.73

1.33

904.8

1.67

ratio

As the rarefaction curves (Figure 3.2) reached a clear asymptote, the sequences
generated by NGS for both fields are considered representative (Gotelli and Chao,
2013).
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Figure 3.2. Rarefaction curves based on Chao to estimate richness for (A) fungal and (B)
bacterial communities in the Sohar and Najed fields from the DNA samples extracted with skim
milk protocol.

3.3.3 Isolation of fungi from soil using different methods
Next generation sequencing (NGS) was able to identify more fungal species than the
culture dependent methods (Table 3.3). Also, with the exception of Penicillium and
Trichoderma (Teleomorph: Hypocrea) there was no overlap in the species identified
directly or by NGS. Conspicuously, species typically residing in the soil such as
Alternaria, Aspergillus and Fusaria were not identified by NGS but through direct and
dilution plating depending on site (Table 3.3). From the Najed soil, three out of six
species identified by direct plating were missing in the NGS sample and from the Sohar
soil 2 out of four were missing. Overall, NGS resulted in the highest number of fungal
species identified, followed by the direct method and the lowest number was isolated by
dilution plating.
The fungal communities were dominated by Saccharomycetales (Candida species) with
22.2% of the identified sequences at Najed and 25.4% at Sohar. On the other hand,
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Pansporablastina (Systenostrema alba, a parasitic fungus of insects, suborder of the
microsporidia) dominated the Najed Rhizosphere with 25.3% and were present only at
0.3% in Sohar. There were more unidentified sequences in the Najed sample, 19.6%
compared to Sohar 3.7% (Figure 3.3.3A). The bacterial communities were dominated by
Firmicutes (Bacillus spp) in both fields with 86.9% of the identified sequences in Najed
and 83.8% in Sohar (Figure 3.3B).
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Table 3.3. Fungal species identified from soils at Sohar and Najed using three different
methods: direct plating, dilution plating and next generation sequencing (NGS). The numbers of
classification groups are listed in the top of the table. Next to the species names the groups the
identified fungi belong to that are shown in Fig.3.3 A are named.
Najed

Sohar

Direct

Dilution

NGS

Direct

Dilution

NGS

Phyla

2

1

5

2

1

5

Classes

3

3

8

2

2

9

Orders

5

3

9

2

2

12

Families

6

3

9

3

2

13

Genera

6

3

10

4

2

13

Species

6

3

11

4

2

14

x

x

Species identified

Grouping

Alternaria

Pleosporales

x

x

Aspergillus

Eurotiales

x

x

Acrostalagmus sp

Hypocreales

Candida smithsonii
Cladosporium
cladosporioides
Embellisia sp

Saccharomycetales
Capnodiales

x

Pleosporales

Engyodontium album

Hypocreales

Fusarium

Hypocreales

Lycoperdon pyriforme

x
x

x

x

x

x

x
x

x

x

Agaricales

x

Malasseziales

x

x

Malassezia sp

Malasseziales

x

x

Mortierella sp
Neophaeosphaeria
conglomerata
Penicillium janthinellum

Mortierellales

Petriella setifera

Microascales

Malassezia restricta

x

Pleosporales
Eurotiales

x
x

x

x

x

x

Rhizophlyctis rosea

Rhizophlyctidales

Sarcosphaera crassa

Pezizales

x

Systenostrema alba

Pansporablastina

x

Trichoderma koningii

Hypocreales

x

x

x

Unknown

x

x
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100%

A

70%
60%
50%
40%
30%

20%

80%
70%

60%
50%
40%
30%
20%

10%

10%

Unknown
Spizellomycetales
Pansporablastina
Glomerellales
Mortierellales
Agaricales
Malasseziales
Pleosporales
Eurotiales
Hypocreales
Saccharomycetales
No Hit

90%

Relative abundance

Relative abundance

80%

0%

100%

B

90%

Najed
19.58
3.45
25.63
0.00
0.00
0.00
12.28
5.06
5.72
0.01
22.15
6.11

0%

Sohar
3.69
0.00
0.33
0.85
2.28
2.84
3.06
4.25
6.78
17.54
25.41
32.97

Unknown
Unclassified
Tenericutes
Proteobacteria
Planctomycetes
No Hit
Firmicutes
Cyanobacteria
Chloroflexi
Bacteroidetes
Actinobacteria
Acidobacteria

Najed
1.72
0.17
0.01
4.84
0.16
2.24
86.87
2.27
0.20
0.01
1.12
0.39

Sohar
1.68
1.23
0.13
6.48
0.17
1.19
83.83
0.00
1.63
0.67
2.17
0.82

Figure 3.3. A. Composition of fungal communities and their abundance identified from the
rhizosphere of maize plants collected from the conventional Najed and the organically managed
field Sohar. B. Composition of bacterial communities and their abundance identified from
rhizosphere of maize plants collected from the conventional (Najed) and organically managed
field (Sohar).

The Shannon diversity index was 2.33 for fungi from Najed and 2.15 for Sohar, the
Simpson’s index, which measures the probability that two randomly selected individuals
belong to the same OTU, was 0.87 for Najed compared to 0.83 for Sohar ( Table 3.4)
suggesting that the fungal community present in the maize rhizosphere in Najed was
more complex than that of the rhizosphere in Sohar. In contrast, the bacterial
community from the Sohar rhizosphere sample was more diverse as indicated by the
larger values for the Shannon and Simpson indices (Table 3.4).
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Table 3.4. Shannon and Simpson diversity indices for fungi and bacteria in the maize
rhizosphere in the conventional field in Najed and the organic field in Sohar.
Rhizosphere
Microbiome
Diversity indices
Shannon
Simpson

Fungi
Najed
Sohar
2.33
2.15
0.88
0.84

Bacteria
Najed Sohar
0.88
1.10
0.25
0.31

The proportions of the different organisms differed significantly for 13 fungal and 19
bacterial groups among the two sites (Figure 3.4). The fungal groups of Systrenonema
and Malassezia were significantly more abundant in the conventional field in Najed
while all others were more abundant in the organic field at Sohar. Especially Hypocrea
koningii (anamorph Trichoderma koningii) and unclassified species were close to 20
percentage points more abundant there (Figure 3.4A). Differences among bacterial
species were only a few percentage points but often, the frequencies varied by more
than a factor of two. The most dominant group of Bacillus sp. (more than 85% of all
groups identified) varied only by about 4 percentage points which is about 5% of the
absolute numbers (Figure 3.4B).
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A

B

Figure 3.4. Comparison of abundances of fungi (A), and bacteria (B) in the rhizospheres in the
conventional site Najed (black) and the organic site Sohar (grey) based on a two-proportion test.
Confidence intervals for the percentage point differences between Najed and Sohar (%Najed%Sohar) are shown on the right including the corrected P-values.
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3.4 Discussion
The differences in disease incidence and severity observed between the conventionally
managed field in Najed and the organic field in Sohar corresponded to differences in
soil chemical and biological properties as well as to conspicuous differences in microbial
communities in the rhizospheres.
Soil differences can in large part be related to the use of compost in Sohar that resulted
in fundamental changes in the soil environment. The chemical properties of greatest
impact are likely the higher organic matter content, lower soil pH, and lower salinity (Ec)
at Sohar compared to Najed and particularly a Ca:Mg ratio of about 116 in Sohar in
contrast to about 552 in Najed that likely results in potassium deficiency. This could be
through dilution effect and/or competition at uptake sites (Marschner and Marschner,
2012).
The higher amounts of organic matter and N in the organic field compared to the
conventional field on the one hand and the lower salinity and pH on the other hand
overall improved the environment for bacterial diversity. Also, the higher K contents of
2900 ppm in the organic field compared to 2000 ppm in the conventional soil likely
supported better growth and plant health (Hathaway-Jenkins et al., 2011). High K
values have been shown to correlate with stalk strength (Melis and Farina, 1984)and
reduce the rate of some cultivars seed infection (13%-75%) (Marschner and Marschner,
2012).
Compost is well known to generally increase microbial diversity in the soil (Farrell et al.,
2010; Al-Sadi et al., 2015). Higher microbial activities indicating overall larger microbial
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communities are commonly reported from organically managed fields (van Bruggen et
al., 2015). Microbial communities in conventional farming systems are affected by high
inputs of inorganic fertilizers, herbicides and pesticides (Johansson et al., 2004). The
functional consequences of this loss of diversity are still poorly understood.

From the three different methods of the DNA extraction from the soil tested, the skim
milk method resulted in high DNA concentration of sufficient purity for successful PCR.
The Fecal kit delivered good quality only for Sohar samples, probably due to the fact
that this protocol was designed for fecal samples (animal dung). Sohar soil received
organic composts that contained buffalo and cow manure mix. Although the Power soil
kit is successfully used in many laboratories worldwide, it produced very low DNA with
high purity, which was not adequate for NGS. This might be due to an inefficient vortex,
as a very strong vortex is needed for the buffer and beads to lyse the cells.
The differences in the microbial communities as identified by NGS were remarkable
between the two sites. There was a prominent absence of Trichoderma spp. and a clear
dominance of Systenostrema spp at Najed in contrast to Sohar where Trichoderma and
Candida were the most prominent groups and Systenostrema were missing (Figure
3.4). Trichoderma and Systenostrema spp have recently been reported as dominant
fungal communities in Omani soils (Kazeeroni and Al-Sadi, 2016; Kazerooni et al.,
2017). In contrast to these clear differences in the species found, differences in the
microbial diversity indices (Table 3.4) appeared overall small and inconclusive.
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The two culture dependent methods yielded only a limited set of fungal species with
little overlap to the NGS results. Besides the need for large quantities of special media,
which is generally not feasible, many fungi require special conditions or may only be
present as dormant spores (Bridge and Spooner, 2001). The use of antibiotics in the
media to avoid contamination with bacteria may also restrict the growth of some fungi.
The direct comparison of the species found with the different methods shows the very
high bias in the culture based studies for ubiquitous and easily culturable fungi (Al-Sadi
et al., 2015). This method favors fungi which grow rapidly under lab conditions and
tends to overestimate the species that sporulate in the soil, while it overlooks dormant
stages and those with slow growth in culture (Bridge and Spooner, 2001). The fact that
Alternaria, Aspergillus and Fusaria were not detected by NGS, while they dominated in
culture dependent isolations suggests that relative to the total community these fungi
may not be as abundant as commonly thought. From the 2 g of rhizosphere soil
subjected to DNA analysis, they were not recovered in high enough quantities to even
be detected. The only conspicuous overlap was for species of the genus Trichoderma
such as Trichoderma asperellum, T. atroviride, and T. viride that were abundant at the
organically managed site in Sohar but not in Najed.
As only about 70,000 (5%) of the anticipated 1.5 Million fungal species have been fully
defined (Alexopoulos et al., 1996) the high percentage of non- identified species that did
not match sequences in Gene Bank is expected. Nevertheless, the species or orders
identified allow for some interpretation.
The almost complete absence of Trichoderma in the conventional field at Najed while in
the organic field at Sohar it dominated with about 20% abundance (Figure 3.3A) is in
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line with a report by Bulluck et al. (2002) who also found higher abundances of
Trichoderma in organic fields than in conventional fields. Overall, the environment at
Sohar, i.e. plenty of organic matter, high temperature, and humidity, favors the growth
and development of Trichoderma (Savoie et al., 2001; Singh, 2014).

Many of the bacteria that were identified from organic soil are known for their antifungal
activity like Pseudomonas and Bacillus species in suppressing Pythium, Fusarium and
Rhizoctonia (Rankin and Paulitz, 1994; Yangui et al., 2008; Al-Hinai et al., 2010). In
contrast, Actinobacteria were dominant in the conventional field.
Interestingly, Cyanobacteria were found only in Najed with 2.3% (Figure 3.3B). They
are unicellular, filamentous and include colonial species. They may form climateresistant spores when environmental conditions become harsh and thick-walled
heterocysts, which contain the enzyme nitrogenase. They are arguably the most
successful group of microorganisms on earth. They are the most genetically diverse;
they occupy a broad range of habitats across all latitudes, widespread in freshwater,
marine, and terrestrial ecosystems, and they are found in the most extreme niches such
as hot springs, salt works, and hyper saline bays.

3.5 Concluding remarks
Generally, results are in favor of the organically managed field that regularly receives
compost. The organic field was associated with better C, N, and pH parameters and
higher bacterial biodiversity indices. Moreover, Trichoderma koningii and unclassified
species were more abundant in the organic field. Notably, those chemical and microbial
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properties were also, associated with lower disease incidences and severity. This
suggests a suppressive interaction between of the differentially distributed T. koningii
and plant pathogens (Chapter 6).
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4. Transitions

in

microbial

communities

during

the

composting process in an arid environment
Abstract
The reproducible production of quality finished compost depends on the development of
efficient composting practices with better understanding of the contribution and
correlations of the start recipes with microbial community successions and physicochemical properties. The changes in chemical properties and the microbial community
structures during different stages of windrow (aerobic) composting processes and after
storage for one year in the hot and arid environment of Oman were investigated in
allanimal manure based compost. The compost reached maturity within two months,
considerably quicker than the typically reported three to five months in cooler regions.
The physico-chemical properties fluctuated at all stages but remained relatively stable in
the mature compost during storage. The physico-chemical properties and the microbial
communities of the mature compost are acceptable according to the known standards.
The study findings supply preliminary data to further investigate and establish future
standard procedures to follow as guidelines for local compost quality and production.
Key words: Compost, Physico-chemical properties, Microbial community, aerobic
composting, Windrow, arid region, culture- independent method
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4.1 Introduction
The main components of the organic matter, i.e. carbohydrates, proteins, lipids and lignin,
are transformed during composting by microorganisms into CO 2, biomass, heat and
humus-like end-products (Tuomela et al., 2000). The degradation and transformation
processes depend on the microorganisms that utilize the substrate as a nutrient source.
Composting proceeds through three stages; the mesophilic, the thermophilic and the
curing (maturation) stage. The mesophilic stage can last a few hours up to a couple of
days, the thermophilic stage lasts from a few days to several months, and the curing
stage typically lasts for several months (Tuomela et al., 2000; Ryckeboer et al., 2003). At
the start of composting, composts are at ambient temperature and usually slightly acidic.
At this stage, microorganisms consume soluble and easily degradable macromolecules
such as monosaccharides, starch and lipids and the formed organic acids decrease the
pH. In the next stage, microorganisms degrade proteins, and therefore release
ammonium, which is associated with an increase in the pH followed by degradation and
transformation of compounds such as cellulose, hemicellulose and lignin into humus
(Ryckeboer et al., 2003).
The duration of the composting stages is affected by factors related to the organic matter
being composted, such as C:N ratio, initial pH, particle size, porosity and moisture; and
the efficiency of the process, which is determined by the temperature, turning
(mechanical mixing), aeration, and moisture content (Tuomela et al., 2000; Ryckeboer et
al., 2003; Bernal et al., 2009) While the optimum C: N ratio has been reported to be 2554
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40, the value varies depending on the starting substrate (Tuomela et al., 2000;
Ryckeboer et al., 2003). A high C: N ratio slows down the process as there is an excess
of degradable substrate and a lack of N while low C: N ratios lead to rapid N
mineralization and losses (Bernal et al., 2009).
During composting, as environmental factors (temperature, pH, C: N ratio, water content,
etc.) change, different microbial communities succeed (Ryckeboer et al., 2003). Bacteria
nutritionally are considered the most diverse as they have a broad range of degradation
enzymes. In contrast, fungi are significant for the decomposition of certain substrates that
are dry, acidic or too low in nitrogen for bacterial decomposition (Tuomela et al., 2000;
Langarica-Fuentes et al., 2014). Some taxa appear to be common during early stages of
composting, but communities usually become more variable at later stages of composting
depending on the starting recipes, composting processes, duration, as well as general
environmental conditions (Ryckeboer et al., 2003; Langarica-Fuentes et al., 2014).
Overall, fungi are the main degraders of materials such as cellulose and lignin
(Langarica-Fuentes et al., 2014). This stage follows the consumption of simple
carbohydrates and utilization of some nitrogen in microbial growth and other activities. In
fact, low nitrogen levels are required for lignin degradation (Tuomela et al., 2000).
Culture dependent methods are limited in their ability to determine microbial community
structures compared to culture independent methods (Ryckeboer et al., 2003). Recently,
a number of studies focused on the succession of bacterial and or fungal communities at
different composting stages using culture independent methods based on Next
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Generation Sequencing (Partanen et al., 2010; Neher et al., 2013; Langarica-Fuentes et
al., 2014). In Oman, aerobic (windrow) composting takes only between 8-9 weeks to
produce finished compost, which is much shorter than in western regions (Al Busaidi et
al., 2014). Under the hot and arid conditions, nothing is known about the dynamics of
bacterial and fungal community structures in the windrow composting system and their
correlations with physico-chemical properties. However, such short process composts
have been implied in the build-up of soil disease suppressiveness and in improved field
physico-chemical properties and microbial community structures in maize fields in Oman
(Chapter 2).
The main aims of the presented study were to characterize the microbial community
structures at different stages of the rapid windrow composting process in Oman and
during storage for one year using culture-independent methods and to investigate
potential correlations of the different physio-chemical properties with the succession of
microbial communities during composting and storage.

56

Chapter 4. Composting Dynamics in an Arid Environment

4.2 Material and methods
The composition of the starting materials consisted of horse manure with bedding wood
chips (60%), camel manure with dry grass (10%), cow manure (10%), old compost (10%),
grass (5%), soil (5%), and Bentonite Ca (3kg/m 3). The mixture was processed in a
windrow of 50m length, 2m width and 1.5m height. The windrow was turned daily with a
compost turner for seven weeks. During the first week, water was added daily, thereafter
depending on moisture level, CO2 level and temperature. Moisturizing was reduced
during the curing stage.
Sampling was carried out in triplicate at four different times, day 3, 30, 45, and 60 during
the composting period and once after storage for 1 year in shade. Day 3 normally
represents the transition from the mesophilic phase to the thermophilic phase, day 30
represents the thermophilic phase, day 45 represents the curing phase, and day 60
represents the finished compost. No sample was collected to represent the starting recipe
because the different components were layered on top of each other at this stage, i.e. not
as a homogenous mixture. At the composting site, the compost temperature was
recorded at the time of collection and the samples were stored at -20 °C for further
chemical analysis and DNA extraction.
NO3, NO2, and H2S were measured using test strips and a CO2-Meter was used to
measure the CO2. All test instruments were supplied by URS Landmanagement - United
Research for Soil, Austria. Compost samples of the different stages were air-dried,
ground, and passed through a 2 mm sieve to get rid of large particles. Electrical
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conductivity (EC) and pH were determined by using a pH meter and an electrical
conductivity meter at 25 °C, respectively (Zhang et al., 2005). Nitrogen was analysed by
Kjeldahl method and P, K, Mg, Al, Be, B, V, Cu, As, Cd, Ba, B, Cu, Ba, and Pb analysed
by inductively coupled plasma optical emission spectrometry (ICP-OES, Perkin Elmer,
type Optima 3300 DV). Ca content was measured with flame photometry and organic
matter by dry combustion.

4.2.1 Microbial community structure analysis
DNA was extracted from compost samples using the PowerSoil DNA isolation Kit (MOBIO Laboratories, CA) according to the manufacturer’s instructions. Compost samples
were extracted in triplicates, 0.25g each and pooled into one aliquot to obtain enough
DNA for a representative sample. DNA concentration was measured at 260nm using a
nanoDrop (ThermoDrop2000c) and stored at -20ºC. DNA samples were shipped for
further processing, sequencing and analyses to the Research and Testing Laboratory
(TX, USA). Illumina MiSeq paired-end Illumina was used for sequencing bacterial 16S
rRNA and fungal small subunit (SSU) rRNA gene fragments.

4.2.2 Statistical analysis
Excel was used for data graphical representation. Ecological alpha and beta diversity
indices as well as basic distributions of OTUs (operational taxonomic units) in compost
samples were calculated using the Explicet software package (Robertson et al., 2013).
The R package, phyloseq, was used to plot rarefaction curves based on the Chao index
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(McMurdie and Holmes, 2013). Taxonomic alpha-diversity within samples was calculated
as estimated diversity and richness (Shannon H and Chao1 indices, respectively) (Hill,
1973; Chao, 1987).
Principal component analysis (PCA) was used for reduction of the chemical multivariate
data to only two variables (the two first components), for visualization on a plot. It is
normally based on the Euclidean distance. Canonical correspondence analysis (CCA)
was carried out using Past3 software (Hammer et al., 2001) to observe the relationship
between the community structure at the different stages and the physico-chemical
properties. Pearson’s correlations were calculated to detect significant correlations
between the abundances of the different phyla and the physico-chemical properties.

4.3 Results
4.3.1 Changes of Physico-Chemical Properties
The thermophilic stage had already started by day 3 as the temperature recorded was
highest 77 ºC on that day and declined to 60.5 ºC by day 30. It fell further during the
curing stage to 49 ºC on day 45 to reach its minimum levels in the finished compost by
day 60 (34 ºC) and storage (27.5 ºC). The pH fluctuated between 6.8 and 7.2. The lowest
pH was measured in the thermophilic stage (6.8). This was followed by an increase in the
mature compost and a slight decrease after storage. The CO2, NO3, NO2, NH4 contents
gradually declined during the composting stages to reach a relative stability at maturity
(60 d) and during storage (Table 1). On day 3 of composting, the C: N ratio was 47 and it
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increased to reach its maximum during the thermophilic phase (340), but declined sharply
to reach 25.4 in the finished product and remained similar during storage. Organic matter
increased until maturity to a maximum of 12.4 % but declined to 9.9% during storage
(Table 4.1).
Most of the elements fluctuated during the composting process with peaks at different
phases (Table 4.1). However, the majority remained relatively stable after maturation,
except Al that increased during storage. The principle component analysis of the different
physico-chemical properties and elements at different stages of composting indicated that
mature and stored compost were closest to each other compared to the other sampled
stages (Figure 4.1).

60

Table 4.1. The Physico-chemical properties of the compost over time. Where gases were measured in mg/l, all elements in ppm.
Age(days)

N

P

Na

K

Ca

Mg

Al

Cr

Mn

Fe

Ni

Zn

Sr

B

Cu

Ba

Pb

3

2170

99

6200

10700

16400

350

52

0

2

76

0.4

0.2

29

0.05

0.01

0.13

0

30

800

131

8200

10400

28300

290

6

2

8

460

10

0.2

38

0.39

0.06

0.16

0.02

45

1360

69

5100

6600

21000

320

8

1

2

131

6

0.1

26

0.03

0

0.20

0

60

9970

65

8800

14200

50800

160

9

0

3

29

6

0.2

61

0.04

0.01

0.13

0

360

7380

67

9200

14300

52700

160

25

1

5

34

1

0.2

59

0.13

0.03

0.11

0

Age(days)

OM%

C:N

NO3

NO2

NH4

H2S

EC

pH

CO2

Temp.

3

3.4

47

675

67.5

5.5

II

10.08

7.1

20.0

77

30

6.7

340

450

45

3.5

II

14.82

7.2

20.0

61

45

5.3

197

300

30

2.5

II

13.41

6.8

15.5

49

60

12. 4

25

150

0

1.5

I

11.37

7.1

6.5

34

360

9.9

33

150

0

1.5

I

11.52

7.0

4.0

28

Continued:
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Figure 4.1: Principle component analysis of the different physico-chemical properties and
elements at different stages of composting.

4.3.2 Microbial Community Structures
The rarefaction curves generated by running an alpha diversity test indicated that reads
(sequences) were representative for each sample (Figure 4.2). However, fungal
abundance was very low in the 45 d old compost and at that age no information could
be obtained through sequencing (Figure 4.2 A). Fungal richness (Chao1 index) was
highest by day 30 and lowest by day 60 (Table 2). Bacterial richness was also highest
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by day 30 but lowest on day 3. The Shannon H diversity index, which reflects richness
and evenness, showed the same results as Chao1 index (Table 4.2).

Figure 4.2. Rarefaction curves based on Chao to estimate richness for (A) fungal and (B)
bacterial communities during the composting stages.
Table 4.2.The Shannon, Simpson and Chao1 diversity indices and Evenness for fungi and
bacteria communities in the different stages of composting.
Composting stage (days)
1

Fungi

3

30

45

60

360

Shannon H

0.5

1.5

-

0.1

0.4

Simpson

0.28

0.67

-

0.03

0.18

Chao

4

8

-

5

6

Evenness

0.42

0.56

-

0.22

0.25

Bacteria

3

30

45

60

360

Shannon H

3.8

4.6

4.4

3.9

4.1

Simpson

0.95

0.98

0.97

0.94

0.97

Chao

180

299

264

265

236

Evenness

0.26

0.33

0.29

0.19

0.25

1

Day 45 sample results for fungi were excluded due to low reads.
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4.3.2.1 Fungal community structures
Few phyla, mainly Ascomycota (Saccharomycetes) (84%), Microsporidia (1.4%) and
Basidiomycota (0.7%), were present at the beginning of the thermophilic phase (day3)
(Figure 4.3A). Saccharomycetes dominated throughout the different composting
phases, they declined to about 55% during the thermophilic stage but recovered to
reach their maximum level of 99% during the curing phase. During storage,
Saccharomycetes decreased but Dothideomycetes increased somewhat. In contrast to
the Saccharomycetes, the other five fungal groups, including Basidiomycota/
Exobasidiomycetes, Ascomycota/Dothideomycetes, Basidiomycota/Tremellomycetes,
Ascomycota/ Eurotiomycetes, gradually increased during the thermophilic stage.
Basidiomycota were present during the thermophilic phase at about 15% but declined
towards the finished product stage. Microsporidia increased to 3.4% at day30 and
decreased towards the end (Figure 4.3A).
We further investigated the diversity at lower levels using heat maps (Figure S4.1A).
Candida smithsonii, which belongs to the class Saccharomycetes was the most
abundant species. In the class Eurotiomycetes, Penicillium janthinellum, and P.
verruculosum were present during the thermophilic stage but absent in the other stages.
The

same

was

observed

about

Malassezia

sp,

which

belongs

to

class

Exobasidiomycetes. Cladosporium cladosporioides increased during the thermophilic
phase, but were undetected in the other phases. Under class Dothideomycetes,
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Embellisia sp increased during the thermophilic stage, decreased in the finished
compost, but increased again at storage.

4.3.2.2 Bacterial community structures
Compared to the fungal phyla/classes, variability in the relative abundances of bacterial
phyla among the different compost stages was higher (Figure 4.3B). Proteobacteria
were the most dominant at all stages but declined towards the end of the thermophilic
phase (51%) throughout the curing phase (38%), to the finished compost (23%) and
increased during storage (35%). Bacteroidetes declined during the thermophilic phase
from 26 % to 5% and remained relatively stable during curing and storage (Figure
4.3B). In contrast, Firmicutes increased during the thermophilic phase (from 5% to 13%)
and increased further in the curing phase to 33% but declined during storage 12%.
Actinobacteria increased during the thermophilic phase, from 4% to 13%, declined in
the finished compost, but increased again during storage. Thermobacillus sp increased
during the thermophilic stage but decreased at the later stages (Figure S4.1). The
relative abundance of Alphaproteobacteria was similar to gamma-Proteobacteria on day
3 but it became more dominant during the thermophilic stage, in the curing stage and in
the finished compost. After storage, gamma-Proteobacteria increased again but did not
exceed the Alphaproteobacteria. Devosia sp was present during the thermophilic
stages.
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On day three, an unknown Marinilabiliaceae species (15%) of Bacteroidia and
Marinobacter sp (12%) of class Gammaproteobacteria were relatively abundant. As the
Bacteroidetes decreased, the abundances of alpha Proteobacteria increased and were
much more than gamma Proteobacteria. At the phylum level, Pearson’s test showed
that Proteobacteria positively correlated with temperature (P=0.04). Within the
Proteobacteria, Alphaproteobacteria dominated the thermophilic phase (37%-28%)
compared to Gammaproteobacteria (9%-6%) (Figure S4.1B). Chloroflexi and gamma
Proteobacteria decreased in relative abundance during the curing stage. We observed a
decrease in Chloroflexi from 1% to 0.5%, alpha Proteobacteria from 37%-28% and
gamma Proteobacteria from 6-3%. However, Chloroflexi increased during storage to
reach 3%.
Unclassified species of Actinobacteria increased during the thermophilic stage and
peaked at 45 days that is they became relatively more abundant in the curing stage.
They remained in the finished product and after storage but at lower abundances
(Figure S4.1B). In the finished compost, Paenibacillus sp and Ureibacillus terrenus,
which belongs to class Bacilli were relatively abundant. With storage, Proteobacteria
and Chloroflexi increased but Firmcutes decreased.
The canonical correspondence analysis (CCA) that explored the relationship between
physico-chemical properties and community structure explained 99.9% of the variation
for fungi (Figure 4.4A) and 82.1% for bacteria (Figure 4.4B) in the first two axes.
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Figure 4.3. Microbial succession, for (A) fungi and (B) bacteria, at the different stages.
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A

B

Figure 4.4. Canonical correspondence analysis (CCA) of the microbial diversity and physicochemical properties in the different stages for (A) fungi and (B) bacteria.
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4.4 Discussion
As expected, the duration of the composting stages was shorter than what has been
reported by others. The transition from the mesophilic to the thermophilic stage was
even faster than expected. The initially collected sample on day 3 showed that the
thermophilic stage had already started as the temperature had reached its highest level
in the process (77ºC). Under temperate climatic conditions, for aerobic composting with
mechanical turning the mesophilic, thermophilic and curing (maturation) stages last
around 39, 272, and 64 days, respectively (Coelho et al., 2013). The thermophilic stage
under the hot arid conditions in Oman lasted only about 30 days, as by that the time the
temperature fell below 60 ºC and the compost was approaching maturity and the curing
stage in another 30 days. The mature compost was thus ready in 60 days and the
temperature was 34 ºC at this stage. Although essential elements and heavy metal
concentrations fluctuated during composting, most of them remained relatively stable
after maturation and storage. However, N and Ba declined slightly during storage, while
AL, Cu and B increased slightly during storage under anaerobic conditions in the bags.
Each of the five stages sampled was characterized by a distinct microbial community
structure. This was likely due to temperature, availability of simple carbon sources,
nitrogen levels, pH and aeration (Rebollido et al., 2008). The richest stage was the
thermophilic stage for both the fungal and bacterial communities. In contrast, other
studies, e.g. Chandna et al.,(2013), reported that the mesophilic stage is the richest
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stage. Unclassified bacilli may largely reflect the underrepresentation of organisms from
the arid regions in the DNA barcoding databases compared to other regions.
Temperatures of 60-64ºC limit fungal activity and usually, fungi die or survive only as
spores above this temperature (Tuomela et al., 2000). However, fungi belonging to 5
classes, including Basidiomycota/ Exobasidiomycetes, Ascomycota/Dothideomycetes,
Basidiomycota/Tremellomycetes, Ascomycota/ Eurotiomycetes, gradually increased
during the thermophilic stages (3 days to 30 days), which may indicate that fungi from
hot arid regions may tolerate and maintain growth and other activities at relatively higher
temperatures. Dothideomycetes (Cladosporioum, 4%) and Eurotiales (Penicillium sp, 4
%) were both higher in abundance during the thermophilic stage (day 30) but not later in
the process supporting previous reports (Neher et al., 2013). Penicillium has been
isolated from composts containing hardwood bark and manure. Cladosporium
cladosporioides, a mesophilic fungus, has been reported in compost made by cattle
manure and is known to grow well at 64-65°C (Tuomela et al., 2000; Neher et al., 2013).
The Ascomycota were most abundant at all stages including after one year storage. The
second in abundance were Basidiomycota. The most abundant species among the
Ascomycota was Candida smithsonii. The presence of the yeast Candida that produces
ethanol suggests oxygen limited conditions (Partanen et al., 2010). However,
Actinobacteria that indicates a well-aerated composting gradually increased during the
thermophilic stage and reached their highest level at 45 days (curing stage) and after
storage. Interestingly, this increase correlated with the drop in pH (6.8) and nitrogen.
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The slow colonization of Actinobacteria compared to fungi and bacteria as well as its
correlation with low pH and nitrogen has been reported by others (Coelho et al., 2013).
Generally, most fungi prefer acidic environments, although they can tolerate a wide
range of pH.
The thermophilic stage during the composting process is important to degrade complex
compounds such as lignin and to reduce pathogens. However, few organisms can
tolerate and maintain lytic activities during this stage (Neher et al., 2013). The most
effective lignin degraders belong to the Basidiomycota. Most species among the
Basidiomycota are mesophilic and only few can tolerate thermophilic temperatures
(Tuomela et al., 2000). However, the most abundant identified Basidiomycete species
was Malassezia restricta, which is known for causing Dandruff in humans and has been
reported in compost. It is a lipid dependent organism that hydrolyses external lipids
such as triacylglycerols for growth (Sommer et al., 2015). Besides the Basidiomycetes,
Actinomycetes are some of the main organisms responsible for transformation of
organic matter such as woody stems during the thermophilic stage and they can tolerate
higher temperatures and pH compared to fungi (Tuomela et al., 2000). In addition,
Actinomycetes compete with others organisms for nutrients and can inhibit microbial
growth by the production of antibiotics, lytic enzymes and/or by parasitism.
In contrast to previous reports on windrow systems (Neher et al., 2013) Bacteroidetes
did not dominate at the end of the thermophilic stage. The dynamics of Chloroflexi and
Gamma Proteobacteria were similar to what was reported by Neher et al. (2013). In the
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mature compost (day 60), Firmicutes were relatively abundant, represented by species
of Paenibacillus (17%) and Bacillus (5%). Species of Bacillus are known to secrete
catabolic enzymes, such as proteases, which complete proteolysis and may increase
the pH. This is consistent with what Chandna et al. (2013) reported. They found that the
majority of the bacteria identified at the thermophilic stage were Proteobacteria, while in
the mature compost Firmicutes (78.8%) were abundant, and only 9, 6 and 6% were of
Gamma

Proteobacteria,

Beta

Proteobacteria

and

Actinobacteria,

respectively.

Interestingly, the relative abundance of Firmicutes, Actinobacteria and Gamma
Proteobacteria, are indicators of disease suppressiveness (Neher et al, 2013).

4.5 Concluding remarks
Aerobic composting under the hot and arid conditions in Oman is very rapid and despite
of daily turning may include some anaerobic or at least O 2 deficient phases. This leads
to somewhat different community dynamics compared to composting under temperate
conditions. Nevertheless, the ensuing compost quality is acceptable, demonstrating how
resilient the process is in the face of extreme environmental conditions. The fact that
many of the bacteria emerging from NGS were unclassified may reflect a lack of
research and documentation from hot and arid climatic regions and potentially points to
an untapped genetic resource. The reported beneficial effects of the type of compost
analyzed here on soil health in Oman point to the benefits that could be achieved by
establishing guidelines for local farmers for reproducible production of quality finished
compost, which will assist in recycling farm organic wastes instead of burning them.
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This will reduce environmental pollution while at the same time it will reduce the need
for mineral fertilizers that are associated with poor soil health and consequent increased
needs for pesticides in maize production (Chapter 3).
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B

Figure S4.1. Microbial Heat Maps for, for (A) fungi and (B) bacteria, at the different stages.
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5. Differential effects of organic amendments on compost
physico-chemical properties, phytotoxicity and microbial
communities in an arid environment

Abstract
Nine composts, made of different mixtures of plant and animal residues and minerals in
Oman, were characterized for their physico-chemical properties, phytotoxicity and the
microbial community structures. The physical properties were acceptable for all
composts except for an anaerobic and a sewage sludge compost. However, for
chemical properties all composts were acceptable. The effect of compost water extracts
(CWE) from the different types of compost on radish and tomato seed germination, root
length and germination index (GI) was compared to a water control. Four of the
composts (Sohar1, Barka2 Salalah2 and Anaerobic) did not show inhibitory effects on
the GI of both, radish and tomato. However, differential effects of different composts on
radish and tomato on seed germination and root length were observed. This is
suggestive of differences in germination and growth requirements (preferences) for
each type of seed. One compost (Sewage sludge) showed an extremely inhibitory effect
on GI for radish and tomato.
Keywords: Compost, animal manure, Next Generation Sequencing, phytotoxicity,
physico-chemical properties, microbial communities, composting processes
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5.1 Introduction
Composting is the biological process through which microorganisms convert organic
matter into useful nutrients that can be used as organic fertilizers. High quality compost
is a stable, phytotoxin-free and humus-enriching material. Composting animal manures
has many advantages over fresh manure use, including elimination of weed seeds and
pathogens, reduction of volume and moisture, removal of objectionable odors, increase
of extractability of elements irrespective of the kind of animal manure and ease of
storage, transport and usage (Bernal et al., 2009).
Maturity is a compost quality indicator to ensure the absence of phytotoxins affecting
plant growth and plant or animal pathogens.
Seed germination and plant growth assays are the most common biological tests used
to evaluate compost phytotoxicity as an indicator of maturity. The germination index (GI)
is a widely used maturity index that evaluates both high and low levels of toxicity that
affects seed germination and root growth, respectively (Zucconi et al., 1981). Simplified
assays can be conducted using compost water extract (CWE) prepared by mixing
compost with water.
Omani soils are moderately to strongly alkaline sandy loam, with low organic matter
resulting in low water-holding capacity with a high infiltration rate. Organic matter
turnover is fast due to high temperatures. In Oman, traditionally, sun dried sardines are
used as a fertilizer (Mekki et al., 1998; Al-Jufaili et al., 2006). Also, animal manure is
mostly used unprocessed by farmers (Buerkert et al., 2010). In some mountain oases,
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semi-composted animal manure forms the basis for the productivity of man-made,
irrigated terrace soils. Semi-composted goat manure is applied 2-3 times per year with
an annual application rate of up to 30 t ha-1 (Buerkert et al., 2010).
Compost has many potential benefits in improving the soil conditions by lowering soil
pH, replenishing organic matter, increasing microbial biomass in saline soil, enhancing
water-holding capacity and improving drought-resistance. Al Busaidi et al. (2014),
showed that application of manure and straw mixtures can improve fertility of arid soil
with low organic matter and especially at high salinity levels. Also, compost based
organic soil management can have dramatic positive effects on plant health in the arid
climate of Oman (Chapter 3).
There are two fundamental types of composting, aerobic and anaerobic, i.e. in the
presence and absence of oxygen, respectively (Tweib et al., 2011). The composting
process leads to the mature product in the form of humus (full-value fertilizer) and a
significant amount of microbial biomass (Bernal et al., 2009).
Composting in Oman is usually based on aerobic processing but may also be done
anaerobically. Variable mixtures of plant and animal residues are employed without
clear standards ensuring compost quality. Under the very hot conditions in Oman, the
composting process is very rapid (chapter 4) and there is a need to understand how the
different composting processes, and amendments affect compost quality under these
environmental conditions.
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In the presented study, eight different composts produced by aerobic and one by
anaerobic processes from Oman were investigated. The following questions were
addressed: (i) Do the physico-chemical properties, germination index and the microbial
structures of the tested composts from Oman meet the necessary compost quality
standards? (ii) What are the effects of composting processes and substrates on the
physico-chemical properties, plant germination index and the microbial communities?

5.2 Materials and Methods
5.2.1 Compost Samples
Nine composts were prepared using different plant and animal residues and minerals
during October 2013 (Table 5.1). Five random samples of 0.5kg each were collected
from each compost pile as well from the surface as from the center were placed in
plastic bags place in cool box until reaching the lab were the samples subjected to pH,
EC (saturated paste method) (Woods End Research Laboratory, 2005) and chemical
analysis on the same day. For DNA analysis, samples were kept at - 20 ºC.

5.2.2 Physico-Chemical Properties
After collection, samples were visually inspected for hard lumps, bad smell, and color.
Particles greater than 12 mm were removed by shaking manually 100 g in a 12 mm
sieve for 5 min and quantified. The percentage of organic matter was determined based
on the compost dry weight and the ash weight after combustion. Nitrogen was
quantified by the Kjeldahl method. Inductively coupled plasma optical emission
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spectrometry (ICP-OES and a flame photometer) were used to evaluate compost
elemental composition.
Table 5.1. Original composition of the composts in the study
Compost

Composition

Anaerobic

No fixed ratio of plant waste, cow, chicken, goat manure soaked in water produced in a
cemented hole 10m (L) x3m (W) x2m (H).

Barka 1

Horse manure with bedding wood chips (60%), camel manure with dry grass (10%), cow
manure (10%), old compost (10%), grass (5%), soil (5%), Bentonite Ca (3kg/m3) produced in
a windrow 50m(L)x2.5m(W)x1.5m(H).

Barka 2

Same as Barka1 but enriched with 21m peatmoss 5m , Agro.Biosol (cotton seed meal, soya
3
bean) 3m , Patenkali (Potassium sulfate with magnesium) and 400l Maxicrop (seaweed
extract that contains iron, manganese, zinc, boron and magnesium). Produced in a windrow
50m (L) x2.5m (W) x1.5m (H).

Sewage
sludge

93% Sewage sludge, 7% horse bedding, scrap wood.

Oven

Cow manure treated in oven, microbial supplements after heat treatment undisclosed by
the company.

Salalah 1

Dry chopped coconut leaves (30%), cow manure (30%), green waste (grass clippings,
vegetables and fruits) (40%) produced in windrow line 50m(L)x2.5m(W)x1.5m(H).

Salalah 2

70% banana peduncles, 30% cow manure produced in windrow line 10m (L) x2m (W) x1.5m
(H).

Sohar 1

52% green plant matter on ground, buffalo manure+ cow manure+ goat manure=40%, 8%
dry chipped branches, high water salinity. Produced in a windrow 50m (L) x2.5m (W) x1.5m
(H).

Sohar 2

50% Green plant matter on ground, wild animals (gazelles manure) buffalo manure, cow
manure, goat manure=40%, 4% soil, 6% dry chipped branches. Main difference from Sohar
1 it is wetted with sweet water. Produced in a windrow 50m (L) x2.2m (W) x1.4m (H).

3
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5.2.3 Phytotoxicity Test (Germination index)
Radish and tomato seeds were used to test compost water extract (CWE) effects on
germination index (GI). Compost water extracts from the composts were prepared by
mixing 100 ml of distilled water with 50 g of the compost in a flask and shaking for one
hour at room temperature. CWE testing was not carried out for Sohar 2 compost and
the oven compost. Sohar 2 was not included because it differed in lower water salinity
compared to Sohar 1 compost, while the oven compost was not included because it
was unavailable at the experiment time. Thirty seeds (radish or tomato) were placed on
two filter papers soaked with 10 ml of the CWE in a 10 cm Petri dish, and incubated in a
growth chamber at 25˚C in the dark. Three replicates for each CWE and distilled water,
as a control, were used.
The number of seeds germinated in each sample of CWE (nVSS) and in the control
(nVSC) was counted after 48, 72 and 90 hours and the root length (RL) was measured
after 90 hours. GI was calculated according to the formula GI = (nVSS x RLS / nVSC x
RLC) x 100 (Ancuta et al., 2013). GI values lower than 100% potentially indicate
phytotoxicity affecting seed germination and growth and values greater than 100%
indicate a beneficial effect and reflect mature compost.
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5.2.4 Microbial Community Structure Analysis
Compost samples were analysed for coliforms namely, Escherichia coli, Salmonella
spp., and Clostridium in the chemistry and Microbiology laboratory at the Royal court
Affairs.
DNA was extracted from compost samples using the PowerSoil DNA isolation Kit (MOBIO Laboratories, CA) according to the manufacturer’s instructions. Compost samples
were extracted in triplicates, 0.25g each and pooled into one aliquot before proceeding
with further analyses to reduce variability due to specific individual samples and
analysis costs. DNA concentration was measured at 260nm using a NanoDrop 2000c
(Thermo scientific) and DNA was stored at -20ºC. DNA samples were shipped for
further processing, sequencing and analyses to the Research and Testing Laboratory
(TX, USA). Illumina MiSeq paired-end Illumina was used for sequencing the bacterial
16S rRNA and the fungal small subunit (SSU) rRNA gene fragments.

5.2.5 Statistical Analysis
Excel was used for data graphical representation and summary statistical analysis. For
chemical properties data, (x-mean)/stdev transformation was used. Principal component
analysis (PCA) was used for reduction of the chemical multivariate data to only two
variables (the two first components), for visualization on a plot. It is normally based on
the Euclidean distance. The analysis was carried out using Past3 (Hammer et al.,
2001).
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Taxonomic alpha-diversity within samples was calculated as the number of observed
operational Taxonomic Units (OTUs) species observed (Sobs) and as estimated
diversity and richness (Shannon H, Shannon E, and Chao1 indices, respectively) (Hill,
1973; Chao, 1987). Ecological alpha and beta diversity indices as well as basic
distributions of OTUs in compost samples were calculated and visualized using the
Explicit software package (Robertson et al., 2013). Rarefaction curves for each sample
were used to evaluate the impact of increasing sample size on the information content
of the data set.
For microbial community analysis, counts were transformed to relative abundances (%),
as the total number of counts from each sample is different. Beta diversity among the
microbial communities present in the samples was estimated using the Bray-Curtis
index, which is a measure on a 0-1 scale, indicating the dissimilarity (Bray and Curtis,
1957). The results were displayed as a heat map of the comparison matrix. In addition,
multivariate analysis was carried out using Past3 (Hammer et al., 2001). Principal
coordinate analysis (PCoA) was used for reduction of the microbial structure
multivariate data to only two variables (the two first components), for visualization on a
plot. The index used was the dissimilarity Bray-Curtis index.
Non-Parametric MANOVA (NPMANOVA, also known as PERMANOVA) was used to
test for significance of differences in the microbial structure within groups of compost
samples based on the Bray-Curtis dissimilarity measure. Difference between
proportions was calculated using White’s nonparametric t-test to determine which
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species was primarily responsible for the observed differences between samples using
the program STAMP (Parks et al., 2014). False discovery rates (FDR) were determined
with Bonferroni correction for multiple tests. Canonical (constrained) Correspondence
Analysis (CCA) was used as a correspondence analysis of compost sample/species
matrix where each sample has values for various environmental variables.
The effect of composts on seed germination and root length of tomato and radish were
analysed with ANOVA in R statistical software v. 3.5.1 using the package agricolae (R
Core Team 2013; De Mendiburu 2014). Prior to the analysis data were checked for
normality of distribution and homogeneity of variance using Shapiro-Wilk and Levene’s
tests, respectively. When significant treatment effects were observed means were
separated using Tukeys HSD test at P ≤0.05.

5.3 Results
5.3.1 Physico-chemical Properties
All composts had acceptable physical properties, except Anaerobic and Sewage sludge
(Table 5.2). Anaerobic compost had a brown–black color, bad odor, viable weed seeds,
hard lumps and large particle sizes. The sewage sludge compost had gray-black color,
bad odor and particle sizes larger than the standard. Salalah 2 compost had a slight
brown color.
Electrical conductivity (EC) in dSm-1 ranged between 5.5 and 19.2 (Table 5.2). The
lowest values were found in Sewage sludge (6.4) and Sohar 2 (5.5) accompanied by
87

Chapter 5. Differential Effects of Organic Amendments

relatively low Na and K concentrations. In contrast, anaerobic compost had low Na and
K but higher EC (11.6). The highest EC value was found in Oven (19.2) and Salalah 2
(13.6) composts. The C/N ratio was good for all composts with the highest values in
Anaerobic (32) and lowest in Oven compost (18). Heavy metal contents did not exceed
the different standard maximum concentration limits used for compost products (Woods
End Research Laboratory, 2005; (Hargreaves et al., 2008) (Table 5.2). Oven compost
had the highest amounts of K, Na and Al. Salalah 2 had the highest amounts of Ca and
B and the second highest of K and Mn amounts. Anaerobic was highest in P, Mn, and
Fe contents, and lowest in N, K, Na and Ca. Barka 1 had the highest Sr (Strontium),
lowest Mg and second lowest P and Cu contents. Barka 2 had the highest Mg. Sewage
sludge, was highest in N, Zn, Cr, Cu, Ba and Pb contents.

88

Table 5.2 Physico-Chemical properties of the different composts. Elements are in parts per million = mg kg-1.
Compost

Color

Objectionable
odors

Foreign
seeds

Hard lumps

Partical
size˂12mm

EC

pH

Anaerobic

Brownblack

++

+

+

+

11.6

6.1

Barka1

Black

No

No

No

No

11.4

7.1

Barka2

Black

No

No

No

No

13.1

7.0

+

No

No

+

6.4

6.8

+

No

No

No

19.2

7.2

No

No

No

No

10.4

7.1

Sewage sludge
Oven
Salalah1
Salalah2

Grayblack
Brownblack
Black
Brown

No

No

No

No

13.6

7.8

Sohar1

Black

No

No

No

No

11.4

7.0

Sohar2

Black

No

No

No

No

5.5

7.5

Compost

N

P

K

Na

Ca

Mg

Zn

Anaerobic

3150

539

5600

1000

10400

210

1

Barka 1

9970

65.1

14200

8800

50800

160

0.2

Barka 2

8190

52

13900

7900

46800

1420

0.2

Sewage sludge

21000

130

6500

4200

20400

350

26

Oven

13820

303

33000

12800

46600

310

0.7

Salalah1

10300

239

16100

6400

72800

240

0.8

OM%
10
23
20
50
25
27
33
22
15

Sr

Cr

Cu

Ba

Pb

12

0

0.12

0.17

0.03

61

0

0.01

0.13

0

44

1

0

0.11

0

26

3

0.54

0.54

0.03

15

0

0.07

0.23

0.006

36

0

0.09

0.11

0.007

30

0

0.15

0.15

0

30

2.8

0.07

0.10

0

19

1

0.08

0.15

0

Mn

Fe

Al

Ni

14

120

6

0

3

29

9

6

5

84

43

0.8

7

45

8

4

3

21

70

1

1

30

6

0

10

35

7

0

1

8

60

21

2

37

8

42

Continued:

Salalah 2
Sohar 1
Sohar 2

12840
8780
5090

84
155
97

24900
13700
11400

8100
7300
6300

89400
19600
53400

280
650
260

0.9
0.2
0.4

B
0.89
0.04
0.04
0.02
0.078
0.08
1.8
0.05
0.56
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Figure 5.1. Principle component analysis of the different physico-chemical properties and
elements for the investigated composts.

The principal component analysis of all composts physico-chemical parameters (Figure
5.1) separated Sewage sludge and Anaerobic composts from the remaining composts.
However, no single parameter was clearly associated with the two composts. The PCA1
axis accounted for 31.6% of the variance and PCA2 accounted for 21.7% of the
variance.

5.3.2 Phytotoxicity test on Radish and Tomato Seeds
The seed germination of both radish and tomato were strongly inhibited by Sewage
sludge extracts compared to the control (Figure 5.2). The root length as percent of
control was poor in Sewage sludge for radish and tomato and significant different are
illustrated in (Table S5.1). The root length was somewhat less than the control for
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tomato in Salalah 1 extract and radish in Salalah 2 extract. The highest germination
average, root length and GI were with Sohar 1 extract for tomato and radish but
Anaerobic and Barka 2 extracts showed higher beneficial effects on radish germination
and root length, respectively (Figure 5.2). GI for Anaerobic, Sohar 1 and Barak 2
extracts indicated beneficial effects on both radish and tomato. However, Salalah 1, and
Barka 1 extracts caused low GI for tomato and high for radish. On the other hand,
Salalah 2 resulted in lower GI for radish than for tomato. This may reflect the different
affinity for growth of different plant seeds in the presence or absence of different
chemical compositions.
75
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Figure 5.2. Germination index for radish and tomatoes when treated with compost water
extracts from the seven composts.
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5.3.3 Microbial Community Structures
Tests for coliforms were negative in all compost samples. The rarefaction curves
generated using the alpha diversity index, indicated that reads (sequences) were
representative for each sample (supplementary Figure S6.1), except for the fungus
reads of Oven compost that were low. Fungal richness, reflected by the Chao index,
was highest in Salalah 2 and Sewage sludge and lowest in Sohar 2 (Table 5.3). Salalah
2 was also richest in bacteria, while Oven was the poorest in bacteria. The Shannon H
diversity index, which reflects richness and evenness, was highest in the Anaerobic
compost and lowest in Barka 1, while bacterial, diversity was highest in Salalah 2 and
Barka 2 and lowest in Sewage (Table 5.3).
Table 5.3. The diversity indices for fungi and bacteria communities in the different composts.
Fungal
diversity
indices
Chao1

Anaerobic

Barka1

Barka2

Salalah1

Salalah2

Sewage
sludge

Sohar1

Sohar2

9.00

5.00

11.68

10.00

11.36

12.00

7.36

4.00

Low reads

ShannonH

2.30

0.15

0.37

0.91

1.44

1.93

0.69

1.29

Low reads

ShannonE

0.72

0.07

0.10

0.27

0.41

0.54

0.24

0.64

Low reads

Simpson
Bacteria
diversity
indices

0.27

0.97

0.92

0.75

0.58

0.36

0.78

0.46

Low reads

Oven

Chao1

63.45

119.53

109.84

115.62

127.75

54.80

73.80

58.27

21.66

ShannonH

4.00

4.62

4.66

4.60

5.03

2.15

3.17

4.13

2.20

ShannonE

0.67

0.67

0.69

0.68

0.72

0.38

0.51

0.71

0.50

Simpson

0.12

0.08

0.07

0.08

0.07

0.50

0.24

0.09

0.27
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Anaerobic, Sewage sludge compost and Oven were very distinct based on their fungal
(Figure 5.4 A and Figure S5.1) and bacterial (Figure 5.4 and Figure S5.2) community
structures. Overall, bacterial community structures were more variable.
The fungal communities of the different composts were highly similar among Barka 1,
Barka 2, Sohar 1, Salalah 2, and Salalah 1 (Figure 5.5A). Sohar 2 showed the least
dissimilarity to the Anaerobic compost, while oven was overall different (Figure 5.5A).
The bacterial communities showed higher dissimilarity levels (0.45-0.65, green)
compared to fungi (0-0.4, blue). Barka 1, Barka 2, Sohar 1, Sohar 2, Salalah 1 and
Salalah 2 were more similar but dissimilar to Oven, Anaerobic and sewage sludge
composts (Figure 5.5B)
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A

B

Figure 5.3. Principle coordinate analysis biplots for (A) fungal and (B) bacterial communities in
the different compost samples. Similar colors indicate similar locations.
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A

B

Figure 5.4. Heatmaps of Bray-Curtis index indicating dissimilarities in compost microbial
communities, for (A) fungi and (B) bacteria. Sample pairs with the most overlap in all taxonomic
categories are shown as black squares, while sample pairs with the least overlap are shown as
red squares. Columns are oriented from most similar (left) to least similar.
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At the phylum level, Ascomycota were more abundant than Basidiomycota in the
different composts except in Sohar 2 and Anaerobic composts. The most common
Ascomycete Class was Saccharomycetes but Eurotiomycetes was also abundant in
Sewage

sludge

(38%)

compost

(Figure

5.6

A).

Malassezia

species

under

Exobasidiomycetes were abundant in Sohar 2 (59%), and present in Anaerobic (28%),
Salalah 2 (9.6%), Sohar 1 (9.1%), Salalah 1 (5.8%) and Sewage sludge (5%) composts.
At the phylum level, all composts had Firmicutes and Proteobacteria. Bacteroidetes
were abundant in all composts but not anaerobic, sewage sludge and oven composts
(Figure 5.6 B). Actinobacteria were abundant in all composts but sewage sludge and
oven composts.
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A

B

Figure 5.5 A. Frequencies at the class level in each type of compost for fungi. B. Frequencies at
the phylum level in each type of compost for bacteria.
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5.4 Discussion
5.4.1 Compost physico-chemical properties and phytotoxicity
Based on the physical properties, all composts but Anaerobic and Sewage sludge had
acceptable properties according to the compost quality standards (EPA503, Canada,
EU and UK) (Woods End Research Laboratory, 2005; Russell and Best, 2006; Ge et al.,
2006) standards for mature compost (Table 5.2). The color and objectionable odor in
both Anaerobic and Sewage sludge could have been due to compost immaturity and
sulfur reducing bacteria and/or the relatively higher abundance of Firmicutes in the
manure. The objectionable odor in anaerobic compost is associated with the presence
of Clostridia(>3%), which grow under oxygen-limited conditions and are known to
produce compounds with bad odors (Sundberg et al., 2013). This could be due to failure
in turning the compost regularly in order to keep it anaerobic. In addition, the presence
of viable weed seeds in the anaerobic compost was likely a result of incomplete heating
of the external layers.
Anaerobic and Sewage sludge composts were different from all other composts in
chemical composition due to some very low or very high chemical contents,
respectively. Composts associated with non-inhibitory GI on radish and or tomato
seeds, windrow and anaerobic composts shared similar chemical properties and
microbial diversities. Anaerobic and windrow composting were associated with higher
fungal diversity compared to oven processed compost. This could be explained by the
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fact that most fungi die or survive only as spores above temperatures of 60 - 64ºC
(Tuomela et al., 2000).
Quality compost should contain sufficient amounts of macronutrients such as N, P, K,
and micronutrient elements such as Ca, Mg, Fe, B, Zn, Mn, and Cu, that are required
for plant growth. At the same time, compost should not exceed standard limits for heavy
metals such as Cr, Ni and Pb. For all composts, the heavy metal contents met the
standards for soil amendments.
The additional amendment to Barka 2 (enriched) increased the level of Mg. High Mg
may be due to Patenkali, which consists of Potassium sulfate and Mg. Salalah2 had
high K levels compared to other composts, which could be explained by the inclusion of
banana peduncles in the recipe.
Germination tests provide a quick evaluation of phytotoxicity, while root growth
evaluates the continuous effect of changes due to stability and/or maturity of the tested
compost (Bernal et al., 2009). While Salalah 1 and Barka 1 composts were extremely
inhibitory for tomato, they enhanced germination of radish pointing to species specific
interactions.
The negative effects of sewage sludge compost on radish and tomato germination index
(GI) (<50%), and root length (RL) confirm findings by Pal and Bhattacharyya (2003),
who observed severe suppression of rice, wheat and cucumber GI and RL treated with
water extracts of Sewage sludge compost. This could be due to compost immaturity
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and/or the relatively high EC value (15.9) and/or low P concentrations. Barka 1 and
Salalah 1 (EC, 14.9 and 19.1, respectively, Table 6.2) were associated with low
germination rates. Unexpectedly, despite its poor physical properties, the Anaerobic
compost had a good GI, which could be due to lower EC associated with compost
processing (i.e. immersing under water).

5.4.2 Compost recipes and microbial community structures
Based on the PCo analysis for the fungal community diversity, the Oven and Sewage
sludge composts were not clustering with the other compost types. This was likely
because both were subjected to heat treatment, which altered the microbial community.
Among the Ascomycota, the Saccharomycetes, which are associated with composts
from animal manures (Cho et al., 2009), were the most abundant in all composts but
Sohar 2. Sewage sludge was associated with higher Penicillum/Eurotiomycetes. Zhang
et al. (2014) reported higher Eurotiomycetes a week after sludge compost amendments.
Candida smithsonii (Saccharomycetes) was the most abundant species in all composts.
It is a xylose-fermenting yeast identified as beetle-associated yeast species (Suh and
Blackwell, 2004). Notably, the highest levels were in Barka1 and Barka2 (98% and 96%,
respectively) both with initial recipe containing hard horse bedding (i.e. Hardwood
chips). Sewage sludge and Anaerobic composts had relatively high abundance of
Penicillium janthinellum. It was present in all composts at low levels but absent in Sohar
2 and Barka 1. P. janthinellum is a soil fungus commonly associated with decaying
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organic matter and can also live as an endophyte in plants, where it contributes to
stress tolerance (Khan et al., 2013). Ownley and Benson (1992) showed that it is a
biological control agent against Phytophthora root rot of Azalea.
Oven compost had the highest Sordariomycetes under Ascomycota, which are
associated with hardwood composts (Neher et al., 2013). However, we are not sure if
the detected fungi are heat tolerant and survived high temperatures during processing
or if they were part of the undisclosed microbial supplements added at later stages of
the oven compost (Table 5.1). Notably, under Sordariomycetes, Trichoderma koningii
was present in Oven compost (7.8%) and in Sohar 1 compost (0.5%). Trichoderma spp.
are known for their positive correlation with pathogen suppressiveness (Bonanomi et al.,
2010) and were also found in a disease suppressive soil in Oman that had been
amended with high quality composts (Chapter 3).
Oidium aloysiae/ Leotiomycete were identified in Salalah 2. Two species, Podosphaera
xanthii and Golovinomyces cichoracearum are called Oidium spp. in their anamorph
stage (Aguiar et al., 2012). They are the causal agents of powdery mildew in cucumber
and melon. Most probably it originated from infected plant debris, which survived the
thermophilic phase as dormant mycelium or conidia.
The second in abundance were Basidiomycotes, which are associated with effective
lignin degradation. In the oven compost we did not detect the presence of
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Basidiomycota. This could be due to the fact that only few species among
Basidiomycota can tolerate high temperatures (Tuomela et al., 2000).
The most abundant identified Basidiomycete in all composts was Malassezia, which is
commonly reported in compost. It is a lipid dependent organism that hydrolyses external
lipids such as triacylglycerols for growth (Sommer et al., 2015). Notably, previous
studies reported fungal species towards maturity from the genera Candida and
Malassezia (Langarica-Fuentes et al., 2014), which we found in the investigated
composts from Oman (Saccharomycetes and Exobasidiomycetes, respectively).
For bacteria, the interpretation of species diversity was limited by the fact that the most
common species in most of the composts were not classified because of the expected
under-representation of data based on investigation from arid regions in databases.
Taxa associated with animal manure (i.e. Firmicutes, Proteobacteria and Bacteroidetes)
were found in all composts. However, all composts had more abundant Firmicutes and
Proteobacteria than Bacteroidetes. Therefore, all composts can be considered cured
composts. Bacteroidetes are abundant following the thermophilic phase, but decline
later (Neher et al., 2013) and thus their high abundance is associated with non-cured
composts (Danon et al., 2008). Firmicutes are relatively abundant in compost made of
manure and hay, but Acidobacteria and Chloroflexi are abundant in hard wood compost
(Neher et al. 2013). We observed that composts with hard wood amendments (i.e.
Barka 1 and Barka 2) had more Bacteroidetes and less Proteobacteria and Firmicutes.
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Clostridia found in the Anaerobic composts (3.35%) are known to metabolize materials
such as cellulose and lignin and their presence indicate anaerobic (oxygen-limited)
environment (Partanen et al., 2010). Also, small amounts (<1%) were found in Sohar 2,
Salalah 2 and Sewage sludge. This suggests the potential presence of anaerobic
pockets in those composts during processing that allows the growth of such species at
low levels (<1%). The presence of Bacillus infernus (2.5%), which is a thermophilic
strictly anaerobic Bacillus known to live in deep terrestrial subsurface areas, in Salalah
2 compost supports this suggestion.
Paenibacillus sp was relatively high in Barka 1 compost. Paenibacillus humicus was
isolated from poultry litter compost and characterized by growth in the presence of 3%
NaCl and at 15 - 40ºC and pH 5.5 – 10, but no growth occurs under anaerobic
conditions, at 45 ºC or in the presence of 5% NaCl (Vaz-Moreira et al., 2007). This is
consistent with its presence in aerobic compost.
Halobacillus sp. was identified in Sohar 1 (24%), Barka 2 (7.2%) and Salalah 1 (5.8%).
Several bacteria of Bacillus, Halobacillus are salt tolerant and are important degraders
of organic pollutants. Some species such as Halobacillus sp. LY9 produces extracellular
β-amylase and its maximum amylase production was observed in the presence of 10%
KCl or 10% NaCl (Li and Yu, 2011).
Actinobacteria were low in Sewage sludge (0.1%) and Oven (0%). Actinobacteria are
known to tolerate high temperatures, as they can form spores and their optimal growth
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is around 50–60°C, their absence might be related to the fact that both composts were
treated with heat to eliminate potential pathogens, both human pathogenic and
zoonotic, common in such sources. Lower abundance of Firmicutes, and Actinobacteria,
which are indicators of disease suppressiveness (Neher et al., 2013), may explain the
inhibitory GI detected with sewage sludge.
Proteobacteria dominated the Sewage sludge (71%), Oven (64.4%), Anaerobic (43%)
and Sohar 2 (34%) composts and were high in Salalah 1 (30%) and Sohar 1 (29%). The
most abundant class of Proteobacteria in all composts was Alphaproteobacteria.
Rhizobiales is the largest order of Alphaproteobacteria and contains plant mutualists
such as Rhizobium, which are capable of fixing nitrogen in symbiosis with most
leguminous plants (Laranjo et al., 2014). Salalah 1 and Salalah 2 composts had the
highest relative abundances of Rhizobiales, 16.5% and 16.7%, respectively. This may
reflect the fact that both composts contain leguminous plants. Strains of Rhizobioum
and Mycobacterium genera often produce phytohormones, which may enhance plant
development (Saharan and Nehra, 2011). However, Rhizobiales also contain some
animal pathogens such as Brucella, which is an obligatory and facultative intracellular
bacterium. The Anaerobic sample had unknown genera under the Brucellaceae family
(0.8%).
Some of the identified fungal and bacterial species may have considerable potential as
biological control agents (Table 5.4) and agents for industrial application owing to their
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properties, such as enzyme production, and stress tolerance. But we also found some
potential animal and plant pathogens.
Table 5.4. Summary of identified beneficial microorganisms.
Fungi
Candida smithsonii
Penicillium janthinellum
Trichoderma koningii
Humicola grisea
Bacteria
Rhizobiales sp.
Ruminofilibacter xylanolyticum
Melghirimyces thermohalophilus
Cytophaga sp
Bacillus subtilis
Geobacillus thermodenitrificans

Benefits
a xylose-fermenting yeast
An endophyte that contributes to plant stress tolerance
Plant pathogen suppression
Possesses an efficient hydrolytic mechanism and thermo stable
enzyme activities such as trehalase, glucoamylase,
betaglucosidase and xylanase.
Fixing nitrogen
Degradation of xylan
Halophilic, thermotolerant, Gram-positive bacterium
Aerobic mesophilic bacterium able to degrade cellulose in all
types of composting processes
Biological control species because of its antifungal activities
Thermophilic facultative strain, isolated from wood chips
degrades hydrocarbon from contaminated soils(bioremediation)

As it is not possible to go through the full list of identified species, we briefly summarize
and discuss information on species with special characteristics and/or of relevant
importance that occurred in the various composts.
Thermocrispurn municipale was only found in Sewage sludge compost (1.7%). KornWendisch et al. (1995) reported the same species from Sewage sludge waste compost,
air of compost plants and air of a refuse incineration plants and reported that it grows in
the presence of 10% NaCl. Ruminofilibacter xylanolyticum was identified in Anaerobic
compost (3.5%). It is a rumen bacterium and related to the degradation of xylan (Song
et al., 2014). Melghirimyces thermohalophilus was found in the oven compost (22%). It
is an aerobic, halophilic, thermotolerant, Gram-positive bacterium, growing at NaCl
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concentrations between 5 and 20 % (w/v) and at 43-60 °C and pH 5.0-10.0 (Addou et
al., 2013). Cytophaga sp was common among Salalah 1 (7%), Barka 1 (6%), Barka 2
(3.5%), Sohar 2 (2.7%), Sohar 1 (2%), and Salalah 2 (1%) but not in oven, Anaerobic
and Sewage sludge. It is a dominant aerobic mesophilic bacterium able to degrade
cellulose in all types of composting processes (Singh and Nain, 2014).
Interestingly, Bacillus subtilis was found in Salalah 1 (1%), Salalah 2 (0.33%), Sohar 2
(22%) and Barka 2 (0.16%). Krebs et al. (1998), reported potential use of B subtilis as a
biological control species because of its antifungal activities. Later in 2014, Zhao et al.
(2014) also found that it has antagonistic activity against Fusarium graminearum,
which is known for causing Fusarium head blight (FHB), a devastating disease that
®

leads to extensive yield and quality loss of wheat and barley. Serenade is an example
of a commercial bio fungicide containing Bacillus subtilis.
Geobacillus thermodenitrificans was identified in Salalah 1 and Anaerobic composts,
20% and 18%, respectively. In a trial to identify bacterial strains with denitrifying ability,
Yang et al. (2013) isolated G. thermodenitrificans, which is a thermophilic facultative
strain, from wood chips that had been composted with swine manure and suggested
that it is useful in the removal of nitrates and nitrites from wastewater generated due to
livestock farming.
Corynebacterium tuberculostearicum was found in Sohar 2 compost (1.54%). Those are
lipophilic bacteria with most strains exhibiting multi-resistance. Hinić et al. (2012)
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indicated that multiple-antibiotic exposure and extended hospital stays are risk factors
for colonization and infection with C. tuberculostearicum.
Cladosporium cladosporioides was present in Sohar 2 (7.7%), Anaerobic (5.4%),
Salalah 1 (1%), Salalah 2 (1%) and Sewage sludge (1%) composts. C. cladosporioides
is considered as an indicator of harmful biological agent contamination (Gutarowska et
al., 2015).

This species is known for producing cladosporin, and mutagenic and

cytotoxic emodin (Tasic and Tasic, 2007) that should reduce the compost quality.
Humicola grisea was found in Salalah 2 compost (3%). It has been found in various
composts prepared by a variety of agro-waste substrates (Singh et al., 2005). Compost
treated with H. grisea has been associated with better growth of Agaricus bisporus.
Also, the composting process has been found to be faster in the presence of H. grisea,
Scytalidium thermophilum and Humicola insolense inoculum (Singh and Nain, 2014). It
possesses an efficient hydrolytic mechanism and thermo stable enzyme activities such
as trehalase, glucoamylase, betaglucosidase and xylanase.

5.5 Concluding remarks
We found that the physico-chemical properties of most of the local composts are
acceptable. In general, windrow and anaerobic composts that are made of animal
manures and plant wastes are associated with non-inhibitory GI.

The abundance of

various microorganisms is comparable for composts produced from similar main recipes
and processed by the same method, i.e. animal manure and plant materials. The
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relative abundances of different taxa in the local composts differ from what is reported,
which is expected for a different environment. The identified properties for the different
investigated local composts can be considered as references for future applications. As
both the microbial culturing and NGS results did not detect Salmonellae, E coli and any
other fecal coliform, which could be of significant concern for end use food and
consumer handling.
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Table S 5.1. Germination and root length of radish and tomatoes in different compost water
extracts (CWE).
Compost

Average germinated

Average root length in

seeds

mm

Radish

1

1

GI

Tomato

Radish

Tomato

Radish

Tomato

Anaerobic

27±2.1 a

21±3.2 a

7.9±2.0 ab

7.7±1.8 ab

131

166

Barka 1

16±3.2 b

5±3.1 b

11.6±3.2 ab

8.8±2.7 a

117

47

Barka 2

21±3.2 ab

20±2.6 a

15.8±0.6 a

6.5±0.9 ab

203

132

Salalah 1

19±4.7 ab

8±4.6 b

10.9±1.0 ab

4.4±1.2 bc

131

36

Salalah 2

23±2.5 ab

22±2.5 a

6.3±5.4 b

5.7±0.1 ab

88

128

Sewage sludge

16±3.5 b

1±1.0 b

5.6±1.2 b

0.4±0.7 c

56

0

Sohar 1

23±3.2 ab

23±1.5 a

11.4±3.8 ab

8.7±1.4 a

161

201

Water

19±10 ab

17±8.3 a

8.5±3.8 ab

5.8±3.1 ab

100

100

Different letters indicates significant difference among different composts within different seed

types (Tukey HSD at p ≤ 0.05)
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A

B

C

Figure S 5.1. The Two-Proportions Test showing (only) the significantly different proportion abundances
of fungi in (A) Anaerobic, (B) Sewage sludge and (C) Oven composts and all other compost.
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A

B
A

C

Figure S5.2. The Two-Proportions Test showing (only) the significantly different proportion
abundances of Bacteria in (A) Anaerobic, (B) Sewage sludge and (C) Oven composts and all
other composts.
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6. Salt

and

thermos-tolerant

Trichoderma

asperellum

isolates from Oman are potential antagonists of root rot
pathogens
Abstract
One of the biggest threats to maize in Oman are root rot diseases. Trichoderma species are
known to be natural antagonists of many pathogens and are widely used in biological control of
fungal plant diseases. A recently identified native T. asperellum isolate from Omani organic
compost was evaluated for its antagonistic potential against four fungal and one oomycete
maize root rot pathogens compared to a commercial T. harzianum isolate from the Netherlands.
Furthermore, the effect of different salinity concentrations (24µS/cm-50 dS/m) and temperatures
(5-40°C) on the growth rates of the two Trichoderma isolates were assessed. The native T.
asperellum isolate inhibited the growth of the four fungi between 35 and 42% compared to 24
and 54% inhibition through T. harzianum. Inhibition of P. arrhenomanes by T. asperellum (42%)
was significantly higher than by T. harzianum (34%). Scanning electron microscopy showed
hyphal collapse of the pathogens and hyphal penetration by T. asperellum demonstrating direct
antagonism. The native T. asperellum isolate was significantly more salt tolerant than the
commercial control isolate. Growth of the native isolate was comparable to the commercial
agent at temperatures up to 30°C but it was significantly higher at 35°C. Thus, the native
Trichoderma isolate could be an effective bio control agent for local use.
Keywords: Biological control, Antagonist, Parasitism, Arid region, temperature, Salinity,
Trichoderma
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6.1 Introduction
The Sultanate of Oman is located in the SE corner of the Arabian Peninsula (16° 40´ to 26° 20´
N and 51° 56´ to 59° 40´E) spanning the Tropic of Cancer. The country is characterized by low
to extremely low rainfall (100-300 mm per year) (Ghazanfar and Fisher, 1998; Charabi and AlHatrushi, 2010) and normally high summer temperatures that can reach 48-51°C (Glennie and
Singhvi, 2002). The total cultivated area is about 73,415 ha, 60% of which is located in the
coastal areas. The major crops grown include fruit trees, vegetables and field crops (Al-Lawati
and Nadaf, 2001). The production of sorghum and maize in Oman is more than 13000 and
16000 tons annually (FAO, 2017). One of the biggest threats to maize in Oman are root rot
diseases, which are caused by Botryodiplodia theobromae, Pythium arrhenomanes, Fusarium
fujikuroi, F. oxysporum and Rhizoctonia solani (Moghal, 1993, Deadman et al., 2006; Al-Ansari
et al., 2017). High salinity levels enhance susceptibility to plant diseases (Al-Sadi et al., 2010).
Soil solarization and crop rotation are two common cultural practices for management of soil
borne diseases in Oman (Al-Kiyumi, 2006) and in greenhouse systems, soil replacement may
be practiced to manage Pythium and Fusarium inoculum (Al-Sa’di et al., 2008). Current modern
farming practices are, however, more and more associated with pesticide use and about 55% of
the farmers in Oman apply pesticides routinely irrespective of the pest (Kaakeh et al., 2007).
The increase of pesticide use is of major concern as it is associated with increased residues in
food/feed and the environment, lethal effects on beneficial organisms and development of pest
resistance to pesticides (Pimentel, 2005).
As an alternative to chemical pesticides biological control agents may represent efficient and
safer alternatives by which soil borne pathogens could be managed. However, commercial
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biological control fungi may not perform optimally under the hot and highly saline conditions
compared in Oman and there is a need to identify organisms specifically adapted to arid regions
(Sriram et al., 2013). We have recently identified two T. asperellum isolates from Omani organic
compost and a maize rhizosphere (unpublished results) and tested the compost isolate for its
antagonistic potential against five known plant pathogens causing maize root rot in Oman:
Fusarium oxysporum, F. fujikuroi, Rhizoctonia solani, Botryodiplodia theobromae and the
oomycete Pythium arrhenomanes. Furthermore, we evaluated the growth of the native species
under different temperature and salinity conditions compared to a commercial biocontrol species
(Trichoderma harzianum) obtained from Koppert, Holland.

6.2 Materials and Methods
6.2.1 Trichoderma isolates and pathogenic isolates used
A T. asperellum isolate from Omani organic compost representing a potential native antagonist
for root rot pathogens was studied. As control, a strain of T. harzianum (T22) (Koppert Biological
Systems, The Netherlands) was used. The antagonist activity of T. asperellum and the control
T. harzianum strains against one isolate of each of five different species of fungi and
oomycetes: Fusarium oxysporum, F. fujikuroi, Rhizoctonia solani, Botryodiplodia theobromae
and the oomycete Pythium arrhenomanes was assessed. All pathogen isolates originated from
maize rhizospheres and have been identified using morphology and sequencing of the internal
transcribed spacer region of the ribosomal DNA (Chapter 2).
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6.2.2 Dual culture assays
Suppression of mycelial growth of the five root rot pathogens was observed in dual culture on
potato dextrose agar (PDA) (Dhingra and Sinclair, 1995) with T. asperellum and T. harzianum in
vitro. An 8 mm agar disc from the edge of a pure 5 day old culture of the antagonists and the
same size of the tested pathogen were placed opposite to each other in a 90 mm Petri plate.
The tests were conducted at 25 °C for 7 days and replicated 5 times. Negative controls were
plates inoculated only with the pathogen and a water agar disc.
Pathogen growth was measured daily and the percentage inhibition of the radial growth of the
pathogens due to antagonism was calculated as follows:
,
where A is the final diameter of mycelial growth of pathogen isolate in the absence and B in the
presence of the Trichoderma isolate tested.

6.2.3 Scanning electron microscopy
Interactions in the inhibition zones were documented with scanning electron microscopy (SEM).
Samples were prepared following the EM lab protocol at the college of medicine, Sultan Qaboos
University (SQU). Samples were fixed in Karnovsky’s fixative (2.5% glutaraldehyde, 2%
paraformaldehyde in 0.1 M cacodylate buffer with pH of 7.2) for 12 hours and washed twice with
cacodylate buffer (pH 7.2), each wash for 5 minutes. They were then post fixed with 1% osmium
tetroxide for 1 hour, dehydrated using serial concentrations of ethanol (25%, 75%, 95%, and
99.9%) and dried by critical point drying using Autosamdri-815 (USA). After that, they were
mounted on 12mm diameter Aluminum stubs and coated with gold particles. Samples were
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imaged using a JEOL JSM-4500LV, Japan, SEM where the acceleration voltage was 20kV.
Energy dispersive spectroscopy (EDS) was done using an Oxford X-Ray detector attached to
the SEM to perform an elemental analysis using the INCA software.

6.2.4 Effects of Salinity and Temperature on Growth rate
To evaluate the effect of salinity stress on the growth rate of the antagonists, 8 mm mycelial
discs from the edge of 5-day-old pure cultures were placed onto PDA supplemented with 0.024,
1, 5, 10, 20, 30, and 50 dSm-1 of NaCl, and incubated at 25°C for 7 days with four replications.
Temperature effects on growth rates were also tested with 8 mm mycelial discs on PDA at 5,
10, 15, 20, 25, 30, 35, and 40°C for 6 days with three replicates. Growth was recorded daily.

6.2.5 Data analysis
Excel was used for data graphical representation and summary statistical analysis. Effects of
different temperatures on growth were explored using Briere equation2 (Briere et al., 1999).
After testing data for normality, one-way ANOVA was used in SPSS to test for equality of means
of fungal growth in the presence of antagonists and in the controls.

6.3 Results
Both Trichoderma species, the commercial and native, inhibited the radial growth of all five
pathogens (Table 6.1). The antagonistic effects of the native isolate against F. oxysporum, F.
fujikuroi, and R. solani did not differ significantly from the commercial species but it was
significantly lower for B. theobromae. The maximum inhibition of P. arrhenomanes by T.
asperellum (42 %) was significantly higher compared to T. harzianum (34 %) (P<0.05).
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Table 6.1. In vitro growth in cm of five pathogens with a native isolate of T. asperellum (means
of replicates are shown) and one isolate of T. harzianum growing on PDA on dual culture at
25ºC for 144h. The % of inhibition compared to the respective controls are given in
parentheses.

Botryodiplodia theobromae
Fusarium fujikuroi
F. oxysporum
Rhizoctonia solani
Pythium arrhenomanes

T. asperellum
3.88 (35.3)*
2.60 (33.3)*
1.94 (35.3)*
3.82 (41.8)*
$
5.24 (41.8)*

T. harzianum
2.78 (53.7)*
2.66 (31.8)*
2.28 (24.0)
3.64 (44.6)*
5.94 (34.0)*

Pairwise comparison analysis was carried using t- Test). $ and * indicate significant statistical
difference (P<0.05) in antagonistic effect between the two species and the antagonistic growth
inhibition of each species compared with the control, respectively.
Scanning electron microscopy showed that the T. asperellum isolates coiled around the
pathogens and led to hyphal collapse at the interaction zone suggesting direct hyperparasitic
interactions (Figure 6.1).
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Without T. asperellum

With T. asperellum

Pythium

Fusarium

Rhizoctonia

Figure 6.1 Trichoderma asperellum antagonism against Pythium arrhenomanes, Fusarium
fujikuroi and Rhizoctonia solani. Scanning electron micrographs showing hyphae and growth of
Pythium, Fusarium, and Rhizoctonia without and with T. asperellum and shrinking parasitized
hyphae and abnormal growth from within inhibition zones. Arrows indicate where the antagonist
penetrates a hypha of the pathogen or encoils it. Collapsed hyphae (insert) suggest direct
parasitism.
All isolates were negatively affected by increasing salinity. However, the growth rates of the
local T. asperellum isolates were significantly higher than that of the commercial T. harzianum
from the Netherlands at all salinity concentrations (Figure 6.2A). Growth of the T. asperellum
isolates was comparable to the commercial T. harzianum up to 30°C but it was significantly
higher at 35°C while all isolates ceased growth at 40oC (Figure 6.2B).
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Figure 6.2 (A) Effect of different salt (NaCl) concentrations and (B) effect of different
temperatures on growth of two native Omani T. asperellum (green) isolates compared to a T.
harzianum (red) isolate from the Netherlands.

125

Chapter 6. Native salt and thermos-tolerant antagonist for root rot
pathogens
6.4 Discussion
The local Omani isolate was more salt and heat tolerant than the commercial T. harzianum
species and actively parasitized all four parasitic fungi and the oomycete and inhibited their
growth. Antagonistic effects were similar to the commercial control for three fungi, but lower for
Botryodiplodia theobromae and significantly stronger against Pythium arrhenomanes.
Significantly higher biocontrol abilities of native Trichoderma strains compared to commercial
introduced strains are not uncommon (Lolas et al., 2005; Kamala and Indira, 2011; Mendoza et
al., 2015). Others also reported that native strains of Trichoderma species cope better with
stresses such as temperature and salinity (Poosapati et al., 2014; Badawy et al., 2016).
The antagonism of Trichoderma against fungal plant pathogens is due to mechanisms such as
myco-parasitism, competition for nutrients and space, and/or secretion of extracellular hydrolytic
enzymes (Gajera et al., 2013). The enzymatic activity is thought to induce cell wall damage and
degradation along with hyphal penetration (Pisi et al., 2001). Although we did not conduct an
enzymatic activity test, the hyphal morphologies observed with scanning electron microscopy
(SEM) clearly show hyphal damage and penetration and are suggestive of enzymatic activities
(Figure 6.2). It remains to be tested which enzymes play a role in these interactions.
Our findings thus show that the local Trichoderma isolates are more thermo- and salt- tolerant
than the commercially available product and, therefore, could be effective bio control agents for
local use.
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6.5 Concluding remarks
The native T. asperellum isolate inhibited the growth of the four fungi. Inhibition of P.
arrhenomanes by was significantly higher than commercial control isolate. Scanning electron
microscopy showed hyphal collapse of the pathogens and hyphal penetration by T. asperellum
demonstrating direct antagonism. The native T. asperellum isolate was significantly more salt
tolerant than the commercial control isolate. Also, the growth of the native isolate was
significantly higher at 35°C. Thus, the native Trichoderma isolate could be effective bio control
agent for local use.
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7. General Discussion
The Ministry of Agriculture and Fisheries Wealth of Oman has been encouraging the
production and application of anaerobic compost. Booklets on how to process animal
manure and farm waste, application quantities and schedules were distributed to
farmers by the agriculture extension office in 1986. In addition, research on developing
suitable local amendments to meet local conditions and needs is encouraged.
However, there are questions that need to be answered for better understanding of the
potential of compost application in Oman.


Does compost enhance soil quality and health and therefore reduce plant
disease incidence under arid conditions?



How do the dynamics of the composting process compare to what is known?



What is the effect of different processes and different amendments on compost
quality?



What are the physico-chemical properties of composts produced? Are they
meeting the international standards?



What is the microbial diversity associated with compost? Are they potentially
beneficial?



Are the Omani composts non-inhibitory when subjected to phytotoxicity test?



What is the best approach for microbial diversity investigation?



Are potential native biocontrol agents better than commercial agents in tolerance
to salinity and heat?
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In order to study the effects of compost application on soil health, there is a need to
identify potential pathogens involved in the crop studied. As maize is an important
arable crop in Oman often suffering from diseases, this crop was chosen to study
within-field effects of compost application. Therefore, as first step for the presented
dissertation a survey was conducted on maize health and pathogens involved in maize
root rot disease.

7.1 Achieved objectives


The survey indicated that maize root diseases are caused by a group of
pathogens.

Two of the identified pathogens, Pythium arrhenomanes and

Fusarium fujikuroi are new records for maize diseases in Oman. Fusarium
fujikuroi is important because of its potential for mycotoxins production and
Pythium arrhenomanes is highly aggressive and both have wide potential
host ranges.


A comparison between two fields using the same seed batch under similar
environmental conditions but one managed organically with compost
amendments and one conventionally without compost, showed that organic
compost based management increases microbial diversity and reduces maize
root rot in Oman through enhancing soil quality and health.



Composting in Oman was found to be different from other places due to the
hot climate, semi-arid conditions, and salinity. Nevertheless, except for two
composts (Sewage sludge and anaerobic compost)in terms of physico132
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chemical properties, the composts that were assessed were of good quality.
Microbial communities in the composts usually were beneficial but sometimes
also contained detrimental organisms.


The different amendments and composting processes produced acceptable
composts without human disease causing pathogens.



The investigation of a native fungal strain (Trichoderma asperellum) showed
that it is possible to isolate better beneficial microorganisms from the locally
processed composts compared to what is commercially available. The native
organism is more tolerant to salt and heat.

7.2 Significant findings


The reported strong effects of compost on plant health in the field are
exceptional and rarely if at all reported elsewhere. This could be due to the
role of compost in enhancing the soil quality for plant and reducing the plant
susceptibility for some pathogens. This indicates that compost use is highly
promising in Oman.



The fast composting process in Oman resulting in high quality materials that
are well storable is a good finding as it has been argued that composting in
hot areas is not applicable. However, there is a need to document the
successful protocols (amendments and processes) that yield acceptable
quality compost and also have service labs to check the quality of the
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composts produced for essential parameters, such as salinity and the
presence of harmful organisms.


Sewage compost physical properties were unacceptable and also showed
negative effects, i.e. toxic effects, on radish and tomato seed growth index,
which indicated immature compost.



Oven compost has low microbial diversity that could be due to the nature of
the process.



The comparison between culture based versus culture-independent methods
clearly showed the advantage of the latter in detecting the presence of many
microorganisms that could not be detected by culturing.



The comparison of biological control effects of a native strain (T. asperellum)
versus a commercial strain (T. harzianum) showed that the native strain is a
better antagonist. This is due to the fact that native strains are adapted to
local conditions, such as salinity, and high temperature in Oman.
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7.3 Recommendations
1. The use of composts is recommended because of their various advantages
including the well-known effect of organic amendments on stimulating plant
growth, and suppressing plant diseases that are supported by the results of this
study.
2. The feasibility of changing the whole Omani system to a compost based system
is subject to several limitations, such as organic matter supply and water
availability. Therefore, the amount of organic matter required to maintain soils at
a desirable organic level should be estimated.
3. The ministry of agriculture and fisheries wealth and ministry of commerce should
set up standards for composting under Omani conditions to achieve high quality
matching international standards, as some of the studied composts were not
matching these standards.
4. As long as there is no standard compost quality control, farmers should be
advised about some precautionary practices such as checking the salinity of the
compost and running germination tests to evaluate the phytotoxicity prior to
application.
5. The ministry of agriculture and fisheries wealth should put more effort in
extension to familiarize and train farmers about practices associated with
composting processes.
6. Farmers should be advised to utilize the available organic matter (manures and
farm’s green waste) and optimize water use for composting. In addition, other
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possible alternatives, such as isolation, characterization and fermentation of
native beneficial microorganisms and soil inoculation should be considered.
7. The advantage of faster compost maturation reported by the study indicates that
compost can be produced around the year and stored for longer periods in shade
without significant effects on chemical quality and microbial communities.
8. Isolated native bio-control agents require further investigation with regard to
mass production based on optimal conditions identified in the study, as they are
potentially acclimatized to local stress conditions compared to commercial agents
from other regions of the world.
9. The antifungal compounds from native antagonists, which were induced at the
interaction zones by pathogens should be identified, characterized and their
production under suitable conditions optimized for potential bio-fungicide
formulations.
10. Different beneficial microorganisms identified in the study should be further
characterized for their potential abilities such as composting process and/or biocontrol applications under Omani conditions.
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FIRST REPORT OF PYTHIUM ARRHENOMANES ASSOCIATED WITH
ROOT ROT OF MAIZE (ZEA MAYS) IN OMAN

M.S. Al-Ansari1, 2, 3, M.R. Finckh1, M. Deadman3 and A.M. Al-Sadi3
1

Ecological Plant Protection, University of Kassel, Germany,
2
Royal Court Affairs, P.O. Box 17, Muscat 111, Oman
3
Department of Crop Sciences, College of Agricultural and Marine Sciences, Sultan Qaboos
University, Oman

Maize is an important fodder crop in Oman. During November 2013, maize plants grown
at the Sultan Qaboos University, Alkhoud (Oman), exhibited root rot symptoms, associated
with weakened plants and the disease was observed as patches in the field. A f t er
i s o l a t i n g f r o m s ym p t o m a t i c p l a nt s on t o P D A , r e p r e s e n t a t i v e i s ol a t e s w e r e
t r a n s f e r r e d t o V 8 a ga r w h e r e s m o o t h , gl o b o s e , l i gh t b r o w n o o go n i a ( 3 1 t o
3 3 m d i a m e t e r ) w e r e p r o d u c e d . Identification of the pathogen was morphologically
based on Plaats-Niterink (1981) and was confirmed by sequencing the ITS re gi on (p ri m ers
ITS 1/ ITS 4) for t wo isolates. A BLAST search showed that the two isolates from Oman
share 99% nucleotide identity with t h e e x - t yp e o f Pythium arrhenomanes (CBS 324.62,
GenBank accession No.

AY598628.1) ( Levesque

and

DeCock,

2004). Pythium

arrhenomanes was first described by Drechsler in 1928 causing root rot of corn in Wisconsin
and Illinois (Elliott, 1942). Pathogenicity tests of P. arrhenomanes were conducted by
inoculating maize seeds with suspensions of the pathogen in pots containing autoclaved soil. In
order to fulfill Koch’s postulates, re-isolations were performed from the plants that had
survived and i d e n t i t y o f t h e p a t h o g e n w a s confirmed molecularly. P. arrhenomanes
induced root rot symptoms on the inoculated seedlings as observed in the field and fresh
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weight was significantly reduced (P<0.05). The two P. arrhenomanes isolates were
deposited at Sultan Qaboos University Culture Collection under the accession number
(Msa.Pa01 and Msa.Pa02). To our knowledge, this is the first report of P. arrhenomanes in
Oman and also as a root pathogen of maize in the country.
Elliott C., 1942. Relative susceptibility to Pythium root rot of twelve dent corn inbreds.
Agricultural Research 64: 711-723.
Lévesque, C.A. and de Cock, A.W.A.M. 2004. Molecular phylogeny and taxonomy of the genus
Pythium. Mycol. Res. 108(12): 1363-1383.
Plaats-Niterink, A.J. van der. 1981. Monograph of the genus Pythium. Studies in Mycology
21:1-244.
Corresponding author: Mahmood Saleh AL-Ansari
E-mail: ansari.mahmoud@gmail.com

Received June 21, 2017
Accepted July 4, 2017

138

Summary
The farming systems in Oman are facing a number of challenges such as high salinity,
alkaline soils with low organic matter, high temperatures and semi-arid conditions.
Farming is mainly conventional, which is characterized by the heavy use of chemical
fertilizers and pesticides. During the last few years, there has been a trend towards
organic farming in some farms in Oman because of the well-known effect of organic
amendments on stimulating plant growth, as a source for growth substrates, and
suppressing plant diseases. However, the potential effect on plant yield and protection
has not been evaluated. In addition, there is a need to identify local plant pathogens
associated with plant disease and native antagonists that can act efficiently as
biocontrol agents under local conditions. This study was conducted to answer questions
related to the above issues, with focus on maize pathogens in Oman.
A survey of pathogens associated with maize root rot conducted in eight Omani
governorates; Al-Batinah South, Al-Batinah North, Muscat, Dhofar, Al-Dahirah,
Musandam, Al-Sharqiya and Al-Dakhiliya, showed the presence of infections in all
surveyed areas and disease incidence ranging from 0 to 35% in the different surveyed
fields. Fungi and oomycetes were isolated from plant samples using culture-dependent
methods and identified using sequences of the internal transcribed spacer region of the
ribosomal DNA (ITS rDNA). The infections were associated with nine fungal and/or
oomycete species, two of which are considered as new records to Oman (Pythium
arrhenomanes and Fusarium fujikuroi).
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The different pathogens caused varying degrees of disease severity, however, P.
arrhenomanes was the most aggressive and only the combination of five fungal
pathogens resulted in equivalent severity symptoms. P. arrhenomanes is a serious
pathogen that is difficult to control. It causes seedling blight and root rot of early-sown
rye and wheat in warm areas of South Africa and infects rice and weeds in Japan. This
raises concerns about the potential of if infecting cereals in Oman as well, which was
shown for wheat and barley on controlled conditions. F. fujikuroi were found in
commercial seed, which can thus act as a source of root rot in maize. This is of concern
due to its potential to produce mycotoxins. Thus, care has to be taken to improve seed
quality and health (Chapter 2).
Differences in maize disease were observed between two fields originating from the
same seed batch under similar environmental conditions but one managed organically
with compost amendments and one conventionally. Organic matter and N contents
were higher in the organic field. Moreover, fungal and bacterial richness were higher in
the organic field compared to the conventional. The abundance of Trichoderma
(Hypocrea) species, which is a known pathogen suppressor in the maize rhizosphere
microbiome from the field treated with compost was considerably higher than in the field
sprayed with fungicides and the fungus was associated with lower disease incidence.
Many of the bacterial communities that were identified from organic soil are known for
their antifungal activity like Pseudomonas and Bacillus species in suppressing Pythium,
Fusarium and Rhizoctonia. The results indicated that the use of organic compost
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amendments enhanced soil health that seemed to correlate with better plant health,
growth and production (Chapter 3).
Investigating the changes of chemical properties and the microbial community
structures during different stages of windrow (aerobic) composting process and after
storage for one year in an arid region showed that the physico-chemical properties
fluctuated at all stages but remained relatively stable in mature compost and after
storage. More importantly, the duration of each stage was different from what has been
reported by others. The transition from the mesphilic to the thermophilic stage was
faster than reported. Slow colonization of Actinobacteria was found compared to fungi
and bacteria that correlated with low pH and nitrogen (Chapter4).
The characterization of the physico-chemical properties, phytotoxicity and the microbial
community structures for nine locally processed composts, made of different starting
recipes of plant and animal residues and minerals in Oman (Chapter5) indicated that all
were acceptable except the anaerobic and sewage sludge compost because of their
poor physical properties (i.e. color and objectionable odor).
The effect of compost water extracts (CWE) from the different types of compost on
radish and tomato seed germination, root length and germination index (GI) was
compared to a water control. Three composts (Sohar1, Barka2 and Anaerobic)
increased GI of both, radish and tomato. In contrast, three composts (Barka1, Salalah1
and Salalah2) affected the species differentially, which is suggestive of differences in
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germination and growth requirements (preferences) for each type of seed. Sewage
sludge was extremely inhibitory on GI for both radish and tomato. This could be due to
the relatively high EC value (15.9) and/or low P concentrations. Also, Barka 1 and
Salalah 1 had low germination rates, which were associated with high EC, 14.9 and
19.1, respectively.
Based on bacterial communities, all composts could be considered cured because they
had more abundant Firmicutes and Proteobacteria than Bacteroidetes, which is an
indicator of non-cured composts. Several microorganisms known to be associated with
pathogen suppressiveness were identified in the composts studied, including
Trichoderma koningii, Penicillium janthinellum, and Bacillus subtilis. Moreover,
microorganisms with known efficient ability for degradation of xylan, cellulose, lignin and
organic pollutants were identified, including Clostridia sp., Humicola grisea, sp.,
Halobacillus sp, and Cytophaga sp. However, pathogenic microorganisms, including
Corynebacterium tuberculostearicum and Cladosporium cladosporioides were identified
in some composts, indicating that quality control before use is important to prevent any
potential health risks.
Comparison of a locally identified T. asperellum isolate from Omani organic compost
and a commercial bio control agent T. harzianum, showed that all are negatively
affected by increasing salinity but the growth rates of the local isolates were significantly
higher than that of the commercial agent at all salinity concentrations (Chapter6). The
growth of the local isolate was comparable to the commercial agent at temperatures up
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to 30°C but it was significantly higher at 35°C. In addition, the hyphal morphologies and
irregular mycelium shapes at interaction zones compared to control observed at SEM
suggested mechanical penetration and enzymatic degradation.
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Zusammenfassung
Hohe Bodensalzgehalte, Alkalinität und geringe organische Substanz im Boden sowie
hohe Temperaturen und Trockenheit stellen die landwirtschaftlichen Anbausysteme im
Oman vor hohe Herausforderungen. Es wird zumeist konventionell unter hohem Einsatz
an anorganischen Düngern und Pestiziden gewirtschaftet. Seit einigen Jahren wird an
einigen Standorten in Oman ökologisch gewirtschaftet, um die positiven Effekte auf das
Pflanzenwachstum und die Gesundheit durch organischer Dünger nutzbar zu machen.
Bisher wurden diese Systeme jedoch noch nicht für ihre Effekte auf Produktivität und
Gesundheit evaluiert. Ebenfalls sind die wichtigen Krankheitserreger weitgehend nicht
bekannt und es bedarf lokaler Biokontrollorganismen. Diese Studie wurde durchgeführt
um diese Fragen in Hinblick auf Mais zu beantworten.
Maisfelder in den Distrikten Al-Batinah South, Al-Batinah North, Muscat, Dhofar, AlDahirah, Musandam, Al-Sharqiya and Al-Dakhilya wurden auf Wurzelpathogene und
Befallhäufigkeit untersucht. Infektionen wurden auf allen untersuchten Flächen
gefunden mit Befallshäufigkeiten von 0 bis 35%. Sowohl Pilze als Oomyzenten wurden
von Pflanzenwurzeln isoliert und mithilfe von internal transcribed spacer Regionen der
ribosomalen DNA (ITS rDNA) identifiziert. Insgesamt wurden neun pilziche und
Oomyzetenerreger gefunden, von denen zwei in Oman neu beschrieben wurden
(Pythium arrhenomanes and Fusarium fujikuroi). Die verschiedenen pilzlichen Erreger
waren moderat und variabel in ihrer Aggressivität. Im Gegensatz dazu war P.
arrhenomanes hoch aggressiv und nur wenn fünf der pilzlichen Erreger zusammen
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inokuliert wurden wurde eine ähnliche Krankheitsschwere erreicht. P. arrhenomanes ist
ein schwierig zu kontrollierender schwerer Krankheitserreger, der Keimlinge von früh
gesätem Weizen und Roggen in warmen Regionen Südafrikas und auch Reis und
Unkräuter in Japan befällt. Damit besteht auch die Gefahr, dass andere Getreide in
Oman befallen warden können, was auch unter kontrollierten Bedingungen bei Weizen
und Gerste der Fall war. F. fujikuroi wurde in kommerziellem Saatgut gefunden, das
offensichtlich auch als Inokulumsquelle dient. Dies ist wegen der Fähigkeit des Pilzes
zur Mykotoxinproduktion bedenklich und Saatgutqualität und Gesundheit müssen
verbessert werden (Chapter 2).
Zwei Maisfelder, die unter ähnlichen Umweltbedingungen aber einmal ökologisch mit
Kompost gedüngt und einmal konventionell bewirtschaftet wurden und mit Saatgut aus
derselben Quelle angelegt worden waren unterschieden sich massiv in der
Pflanzengesundheit. Der Gehalt an organischem Material war mit 3,6% drei Mal so
hoch im ökologisch bewirtschafteten Feld al sim konventionellen. Auch die N-min
Gehalte waren deutlich höher und der pH reduziert. Die pilzliche und bakterielle
Artenanzahl war im ökologischen bewirtschafteten Feld höher als im konventionellen.
Insbesondere war der Anteil an Trichoderma (Hypocrea) Arten, die für ihre Fähigkeit,
Pathogene zu unterdrücken bekannt sind im Mikrobiom der Maisrhizophäre im Feld,
das mit Kompost gedüngt war significant höher als im mit Fungiziden behandelten Feld.
Dies war mit geringerem Krankheitsbefall assoziiert. Viele der im ökologisch
bewirtschafteten Feld identifizierten Bakteriengenera wie Pseudomonas und Bacillus
Arten sind für ihre antiphytopathogene Aktivität gegenüber Arten wie Pythium, Fusarium
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und Rhizoctonia bekannt. Die Ergebnisse legen nahe, dass der Einsatz organischen
Kompostes die Bodengesundheit förderte und mit verbesserter Pflanzengesundheit,
Wachstum und Produktivität einhergeht (Chapter 3).
Im ariden Klima Omans variierten die physikalischen und chemischen Eigenschaften
und

die

mikrobielle

Gemeinschaften

über

alle

Stadien

des

aeroben

Kompostierungsprozesses aber sie blieben relative stabil im reifen Kompost, der ein
Jahr gelagert wurde. Insgesamt verlief der Kompostierungsprozess deutlich schneller
als in temperatem Klima. Vor allem der Übergang vom mosophilen zum thermophilen
Stadium ist rascher als üblicherweise bekannt. Die Kolonisierung mit Actinobacterien
war langsam im Vergleich zu Pilzen und Bakterien (Chapter4).
Die physikalischen und chemischen Eigenschaften, Phytotoxizität und die Strukturen
der mikrobiellen Gemeinschaften in neun local produzierten Komposten aus
unterschiedlichen Materialien aus pflanzlichen und tierischen Residuen im Oman
wurden untersucht (Chapter5). Alle außer der anaerobe Kompost und Kompost aus
Klärschlamm, die schlecht rochen und aussahen, waren akzeptabel. Keimfähigkeit,
Wurzellängen und Keimindex von Radischen und Tomaten wurden bei Behandlung mit
Kompostwasserextrakten und Wasser verglichen. Drei Komposte (Sohar1, Barka2 and
Anaerobic) erhöhten den Keimindex beider ARten. Im Gegensatz dazu waren die
Auswirkungen der Extrakte dreier Komposte (Barka1, Salalah1 and Salalah2)
artspezifisch. Der Klärschlammkompost war extrem keimunterdrückend sowohl bei
Radischen als auch Tomaten. Dies könnte mit dem sehr hohen EC Wert (15.9)
und/oder geringen P konzentrationen zu tun haben. Auch bei Barka 1 und Salalah 1
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waren die Keimraten gering und dies hing mit den hohen EC Werten von 14,9 bzw. 19,1
zusammen. Da alle Komposte mehr Firmicute und Protebakterien als Bakterioideen
enthielten, die Unreife bei Komposten anzeigen, wurden alle komposte als reif bewertet.
Einige Mikroorganismen, die pathogensuppressiv sind wie Trichoderma koningii,
Penicillium janthinellum, und Bacillus subtilis wurden in den Komposten gefunden.
Ebenfalls wurden Mikroorganismen, die effizient Xylan, Zellulose, Lignin und organische
Substanzen abbauen identifiziert wie Clostridia sp., Humicola grisea, sp., Halobacillus
sp, und Cytophaga sp. Aber auch pathogene Mikroorganismen wie Corynebacterium
tuberculostearicum und Cladosporium cladosporioides wurden in eingen Komposten
nachgewiesen. Dies zeigt, wie wichtig Qualitätskontrolle ist um Gesundheitsrisiken
auszuschließen.
Ein lokaler Stamm von T. asperellum aus einem Kompost und ein kommerzieller
Biokontrollstamm unterschieden sich deutlich in ihrer Salz- und Temperaturtoleranz mit
deutlich verbessertem Wachstum des lokalen Isolates bei allen Salzkonzentrationen
(Chapter6). Das lokale Isolat wuchs bis 30°C gleich gut aber deutlich besser bis 35°C.
Die

Morphologie

der

Hyphen

und

Unregelmäßigkeiten

im

Myzel

an

den

Interaktionszonen im Vergleich zur Kontrolle unter dem SEM deuten einerseits auf
mechanisches Eindringen und andererseits auf enzymatische Degradation hin.
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