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1. Introduction

Arecanut, a major masticatory crop widely used in India, has its major importance

in cultural aspects and forms a major income source for numerous households in

various parts of the nation. India leads in area and production of arecanut. The

cultivation of arecanut palm is confined to the Westem Ghats and the North-Eastem

tracts, with the major share contributed by the states Kamataka, Kerala and Assam

(Thomas et al. 2011). Along with a plethora of constrains like productivity stagnation,

pests and diseases, yellowing of arecanut palms has also been emerged as a major threat

to its cultivation. The manipulation of PGPR for the betterment of arecanut productivity

has been considered as an effective strategy to overcome the loss imparted by

yellowing (CPCRI, 2015). The arecanut crop faces nutritional insufficiencies and

toxicity as the major cultivating tracts possess laterite soil, with low pH and increased

Fe, Mn and Al contents, followed by rainfall resulting in the leaching of N and K (Bhat

and Sujatha, 2004).

The disease considered to be first observed in 1949 has emerged to be one of the

serious threat resulting in decreasing the production and destruction of arecanut palms

over time. The etiological studies on the disease was conducted and the role of abiotic

factors including nutritional imbalances and water stagnation were found to play

pivotal role in the expression of yellowing in arecanut palms. A study conducted in the

Sringeri taluk of Kamataka showed that yellowing of arecanut palms is on an uphill

trend with a reduction of up to 67.8 per cent in yield (Shivakumara et al, 2014). The

exploitation of PGPR, including endophytic fungi and bacteria to improve the

conditions of arecanut palms has been proposed in recent times (ICAR-CPCRI, 2015).

The rhizosphere, a narrow zone in the vicinity of plant roots directly influenced by

the plants house a wide range of microorganisms, in which the beneficial ones are

frequently studied and manipulated for crop improvement. It includes nitrogen-fixers,

phosphate solubilizers, biocontrol agents and mycorrhizal fungi (Mendes et al, 2013).
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The PGPR community was then discovered to be diverse and more the diversity, more

were the benefits imparted to the crop (Nihorimbere et al., 2011). The selective

pressure exerted by the root exudates in shaping the characteristic rhizosphere

microbiome unique to the plant or cultivar in specific had been proved to be of immense

potential (Bakkerer a/., 2013).

The cultivation of bacterial cells using microbiological media was found to have a

lot of limitations due to the plate count anomaly. It was later established that only 0.1

to 10 per cent of the bacterial cells from arable soils were culturable using the

traditional agar plate methods while the major portion remained unrevealed (Torsvik

et al, 1998). The usage of DNA recovered directly from soil and further application of

PGR technologies in enumerating the microbial population was found to be essential

in identifying the unknown members of the population (Tiedje et al, 1999). The term

metagenomics was termed to this culture-independent technology of studying

microbial composition in an environmental sample (Handelsman et al, 1998).

The concept of manipulation of rhizosphere bacteria to improve plant health has

provided ways to decrease the use of synthetic inputs and increase the manipulation of

its characteristic microflora to provide better conditions for the plants. Thus, the

application of sequencing technology in this aspect can provide us with immense

probability of developing novel PGPR strains effective to a particular crop. A similar

study to decipher the microbial communities residing in the rhizosphere zones of

yellowing affected, apparently healthy and completely healthy rhizosphere arecanut

palms may provide an insight on the difference in the taxonomic assemblage in the

arecanut rhizosphere shaped as a result of the selective pressure exerted by the

condition of the palm. The importance of phosphate solubilizers in the arecanut

rhizosphere and its relation with arbuscular mycorrhizal fungi has been positively

correlated in a study (Ambili et al, 2012). A whole genome study has revealed the

abundance of the family Enterobacteriaceae in the arecanut rhizosphere. The presence

of lAA producing genes has been mentioned in the same study (Gupta et al, 2014).



Realizing the importance of rhizosphere microbial diversity in the maintenance of

plant health, this study entitled 'Metagenomic analysis of bacterial diversity in the

rhizosphere of arecanut palms affected by yellowing in Wayanad' was undertaken. The

yellowing of arecanut being a dreadful condition to the arecanut palms in many areas

of Wayanad district, the study was conducted with an objective to do the metagenomic

analysis of the rhizosphere bacterial diversity in the yellowing affected arecanut palms,

so that the distinct bacterial taxa predominant in the healthy arecanut rhizosphere palms

may be manipulated in the near future to mitigate yellowing.
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2. REVIEW OF LITERATURE

2.1 Arecanut

The arecanut palm, Areca catechu L., belongs to the family Palmaceae. Mainly

cultivated for the production of betelnut, they are a significant masticatory crop in India

and other Southeast Asian countries. In India, the cultivation of arecanut palms is

restricted to a few states in the southern and eastem parts, with the major arecanut

cultivating states being Kamataka, Kerala and Assam (Thomas et al. 2011).

Tracing the origin of arecanut palm could not be done due to the lack of fossil

records of the genus Areca. It is considered to be a native of Cochin China, Malay

Peninsula and the neighbouring islands and also considered to be indigenous to

Indonesia, Sri Lanka, Southem China, Taiwan and Java. The highest species diversity

with 24 species have been found in Philippines, Malaysia and Indonesia, suggesting

the possible options of origins (Balasimha and Rajagopal, 2004).

2.1.1 Uses

Arecanut is a major masticatory crop with both cultural and medicinal values.

For masticatory purpose, the arecanut is usually chewed along with betel leaves,

tobacco, lime and camphor or it is chewed alone. Apart from the medicinal importance

of enhancing the gastric functions and anti-helminthic properties, arecanuts are often

used in religious offerings. The usage of arecanut for chewing has been in practice from

time immemorial and spread around the globe, especially in countries like Nepal, Sri

Lanka, Burma, Thailand, Philippines, Africa, South China, Pakistan and Bangladesh

(Balasimha and Rajagopal, 2004).

2.1.2 Area and production

The leading countries in arecamut production are India, China, Burma,

Bangladesh, Indonesia and Sri Lanka. A total area of 3.0 million hectares arecanut

cultivation produced approximately 2.14 million tons arecanut in the year 1961. The



area and production was increased to 4.09 million hectares and 5.02 million tons

respectively in the year 1990. The peak of arecanut production was recorded in the year

2012, with a total production of 13.4 million tons from an area of 9.92 million hectares,

which then reduced to 11.03 million tons from 9.05 million hectares in the year 2014

(FAOSTAT, 2017).

India, being the major producer of arecanut, had a production of 1.20 million

tons from a total area of 1.35 million hectares in the year 1961, which increased to 2.51

million tons from 2.09 million hectares in the year 1990. The highest production was

recorded in the year 2012, with 6.81 million tons from an area of 4.64 million hectares.

The production then declined to 6.22 million tons from an area of 4.52 million hectares

in 2014 (FAOSTAT, 2017).

The area and production of arecanut cultivation has increased dramatically from

the year 1961, as shown by the statistical report provided by the Food and Agriculture

Organisation (FAO). Even though, an increase in the total area and production was

observed, a profound increase in productivity was not observed. Among the states in

India, Kamataka leads in area and production with an estimate of 2.35 million hectares

and 4.36 million tons respectively. In the year 2015-16, followed by Kerala with a

production of 1.32 million tons from an area of 0.99 million hectares.

2.1.3 Climatic conditions

Arecanut palms prefer tropical climate with a temperature range of 14*^0 to

36^0. The susceptibility of the crop to extreme low and high temperatures make the

cultivation confined to geographies below 1000 m below MSL elevation (Thomas et

al. 2011). Even though a range of climatic conditions are found to be favourable for

arecanut cultivation, extreme climatic conditions can have deleterious effect on

arecanut yield (Bhat and Khader, 1982). The most critical factors for the growth of

arecanut are altitude, relative humidity and rainfall. Among all the factors, relative



humidity, evaporation and rainfall was found to be the most important of all and

reported to exert direct influence in arecanut yield (Thomas et al, 2011).

The cultivation of arecanut palms are confined to the tropics, i.e. almost 28^

North and South of the equator, with an altitude less than 1000m below MSL. Arecanut

is also grown in high altitude area like Wayanad in Kerala and Coorg in Kamataka, but

it was reported to produce inferior quality fruits in the high altitudes due to the lack of

development of hardness in the endosperm (Pillai and Murthy, 1973). The crop grows

well in high rainfall area and it is also grown in less rainfall area under irrigated

conditions, especially in parts of Tamil Nadu, where the annual rainfall in about 750

mm. Extremity in the case of relative humidity was also observed to have detrimental

effects on arecanut palms, as it directly influence water relation and indirectly affect

plant growth (Bhat and Sujatha, 2004).

2.1.4 Soil conditions

The major share of arecant growing area have red clay type gravelly laterite

soil. It is also cultivated in other areas with clay loam soils (Thomas et al, 2011). It

was also reported that the soils with sticky clay, sandy texture, and alluvial, brackish

and calcareous nature cannot support the growth of arecanut palms (Aiyer, 1966). A

minimum soil depth of atleast 2 metres is required for the well establishment of the

root system as the adventitious root system may penetrate upto 3 metres deep in deep

sol conditions and 1.40 metres in the case of shallow soils (Bhat, 1978).

Arecanut cultivation is predominant in laterite soils of Western Ghats, Assam

and West Bengal. The clay loams of Kamataka also support arecanut cultivation

(Mohapatra and Bhat, 1982). The organic carbon was found to be high and available

phosphorus in medium range in arecanut gardens with exceptions in Palode of Kerala

and Vittal and Hirehalli of Kamataka, where both are low. The soil pH was reported to

be acidic to neutral (Bhat and Sujatha, 2004). Due to the same reason, regular liming

of the soil in arecanut gardens in suitable intervals were identified to be critical for



maintain the pH and increasing the nutrient uptake by the palms (Bellary and Patil,

2010). A slight increase in the soil acidity due to continuous manure application in

arecanut garden was observed and reported by Mohapatra and Bhat in 1982. This

continuous manuring is said to have accelerated the proliferation of soil

microorganisms, especially in the laterite soil conditions (Bopaiah and Bhat, 1981).

2.1.5 Challenges faced in arecanut cultivation

Arecanut cultivation is one of the most important sources of income for farming

communities in India. Even though the cultivation of the crop is restricted to a few

states, the consumption is nation-wide. As a result, 70 per cent area expansion in

arecanut cultivation was observed in the past two decades, despite the fact that area

expansion for arecanut cultivation is discouraged by the government to avoid clearing

of forest area and paddy land conversion. Contradictory to the land expansion, the

productivity has ceased to make a steady progress from a stagnant value of 1200 kg/ha

due to multiple constraints like poor soil and crop management followed by cultivation

in unsuitable lands (CPCRI, 2015).

Apart from the economic and agronomic hurdles faced in arecanut cultivation,

the crop is attacked by a wide range of pests and diseases, which differs from one

location to another (CPCRI, 2015). While the incidence of pests and diseases differs

from one place to another, the incidence of koleroga was high in Sagar and Thirthahalli

of Kamataka with 76 per cent loss in arecanut yield. Apart from koleroga, 7 per cent

yield loss was contributed by yellowing and another 6 per cent by root grubs (Ramappa,

2013). The scenario deviated from the above mentioned case in the area of Sringeri

taluk of Kamataka, where yellowing affected the crop and resulted in 67.76 per cent

yield loss (Shivakumara et al, 2014). It was also reported that yellowing of arecanut

now poses a serious threat to the farmers, causing yield loss in large scale (Ramappa,

2013).

2^



4'

2.2 Yellowing of arecanut palms

2.2.1 Origin and spread

Yellowing has become the most deadly constraint that can affect arecanut palm.

The disease was reported for the first time from the areas of Muvattupuzha, Meenachil

and Chalakkudi in the year 1914. The disease was found to spread widely after a heavy

flood in these areas. The disease has its vernacular name in Malayalam and it is called

as "Kattuveezcha" (Nambiar, 1949). With the spread of yellowing, a series of studies,

observations and investigations were conducted to understand the mode of spread and

lethality of the disease. In a study conducted in Central Plantation Crops Research

Institute, it was found out that the symptoms appeared in 80 per cent of the arecanut

palms within 4 years of its first appearance in the arecanut garden (Rawther and

Abraham, 1972). Later, studies were conducted on symptomatology and a method for

indexing of yellowing was given by George et al. in 1980, in which parameters like

yellowing, necrosis and crown size reduction were taken in account to measure the

intensity of disease.

A survey conducted in the year 1960 illustrated the spread of yellowing in all

parts of Kerala with the incidence at its peak in Quilon district with 90 per cent

incidence (Chowdappa et aL, 2002)). The spread of the disease was finally observed in

all the districts of Kerala and rendered arecanut cultivation economically non-feasible

due to high reduction in the yield (CPCRI, 2000). Low lying lands with high water

table in the monsoon were the sites of severe disease incidence. The high water table

was also seen to be the cause of root decay in the affected palms. The symptoms were

initiated after three years of planting in the affected soil (Chandramohanan and Nair,

1985).

2.3 Symptoms of yellowing

The typical symptoms of yellowing is expressed soon after the onset of

monsoon. Temperature at a maximum range of 30-32®C with cool wind currents were



found to be critical for the disease expression. A maximum intensity of disease

expression was found in the month of August and less intensity before the arrival of

South-West monsoon (Nayar, 1976).

2.3.1 Symptoms on leaves

The symptoms were observed to be initiated with the yellowing of the tips of

leaflets of a few leaves in the outermost whorls (Rawther, 1976). Drying up of leaf tips

in the later stages, reduction in leaf size and finally a bunchy, shortened, pointy

appearance of the leaves were also observed. The severity of yellowing at its maximum

intensity also resulted in the falling off of the crown (Nayar and Selsikar, 1978).

2.3.2 Symptoms on roots

The disease also had its impact on the root system. Reduction in the lateral root

proliferation was observed in yellowing affected arecanut palms. Darkening of root

tips with gradual rotting of the active absorbing regions of root tips were also detected

(Rawther, 1976).

2.3.3. Symptoms on nuts

The endosperm of the nuts often exhibited darkened colour with soft

consistency, which made them unsuitable for its destined purpose. The darkening of

the endosperm was sometimes observed to be independent of the yellowing symptoms.

Apparently healthy palms in yellowing affected garden often produced normal nuts

(Rawther, 1976). The disease also reduced the inflorescence production, which in turn

led to 50 per cent loss in the yield in a time frame of three years (CPCRI, 2000).

2.4 Etiology of the disease

The etiology of yellowing in arecanut was a matter of great debate. The primary

hypothesis of fungi and bacteria being the causal organisms were rejected as the result

of a series of studies undertaken.

or



2.4.1 Fungi

The role of fiingi in arecanut yellowing was first asserted by Khandinge et al.

in 1957. Isolates of Cercospora arecae, Exosporium arecae, Leptoshaerea sp.,

Diplodia sp., Phyllosticta sp., Dimerosporina sp. and Trameter corrupta were

recognized from the yellowing affected leaves (Menon, 1959). A number of non-

pathogenic fungal isolates including Trichoderma sp., Pestalotia sp., Aspergillus sp.,

Penicillium sp., Fusarium sp., Acremonium sp. and Colletotrichum sp. were also

isolated from the roots of yellowing affected arecanut palms (Chowdappa et al., 2002).

The advanced studies on inoculation of the isolates on palms yielded negative results

(CPCRI, 2000).

2.4.2 Bacteria

Inoculation studies using Bacillus, Xanthomonas and Serratia isolates from

roots of yellowing affected arecanut roots displayed symptoms of discolouration and

water soaked areas in arecanut seedlings and cowpea. The same isolates failed to prove

its pathogenicity when it showed no symptoms in 18 months old arecanut seedlings

(Chowdappa et al, 2002). According to a study conducted by Bopaiah in 1990, a

relatively high proportion of Gram positive bacteria (70-80 per cent) were present in

the rhizosphere region of healthy arecanut palms, when compared to a reduced

proportion of the Gram negative counterpart with 15-30 per cent in the same

rhizosphere region.

2.4.3 Virus

Presence of proteins and sub-units was detected in yellowing affected arecanut

palms, which exhibited precipitation and antibody production with crude arecanut

antigen (Menon, 1961). Subsequent transmission studies were undertaken on indicator

plants that exhibited yellowing symptoms (Menon, 1963).
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2.4.4 Mites

The role of mites in arecanut yellowing was proposed by Khandige et al. in

1957, which was then proven to be distinct from the widely spread arecanut yellowing

by Menon in the year 1960.

2.4.5 Nematodes

The presence of Meloidogyne javanica, Helicotylenchus sp. and

Tylenchorhynchus sp. from the rhizosphere of yellowing affected arecanut palms were

detected in the samples collected from Palode, Kerala (Nair, 1964). Another study

conducted by Weischer in 1967 showed the presence of almost seven genera of plant

parasitic nematodes in the rhizosphere of yellowing affected and healthy arecanut

palms, but no correlation with the disease was found out.

The role of Radopholus similis in the spread of yellowing was intensively

studied and symptoms of orange discolouration of leaves, lesions and root rot were

observed. Pathogenicity by this nematode was then proved and a reduction in growth

and vigour was conformed (Koshy et al, 1975). Establishing nematode as the causal

agent of arecanut yellowing was not successful, however, the root rot symptom

correlated with the yellowing of arecanut was considered to be associated with

nematodes. The role of nematodes as an initiating agent of arecanut yellowing was

suggested by Sundararaju and Koshy in 1986.

2.4.6 Phytoplasma

The first report on the presence of phytoplasma as the causal agent of arecanut

yellowing was given by Nayar in 1971, who was able to obtain colonies of phytoplasma

from leaf bits of yellowing affected arecanut palms. The presence of phytoplasma in

the sieve elements of yellowing affected arecanut palms was detected in an electron

microscopic study (Selsikar and Wilson, 1981). The detection of phytoplasma in the

sieve elements was followed by inoculation studies, which provided positive results
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(CPCRI, 2000). The role of plant hopper, Proutista moesta as the vector of the disease

was also found out (Ponnamma et al, 1991).

A confirmation study conducted using phytoplasma specific universal primers

to amplify specific genes from the total DNA isolated from the leaf samples of

yellowing affected and healthy samples collected from various parts of Kamataka,

failed to give amplicons of the specific region. The same primers were successful in

amplifying R16F2/R2 regions in the case of samples collected from Hainan province

of China, suggesting a different etiology for the arecanut yellowing in Indian sub

continent (Purushothama et al, 2007). RFLP analysis of 16S rRNA gene and

comparison with the phytoplasma from Hainan revealed 91 per cent sequence

similarity. It was then identified as a 16SrXI-B phytoplasma and hence named it as

Indian YLD phytoplasma (Ramaswamy et al, 2013).

2.5 Physiological aspects associated with yellowing in arecanut

The symptoms are highly pronounced during the months of August to October,

which marks the onset of monsoon. The palms remain symptomless during December

to May. The moisture level in the leaf samples from yellowing affected palms in the

month of June was found to be 59.10 per cent. The moisture content in healthy leaf

sample was found to be 70.84 per cent. This correlation was not applicable to root

samples (Yadava et al, 1972). Apart from the difference in the moisture percentage,

the leaf sap acidity of yellowing affected palm was 3.29 while the pH in healthy palm

was 4.63 (CPCRI, 2000).

Yellowing affected palms displayed low photosynthetic rate and increased

carbon dioxide along with very low stomatal conductions (Chowdappa and Balasimha,

1992). An unbalanced chlorophyllase-chlorophyll system was identified to be

associated with yellowing in arecanut. An increase in the chlorophyllase content

resulted in the decrease of chlorophyll content was observed in yellowing affected

leaves (Srinivasan, 1982). Disrupted translocation of metabolites followed by
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accumulation of carbohydrates and starch was recorded to be higher in diseased palms

that the healthy arecanut palms (Chowdappa et ai, 2002). In a study conducted to

analyse the isozyme variation among arecanut cultivars, a significant difference in the

production of peroxidase and polyphenol oxidase were observed in the cultivars that

were reported to be tolerant to yellowing. Along with these observations, an increase

in the total protein in yellowing tolerant cultivars were also reported, which was

hypothesized to be inconspicuous with no significant importance (Swaminathan,

2002).

2.5.1 Mineral nutrition in yellowing of arecanut palms

Deficiency of phosphorus in leaf tissues was reported by Mohapatra and Bhat

in 1975. The low range of magnesium was considered to be a result of high CaO/MgO

ratio. Application of MgS04 in the plant basin was recommended to increase the

chlorophyll content. An increased concentration of acetic acid extractable aluminium

was found to be higher in the yellowing affected leaves collected from Vittal. The soil

samples from the same area was also found to possess increased exchangeable

aluminium content (Mohapatra and Bhat., 1975). The variation in the concentration of

Fe and Mn in the arecanut leaves were considered to be linked with the yellowing of

leaves. The laterite soils with low pH due to the rainfall pattern, where arecanut

cultivation is prevalent has increased aluminium content with less silicates. The release

of Fe and Mn along with the presence of aluminium was considered to cause yellowing

in arecanut palms (UAS, 1990).

An increased nutritional requirement, especially N, P, K and S were identified,

followed by increased lime application from 1 GO g to 150 g per palm was recommended

to increase the availability of Ca (Jacob et ai, 2014). Another study conducted by

Gurumurthy and Ramaswamy in 2000 suggested the amelioration of yellowing by

nutrient application. Deficiency in N, P and K in the leaf samples collected from

Sringeri district of Kamataka were detected both in yellowing affected and apparently
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healthy leaf samples, even though the soil nutrients were higher than the optimum

(CPCRI, 2015). Deficiency in the major soil nutrients and the assimilation of

micronutrients like Mn and Cu in the palm was considered to be the predisposing

agents for yellowing in arecanut (CPCRI, 2013). Waterlogging and submergence of

soil was identified as one of the pre-disposing agent of arecanut yellowing (Pal et al,

1960). Presence of water table in the active root zone followed by the extreme decrease

in soil pH after its temporary initial rise was considered to have a profound effect in

causing yellowing (Mohapatra et al, 1976).

2.6 Beneficial microorganisms in arecanut ecosystem

After the estimation of PGPR population in arecanut ecosystem, 14 isolates of

fungal endophytes and 32 isolates of bacterial endophytes were obtained from both

yellowing affected and healthy arecanut leaves (CPCRI, 2015). The rhizosphere soil

DNA analysed for PGPR strains in arecanut ecosystem revealed the presence of plant

growth promoting rhizobacteria strains closely related to Enterobacter cloacae group.

The PGPR traits identified from the whole genome sequence revealed through gene

annotation revealed the presence of indolepyruvate decarboxylase coding gene, but

very low in lAA production traits (Gupta et al, 2014). As a part of enhancing the

arecanut cultivation, development of superior isolates of PGPR strains, bio-control

agents and endophytes are considered to be essential, especially when it comes to the

management of yellowing in arecanut, as the curative measures are still not found to

be completely effective (ICAR-CPCRI, 2015).

2.7 Soil as a habitat for microorganisms

Soil, with its complex chemical components, is considered to be the most

suitable, diverse and intricate habitat for living organisms. Soil is one of the most

important source of microbial communities, due to its heterogeneity and complexity

attributed by the interaction between minerals and organic compounds present in it.

Due to the same reasons, soil has always been a platform for all the bio-geo chemical
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cycles necessary for the sustenance of life (Mocali and Bendetti, 2010). The soil

microbial community, being dependent on soil chemical and physical properties create

this complexity. As a result, numerous microsites with diverse conditions are created

even in a confined vicinity of a few square millimetres (Nunan et al. 2002).

Contradictory to the fact that microorganisms contribute only 0.5 per cent to

soil mass, the fraction exerts a major impact in determining the soil properties and

processes. The community dynamics of the living component is shaped because of

these properties. The living component, especially, the microorganisms play a pivotal

role in catalyzing the chemical reactions that change the soil. It happens, because of

the high metabolic diversity present in the soil, even though it may not always be

phenotypically expressed. Due to all the cumulative reasons we have seen, the soil

gains its property of being a complex heterogeneous matrix that eventually shape the

vegetation of an area, which is an unavoidable property to be considered for practicing

agriculture (Tate, 1995).

Soil has always been known to conceal a hyperdiverse genetic diversity.

Enumeration of microorganisms using conventional methods can only reveal about 0.1

per cent of the total diversity of microorganisms, while the rest 99.9 per cent of soil

microflora remain unrevealed. The majority of the unrevealed microflora may even

represent another phyla, as they are phylogenetically diverged from their culturable

counterparts (Handelsman et al. 1998). Earlier, it was estimated that one gram soil

housed almost 10^ prokaryotic cells and it was later found that it was only a fraction of

the real genetic pool present in the soil. A culture-independent method to estimate the

diversity of bacterial DNA in soil done by Torsvik et al. in the year 1990a showed a

total number of more than 10"^ bacterial cells per gram of soil (Torsvik et al. 1990b).

Apart from considering a huge mass of soil as the house of diverse

microorganisms, it has also been observed that the spatial arrangement and distribution

of bacterial communities may vary, as a result of nutrient transport, solute distribution
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and other soil processes. Spatial arrangement studies on bacterial population suggested

the affinity of bacteria towards the so called 'hotspots' or specific sites in the subsoil,

rather than the topsoil (Nunan et al. 2002).

2.7.1 Soil mlcroflora and plant health

The soil microflora is considered to be a major factor that affects the plant

health. The mechanism of the beneficial interaction may occur both directly and

indirectly. The direct effects are further classified into positive and negative direct

effects, in which, the positive direct effects mainly include the plant-microbe symbiotic

associations, while the negative direct effects include the pathogenic interaction of

microorganisms with the plant (Van Der Heijden et al. 2008). Among the positive

direct interactions, the most common example being the symbiotic relationship

between plants and diazotrophs, that assist the plants in acquiring one of the most

crucial element that governs plant growth. Another classic example of the positive

direct effect is the symbiotic association of mycorrhizal fungi with the roots of higher

plants. The symbiotic association provides multiple benefits ta the plant, including

nitrogen, phosphorus, copper, iron and zinc nutrition in return of the carbon rewarded

by the plant (Shtark et al. 2010).

Communication of soil microorganisms with plants are essential for their

interaction, as the chemical signals produced by the microorganisms trigger the release

of root exudates essential for their survival. The chemical properties of the exudates

are unique to plant species and even subspecies (Uren, 2007). The root exudates are

usually a mixture of compounds like amino acids, organic acids, pentoses and hexoses,

pyrimidines and puridines, vitamins and enzymes. The chemical make, ratio and

properties of the different compounds act as a major factor in shaping the rhizosphere

microflora by providing selective advantages to certain species (Tate, 1995).



2.7.2 Root exudates

Root exudates remain as the major reason for the creation of a versatile platform

for the interaction of plant roots with the microorganisms (Hirsch et al. 2003). The root

exudates are generally composed of two groups of compounds. The high molecular

weight compounds that include proteins and polysaccharides, which constitute the

major portion of root exudates and contribute less to its diversity, while the low

molecular weight compounds consisting of amino acids, prganic acids, phenolics, and

other secondary metabolites are responsible for the chemical diversity among root

exudates of different plant species (Uren, 2007). Considering the effect of root exudates

in shaping the rhizosphere microbiome, the process can be considered as the one

govemed by the plant that changes the soil parameters and rhizosphere microflora or

vice versa. It varies from plant to plant and even among the accessions of the same

species. T-RFLP analysis of the rhizosphere microflora of different accessions of

Arabidopsis thaliana revealed that the quantitative and qualitative difference in the root

exudates can shape difference in the rhizosphere microbiome pattem, even though a

direct link or correlation among the variations could not be deciphered so easily

(Micallef et ai, 2009). Another study on the culturable diversity of rhizosphere

microflora of maize showed that the stages of plant development may have selective

influence on specific groups of bacteria and fungi (Cavaglieri et al. 2009).

Apart from the root exudates, the disrupted root cells and mucilage secretions

are also released into the rhizosphere region. Compounds like cellulose, lignin, pectin

and other cell wall polymers are also found in higher concentration, which make the

rhizosphere an active zone for cellulose and other organic matter decomposition. The

decomposed substance may support other microbial communities by providing suitable

carbon source. Among the bacterial population, a and p classes of Proteobacteria were

predominant apart from the other major groups like Firmicutes, Actinobacteria,

Bacteriodetes, Planctomycetes, Verrucomicrobia and Acidobacteria (Turner, 2013).
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The ecological interaction between plants and microbes can take many forms

ranging from negative interactions like parasitism to neutralism to positive or beneficial

interactions by plant growth promoting rhizobacteria (PGPR) (Bais, et al 2006).

PGPR are considered to perform multiple functions such as nutrient cycling, biological

control of antagonistic microorganisms and seedling growth (Barea et al. 2005). Based

on the functions, PGPR are classified into two groups. First group being those

responsible for nutrient acquisition and plant growth stimulation. The second group

consists of biological control agents that are antagonists of plant pathogens (Bashan

and Holguin, 1998). These properties of PGPR are manipulated for crop production to

increase the productivity, acquisition of nutrients and to induce stress tolerance, as they

successfully colonize soils low in microbial biomass due to their selective advantage

in thriving in peculiar conditions and occupying vacant spaces, which in turn exert a

competition on the pathogen invasion (Chaparro et at., 2012).

Increasing the plant productivity being one of the major contribution of PGPR,

disease suppressiveness is also being provided by the same, which indirectly supports

the crop productivity (Janvier et al. 2007). Production of antibiotics and other

antifungal compounds induce the property of disease suppressiveness to the soil

(Wellere/a/. 2002).

^  2.8 Disease suppressive soils

Disease suppressive soils are characterized by the inherent capacity of the soils

to repress pathogens up to a limit. The impact of the soil microbial community affects

the proliferation of the pathogens. The saprophytic mode of nutrition followed by the

pathogens are interfered by the soil microflora by exerting pressure by competing for

space and nutrients. It results in achieving a character of general disease suppression

(Berendsen et al. 2012). Another phenomenon called as specific disease suppression is

observed when the microorganisms impart resistance against a specific disease. The
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state of specific disease suppression can be attained by transferring 0.1 to 10 per cent

of suppressive soil into disease prone soils (Gerbeva et al. 2004).

Disease suppressiveness is considered to be one of the factors contributing to

soil health. It is considered to be derived as a result of soil biological diversity and their

collective interactions. The property of less disease incidence even in the presence of

a susceptible host and virulent pathogen along with a physical environment favourable

for disease incidence is referred to as soil disease suppressiveness (Hdper and

Alabouvette, 1996).

2.8.1 General disease suppression

Among the two types of disease suppressiveness, general suppression is

considered to happen as a result of the collective interaction, antagonism and

competition for nutrients and space. This phenomena is evident in natural soils

(Workneh et al. 1993). The second type of suppression, known as, specific suppression

occurs as a result of selective antagonism and parasitism imposed over specific

pathogens by one or more antagonists (Homby and Bateman, 1997). A popular

example for specific suppression was given by Cook and Baker in 1983, who observed

the decline in take-all disease caused by Gaeumannomyces graminis. The suppression

is considered to be occurred as a result of mono-cropping.

The character of disease suppressiveness exhibited by healthy soils are

considered to be imparted by the presence of functional units in the microbial

population. The character may be determined by the communal composition, which

plays an integral part in the organic matter decomposition followed by microbial

succession (Van Bruggen and Semenov, 2000). As an exception, an example for

individual organism contributing to disease suppressiveness was given by Raaijmakers

and Weller in 1998. They observed the decline in take-all disease due to the presence

of Pseudomonas fluorescens strains capable of producing phloroglucinol, which had a

negative impact on the pathogen.
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2.8.2 Speciilc disease suppression

Specific suppression, on the other hand is developed over general suppression

and considered to be much more efficient. The mechanism involved in specific

suppression is considered to be the presence of a specific microbial species or its related

groups (Weller et al. 2002). It has also been experimented and proved that the property

of specific suppression is transferable to fields and greenhouses (Weller, 2006).

Among the various examples given for specific disease suppression, the

suppression of take-all disease is the most studied one due to its ubiquitous incidence

in wheat monocropping area. The reason behind take-all disease suppression is

considered to be the action of 2,4 diacetylphloroglucinol (2,4-DAPG) producing strains

of fluorescent pseudomonads and parasitic activities of Trichoderma spp. (Simon and

Sivasithamparam, 1989). A study conducted by Raaijmakers et al. in 1997 affirmed

the presence of significant population of 2,4-DAPG producers in take-all suppressive

soils, while the population was absent or less significant in disease conducive soils.

FT-ARRA analysis and T-RFLP analysis of 16S rDNA amplicons followed by in vitro

screening of isolates revealed the influence of 2,4-DAPG producing fluorescent

pseudomonads in take-all disease suppression, even though other dominant genera, like

Chryseobacteium and Flavobacterium were present (Gardner and Weller, 2001).

Another striking example for specific disease suppression is Fusarium wilt

suppressiveness. A study on rhizosphere microflora of Fusarium wilt suppressive soils

showed that intrageneric competition for carbon between pathogenic and non-

pathogenic species of Fusarium played a substantial role in suppression of the

pathogenic Fusarium sp. (Alabouvette, 1986). Another mechanism of suppression of

Fusarium wilt was identified to be the competition for iron due to the presence of

siderophore producing spp. (Alabouvette, 1999).
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2.9 Methods of soil microbial diversity analysis

It is evident that microbes play important roles in many activities in the

ecosystem like nutrient cycling, plant nutrition and alteration in soil structure

(Lakshmanan et al, 2014). The soil microbial diversity is often considered as a

function of all activities in the soil. The community is shaped by many anthropogenic

activities, including agriculture (Kirt et al., 2004).

The most conventional method used to analyse microbial diversity is the

phenotypic characterization of isolated strains. This method limits the information, as

only culturable microorganisms can be analysed using this method. It was observed

that 99.5 to 99.9 per cent of soil bacteria observed under fluorescent microscope are

unculturable under in vitro condition. It is therefore, an indisputable fact that only a

minute portion of soil microflora can be cultured on artificial media (Torsvik et al.,

1998).

All the methods that are being practiced till this date were critically analysed to

determine its efficiency in evaluating the community-level interactions of soil

microflora, abundance of a species, shift in the microbial communities which

represents the soil health (Hill et al, 2000). The main objectives in the study of soil

microflora has always been the enumeration of microorganisms in the soil and

discovering the in situ functions. The methods used until now ranges from phenotypic

characterization to metabolic fingerprinting to culture-independent methods (Hill et al..

2000).

2.9.1 Dilution plating and culturing

The traditional culture-based analysis of soil microflora done using a wide

variety of culture media is used mainly for the study of soil microbial composition. The

method has been widely used for studying soil organic matter decomposition, soil

quality and disease suppression (De Leij et al., 1994). This method can be effectively

used to evaluate the heterotrophic portion of the microbial population (Kirk et al.,
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2004), while 99 percent of the population lies beyond the limit of being grown on a

culture media (Rondon et ai, 1999).

2.9.2 Metabolic fingerprinting

Assessment of bacterial population based on the utilization of sole the carbon

source was developed as a standard method using 96-well microtitre plates by Garland

and Mills in 1991. The microtitre plates comprised of 95 different carbon sources and

one control (Hayward, CA, USA, www.biolog.com). The analysis was finished using

tetrazolium salt, which produced a range of colour intensities based on carbon

utilization (Becker and Stottmeister, 1998). Separate plates for Gram negative (GN),

Gram positive (GP) and fungal specific plates (SFN2, SFP2) were developed (Classen

et ai. 2003).

2.9.3 Fatty acid methyl ester (FAME) analysis

A culture independent biochemical method, which was used to obtain

information on microbial population dynamics based on the identification of fatty acids

present in the soil was developed (Ibekwe and Kennedy, 1998). Fatty acids, being an

integral part of microbial cells has its own specificity inn species level and can act as a

signature compound that can represent the ingredients of a microbial population (Kelly

et ai, 1999).The fatty acids that are extracted from soil directly is methylated, followed

by analysis using gas chromatography. The FAME profiles thus obtained represents

the microbial composition in a sample. A corresponding result to that obtained from

metabolic fingerprinting using Biolog plates was obtained using phospholipid fatty

acid (PLFA) analysis (Ibekwe and Kennedy, 1998).

The obscurities in FAME analysis include the misrepresentation of population

due to the direct influence in the fatty acid composition in microbial cells due to factors

like nutrition and temperature. In the case of fungal diversity analysis, almost 130 to

150 spores are required for the study and hence the minor fraction in the fungal

population may get omitted (Graham et al, 1995).
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2.9.4 Molecular-based approaches

2.9.4.1 Guanine plus cytosine (G+C) content

The G+C content of microorganisms are different from one species to another

and a difference of 3 to 5 per cent in guanine plus cytosine content is observed among

closely related groups (Tiedje et ai, 1999). This variation in the G+C content among

the taxa form the base of microbial diversity analysis (Nusslein and Tiedje, 1999). A

quantitative analysis to decipher the rare members of the population, which is not

influenced by PCR bias can be stated as an advantage of this method, while the

requirement of large quantities of DNA (about 50 pg) for the analysis stand as a slight

drawback of this method (Tiedje et al, 1999).

2.9.4.2 Nuclei acid hybridization

The rate of DNA hybridization after total DNA extraction, purification and

denaturation if measured to find out the genetic complexity and diversity of

microorganisms in the sample (Torsvik et al., 1990a). The rate of hybridization is

dependent on the sequence similarity, complexity and diversity as the hybridization

rate decreases with the increase in complexity (Theron and Cloete, 2000).

The half time taken for DNA re-association and the extent of similarity of the

DNA sequences analysed using hybridization kinetics was used to identify similarities

between the populations (Griffiths et ai, 1998). Usage of fluorescent markers like

fluorescein or rhodamine was used for the quantitative analysis and to find out the

special distribution of microorganisms (Theron and Cloete, 2000). A modified method

called as fluorescent in situ hybridization (FISH), using fluorescent labelled primers

that are allowed to hybridize with the DNA was successfully practiced to study the

special heterogeneity of microorganisms in environmental samples (Schramm et al.,

1996).
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The usage of polymerase chain reaction (PCR) done by using the total DNA as

template was done to eliminate the problem of not detecting the minor population (Van

Elsas and Wolters, 1995). The amplified PCR product was then hybridized with the

total DNA extracted from the environmental sample or with the oligonucleotide probes

to find out the microbial population (Kirk et ai, 2004).

2.9.4.3 PCR-based techniques

The amplification of 16S rDNA region followed by the phylogenetic analysis

has been commonly practiced to analyse the diversity of prokaryotes (Pace, 1996). For

fungal population, analysis of 18S rDNA and internal transcribed spacer (ITS) regions

have been extensively studied. The sequences of the amplicons are then compared with

available database to identify the microbial communities (Ko et ai, 2011). Many

modified methods like denaturing gradient gel electrophoresis (DGGE) and

temperature gradient gel electrophoresis (TGGE) have been used to study the microbial

diversity. The amplified products are then separated on polyacrylamide gel using

denaturants (formamide, urea or temperature) in increasing concentration gradient to

analyse the changes in microbial population (Miller et ai, 1999).

2.11 Metagenomics - A culture independent approach

2.11.1 Requirement for a culture independent method

The ground on which the study of soil microbial diversity has been constructed

is that the microorganisms can be recovered and cultured in laboratory conditions

(DeLong, 1998). It was also discovered that the microorganisms visualized under

microscope by direct staining of natural samples yielded a number of cells two or three

times greater than those obtained by culturing (Rondon et ai, 1999). The inability to

culture the majority of microorganisms are argued to be due to the difference in the

physiological state that prevents them from being cultured, even though they are

considered to be phylogenetically similar to the culturable counterpart (McDougald et

ai, 1998). A contradictory hypothesis states that the unculturable portion forms
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phylogenetically divergent lineages, pointing out the presence of a huge unaccounted

microbial wealth in the soil ecosystem (DeLong, 1998). The soil bacterial content was

found to be highly heterogeneous in a DNA hybridization experiment, which revealed

the presence of almost 4000 different bacterial genomes per gram of soil (Torsvik et

al, 1989).

2.12 Metagenomics

The idea of metagenomics was introduced as a result of the adaptation of BAC

(Bacterial Artificial Chromosome) technology in bacterial genomics, which provided

an additional advantage for gene expression studies, as the insert DNA was prokaryotic

(Rondon et al, 1999). The use of BAC library preparation thus introduced into the

analysis of environmental samples for the estimation of micro flora was not PCR-based.

A combination of 16S rONA sequences along with BAC studies has enabled the use

of phylogenetics for the analysis of microbial communities from environmental

samples (Rondon a/., 1999).

The term 'metagenomics' was introduced to provide an insight on the

unculturable microflora that remain unidentified and unexplored and the ones that has

not yet been catalogued using 16S rDNA sequences (Handelsman, 2004). The

possibility of analyzing the distribution of phylogenetic diversity (also termed as

phylotypes) in natural ecosystem by isolating the total DNA from the environmental

sample followed by rRNA gene sequencing was proposed by Pace in the year 1997.

Metagenomic analysis involves the total DNA extraction from the environmental

sample followed by gene expression studies and identification of phylogenetic makers

affer cloning it into a vector to prepare a cDNA library (Voget et al., 2003). The

sequences thus obtained may be utilized to study the ORFs by assigning it to the

orthologous gene clusters obtained from databases like Kyoto Encyclopedia of Genes

and Genomes (KEGG). Apart from all these possibilities, the sampling method and the

molecular biology techniques involved in the metagenomic DNA extraction also play
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pivotal roles in the analysis of microbial communities (Schloss and Handelsman,

2005).

2.12.1 Extraction of metagenomic DNA

The objective of metagenomic DNA isolation should primarily be the

extraction of DNA from a wide range of microorganisms to obtain the authentic

representation of microbial population. Secondary objective should be then isolation

of good quality DNA without being sheared. This can be achieved by avoiding harsh

methods of DNA isolation. Tertiary objective is to obtain contaminant-free DNA,

which should not hinder with the later steps like PCR, restriction and ligation

(Schmeisser et al, 2007). The susceptibility to the lysing procedures differ, as the soil

microbial community is composed of archae, bacteria and protists (Kauffmann et al.,

2004). The physiologically dormant state in which some cells are present in the soil

also influences the quantity of DNA obtained (Bertrand et al., 2005).

The two major techniques in metagenomic DNA isolation are direct and

indirect techniques. The direct extraction procedure involves the direct lysis of cells in

the sample, while the indirect procedure involves the extraction of cells followed by

the lysis to obtain the DNA. Direct method of DNA extraction was found to be more

preferable, as it extracts more quantity of DNA than the indirect method (Schmeisser

et al., 2007). During the extraction of DNA, chemical or physical lysis procedures are

followed either alone or in combination. The physical methods include the grinding of

sample with liquid nitrogen, ultrasonication and thermal shock. For chemical lysis

methods, detergents like sodium dodecyl sulfate (SDS) are used, as it dissolves

hydrophobic substances that form the integral part of cytoplasmic membrane.

Chelating agents like EDTA and various Tris buffers are also used (Robe et al., 2003).

The DNA thus extracted are purified to remove contaminants.
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it 2.12.2 Purification of metagenomic DNA

As the soil a complex material, the metagenomic DNA is always associated

with substances like humic acid and its removal is essential for further processes as it

inhibits PCR and activities of restriction enzymes (Tebbe and Vahjen, 1993). Quinone,

which is an oxidized form of humic acid and covalently bonds with DNA leading to its

denaturation (Young et ai, 1993). Hence, the lysis for DNA extraction is usually

followed by organic solvent extraction using phenol, chloroform and isopropanol

(Steffan et al, 1988). A purification technique using Q-Sepharose beads suspended in

lOmM potassium phosphate buffer was done to obtain good quality DNA (Sharma et

>  al. 2007).

2.12.3 Next Generation Sequencing (NGS) and bioinformatics analysis

Af^er the direct extraction and purification of metagenomic DNA, high-

throughput sequencing (HTS) technologies are adopted to study the microbial

diversity. For this purpose, Next Generation Sequencing technologies are utilized and

considered to be much efficient (Shendure and Ji, 2008). NGS was proved to be

comparatively reliable when it comes to the investigation of complex microbial

communities, as it is lower in cost and higher throughput when compared to Sanger

.  sequencing. The short reads generated from the illumine platform is a product of deep-

coverage sequencing, but at the same time making the read based analysis difficult

(Scholz et al, 2012).

The primary objective of metagenomic analysis is to regenerate all the genomes

present in an environmental sample. In order to obtain that, there are two methods

followed: 1) Performing the taxonomic classification and functional assignments after

the assembling of the contigs or 2) Reconstruction of the taxonomic and functional

constituents of the metagenome (Scholz et al, 2012). The metagenomic genome

annotation for prokaryotic cells are usually done using online metagenome annotation

services like IMG-M and MG-RAST (Meyer et al, 2008). MG-RAST, being the most



T  commonly used genome annotation system, is an open source system used for

comparative genomics (Overbeek et ai, 2005). The server provides access to an

immense amount of data including metagenomes, metabolic and phylogenetic

reconstructions to which the data in the hand can be compared (Meyer et ai, 2008).

2.13 Future trends in metagenomics

Taking a step further from phylogenetic reconstruction and gene annotations,

bioprospecting with the help of metagenomics is considered to be a possible area of

utmost importance, as soil represents a valuable source of metabolite producing

microorganisms (Daniel, 2005). The analysis of metabolic and functional ability of the

microbial population in the soil can only be analyzed by manipulating the ribonucleic

acid and hence the use of metatranscriptomics prove to be another technology to study

the difference between expressed and non-expressed genes (Sorek and Cossart, 2010).

Similar to the analysis of total DNA from an environmental sample, the analysis of

total protein content extracted from the environmental sample was termed as

'metaproteomics' by Wilmes and Bond in 2006. The application of metagenomics has

been commonly used in the field of medicine, health, food, industries and agriculture.

Apart from genome studies, metatranscriptomics and metaproteomics has widened the

horizons for the better understanding of the functional dynamics of soil microflora

(Simon and Daniel, 2011).



it

■f-

h^r



3. MATERIAL AND METHODS

The study entitled 'Metagenomic analysis of bacterial diversity in the

rhizosphere of arecanut palms affected by yellowing in Wayanad' comprising

laboratory experiments were carried out during the period of 2015-2017 at the

department of Agricultural Microbiology, College of Horticulture, Vellanikkara. The

materials used and the methods adopted in this study are presented below.

3.1 MATERIAL

3.1.1 Chemicals, glassware and plasticware

The chemicals utilized for the study were supplied by agencies Merck, SRL,

Nice and HIMEDIA. The glass and plastic wares were obtained from Merck, Borosil,

Tarson India Ltd. and Eppendorf respectively. The molecular biology reagents and

buffers were purchased from GeNei and Sigma-Aldrich. The commercial kit for

metagenomic DNA isolation, Nucleospin® soil, was obtained from Macherey-Nagel

GmbH & Co. (Germany) supplied by Vision Scientific, Emakulam.

3.1.2 Equipment

The equipment items available in the Department of Agricultural Microbiology

were utilized and some facilities available in the Radio-Tracer Laboratory were also

used for the study. The sterilization of microbiological media and glass wares were

done using the autoclaves Equitron SLEFA and NatSteel horizontal autoclave.

Incubation of cultures were carried out incubator cum shaker (GeNei OS-250) and

centrifugation done using Eppendorf 5804R and SPINWIN MC-02 centrifuges. The

microscopic examination of cells and photomicrography were done using a compound

binocular microscope (Leica ICC50). To measure the pH of culture media, buffers and

reagents, Eutech pH Tutor was used. For analyzing the total nitrogen from soil samples,

KELPLUS VA DSL and DISTYL EMBA were used. The amplification of 16S rDNA

was carried out using Eppendorf Mastercycler.
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>  3.2 METHODOLOGY

3.2.2 Collection of rhizosphere soil samples from Wayanad district

Seven rhizosphere soil samples from each categories of yellowing affected,

apparently healthy and completely healthy arecanut palms were collected from various

parts of Wayanad district using HiDispo bags (Table 4). A trowel was used for

collecting the rhizosphere soil samples. Locations were selected based on discussion

with Officer of the Department of Agriculture, RARS, Ambalavayal and also farmers.

The yellowing affected rhizosphere soil sample and its corresponding apparently

healthy rhizosphere samples were collected from the same garden, while the

^  completely healthy rhizosphere soil samples were collected from other regions where
the yellowing of arecanut was not detected. Approximately 500 g rhizosphere soil was

collected from each rhizosphere and the Global Positioning System (GPS) coordinates

were also recorded. The soil samples were processed after thorough mixing and stored

under refrigeration for further analysis.

3.2.3 Enumeration of rhizosphere microflora

Enumeration of the culturable microorganisms from the arecanut rhizosphere

soil samples was carried out by serial dilution and plating method using the appropriate

dilution with the respective media (Sutton, 2011).

The enumeration of the culturable microflora was done using 10 different media

for the differentiation of the different functional groups present in the soil samples.

Nutrient agar and Luria Bertani agar were used for the enumeration of bacteria and

potato dextrose agar and Martin's rose Bengal agar were used for the enumeration of

fungi. For the enumeration of actinomycetes, Kenknight's agar and sodium caseinate

agar was used. The enumeration of fluorescent pseudomonads, phosphate solubilizers

and nitrogen fixers were done using King's B agar, Pikovskaya's agar and Jensen's

^  agar and Ashby's agar respectively. The composition of the media are provided in
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Appendix I. The dilutions were later standardized after conducting the experiments

with the suitable media.

Ten gram of the soil sample was transferred under aseptic conditions, into 250

ml conical flask containing 90 ml sterilized distilled water and the contents were mixed

by shaking for five minutes. One ml of the aliquot was taken and transferred to 9 ml

water blank containing sterile distilled water. The suspension was then shaken for one

minute for homogenization before further dilution. Dilutions up to 10"^ were prepared

for the isolation of microorganisms of specific groups. Dilutions were standardized for

each media and its corresponding microorganism. Those dilutions which gave 20-200

colonies per plate was selected for further experiments (Table 1). One ml of the

respective dilution was pipetted out and transferred aseptically into sterile Petri dishes.

Twenty ml of molten and cooled agar media was poured into the Petri dishes. The

plates were rotated clockwise and anti-clockwise manually for the uniform mixing of

the aliquot with the agar media. The mixture was then allowed to solidify and incubated

at room temperature in inverted position. The number of colonies in the respective agar

media were observed, recorded and calculations were made to obtain the number of

colony forming units per gram of soil (cfu/g) from each categories of soil samples.

Based on the observations done from the dilution and plating, alterations in the

dilutions were made to obtain optimum number of colony forming units.

3.2.4 Purification and maintenance of isolates

A total of 26 predominant bacterial isolates were purified and maintained as per

standard procedures, as outlined below.

The bacterial colonies obtained were preserved in agar slants at a low

temperature of 4®C in refrigerator and glycerol stock (broth culture containing 40%

glycerol) at -80®C in deep freezer. The fungal isolates obtained from the serial dilution

experiment were also stored in PDA slants at 4®C.
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Table 1. Media used for serial dilution and plate count for the isolation of

microorganisms

Microorganism Media

Bacteria Nutrient agar

Bacteria Luria Bertani agar

Bacillus Nutrient agar

Fluorescent pseudomonads King's B agar

Phosphate solubilisers Pikovskaya agar

N-fixer Jensen's agar

N-fixer Ashby's agar

Actinomycetes Kenknight's agar

Actinomycetes Actinomycete isolation agar

Fungi Potato dextrose agar

Fungi Martin's Rose Bengal agar

3.3 Cultural characterization of purified isolates

The cultural characters of the colonies on agar plates were observed. The size,

shape, colour, optical properties and elevation of the colonies were recorded.

3.3.1 Gram staining

The purified isolates were studied for their morphological characteristics using

the Gram staining method, differentiating them into Gram positive and Gram negative.

A loopful of the pure culture was mixed with sterile water on a clean glass side, to

make a thin smear. A drop of the suspension was heat fixed to create a smear. The

smear was heat-fixed before flooding with crystal violet (primary stain) for one minute

and washed away. The smear was flooded with Grams iodine for one minute, followed

by decolourization using 95 per cent ethanol. The smear was then washed to remove
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the decolourizer and flooded with safranin (counter stain) for one minute and then

washed.

The smears were examined under compound, light microscope to visualize the

shape and arrangement of cells. The cells were first observed at 40X magnification and

then followed by lOOX using oil immersion.

3.4 Biochemical characterization of isolates

The isolate were subjected to biochemical tests in order to characterize the

isolates based on their cellular metabolism (Cappuccino and Sherman, 1992).

3.4.1 Carbohydrate fermentation test

A carbohydrate fermentation medium containing ingredients of nutrient broth

and carbohydrate source supplemented with a pH indicator, phenol red was prepared

poured into boiling tubes. Durham tubes were inserted in an inverted position without

any bubble formation and the tubes were autoclaved. The sterile fermentation medium

was inoculated with the respective isolates with one un-inoculated tube kept as control

and incubated for 24 to 48 hours at 28®C and observed for acid and gas production. The

formation of yellow colour indicated acid production, while the presence of gas bubbles

in the Durham tubes indicated gas production or the ability of the isolates to follow

anaerobic fermentative pathways.

3.4.2 IMViC test

3.4.2.1 Indole production test

Trypticase soy broth was prepared in tubes and autoclaved. The isolates were

inoculated in respective tubes with an un-inoculated tube as control and kept for

incubation for a period of 24 to 48 hours at 28'^C. After incubation, 10 drops ofKovac's

reagent was added to all the tubes and agitated gently. The formation of cherry red

layer above the broth indicated indole production.
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3.4.2.2 Methyl red test

The methyl red test was conducted to analyze the ability of the isolates to

oxidize glucose and the subsequent production of acidic end products. Nutrient broth

was prepared and the broth was distributed in tubes and sterilized. The bacterial isolates

were inoculated in the respective tubes and an un-inoculated tube was kept as control.

The inoculated tubes were incubated for 28 to 48 hours at a temperature of 28®C. About

5 drops of methyl red indicator was added and the change in colour was observed. The

presence of red colour indicated the acid production.

3.4.2.3 Voges-Proskauer test

The MR-VP medium was inoculated with the respective bacterial isolates in the

same way as done for methyl red test. After inoculation and incubation for 24 to 48

hours at 37°C, 10 drops of Barritt's reagent A was added agitated gently. About 10

drops of Barritt's reagent B was added immediately and kept for 15 minutes with

intermittent shaking at every 3 to 4 minutes. The tubes were observed for the presence

of a pink complex that indicated the presence of acetylmethylcarbinol and hence a

positive result.

3.4.2.4 Citrate utilization test

Simmons' citrate agar slants were prepared and the isolates were streak

inoculated into the sterile Simmons' citrate agar slants and one un-inoculated slant was

kept as control. The slants were incubated at 37®C for 24 to 48 hours. The formation of

deep Prussian blue colour in the slants indicated a positive result for citrate utilization,

as the alkaline product sodium carbonate produced changes the colour of the indicator

bromothymol blue from green to Prussian blue.



3.5 Chemical analysis of arecanut leaf samples

The index leaves of arecanut palms, which is the middle portion of the fourth

leaf from the apex were collected (Bhat and Sujatha, 2013). The leaf samples were

dried, powdered and sieved for the nutrient analysis. The methodologies followed are

provided in Table 2.

Table 2. Methodologies employed for the chemical analysis arecanut leaf samples

Parameters Method Reference

Nitrogen Micro-Kjeldahl method Jackson, 1973

Phosphorus Vanado-molybdo phosphoric

yellow colour method

Jackson, 1973

Potassium Diacid extract method using

flame photometer

Jackson, 1973

Calcium, Magnesium Diacid extract method using

atomic absorption

spectrophotometer

Jackson, 1973

Sulphur Turbidimetric method Hart, 1961

Iron, Manganese, Zinc,

Copper

Diacid method using atomic

absorption spectrophotometer

Lindsay and Norwell, 1978

Boron Colorimetric method with

Azomethine-H using diacid

digest

Wolf, 1974

3.6 Physico-chemical analysis of the soil samples

The soil samples were analyzed for the nutrient concentrations, bulk density,

pH and EC to discover the role of nutrient imbalance in the yellowing of arecanut palms

(Table 3).
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Table 3. Methodologies employed for the physico-chemical and microbial biomass

C analysis of rhizosphere soil samples

Parameters Method Reference

Bulk density Core sampler Piper, 1966

Soil pH Soil water suspension of 1:25

and read pH meter

Jackson, 1958

Electrical conductivity Soil water suspension of 1:25

and read electrical conductivity

meter

Jackson, 1958

Organic carbon Walkley and Black method Walkley and Black, 1934

Microbial biomass carbon Fumigation-extraction method Vance et al, 1987

Total nitrogen Micro-Kjeldahl method Jackson, 1973

Available calcium and Using atomic absorption Hesse, 1971

magnesium spectrophotometer

Available sulphur Extraction using 0.15 per cent

CaCh turbidimetry method

Massoumi and Cornfield, 1963

Available phosphorus Ascorbic acid reduced

molybdophosphoric blue colour

method

Walanabe and Olsen, 1965

Available potassium Neutral normal ammonium

acetate using photometry

Jackson, 1958

Available iron, manganese. Extraction using 0.1 M HCl by Sims and Johnson, 1991

zinc and copper atomic absorption

spectrophotometer

Available boron Azomethine-H using

spectrophotometer

Berger and Truog, 1939

Available aluminium Aluminon colorimetric method Jayman and Sivasubramaniam,

1974

3.7 In vitro screening for plant growth promoting (PGP) characters

The isolates obtained were screened for their ability for exhibiting PGP

activities like indole acetic acid, HCN, siderophore and ammonia production and

phosphate solubilization under in vitro conditions. The composition of the media used

for the experiments are given in Appendix VI.
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3.7.1 Screening for lAA production

The bacterial isolates were inoculated in sterile Luria-Bertani supplemented

with tryptophan at the rate of Img/ml. The tubes were inoculated in the dark for 7 days.

After incubation, the cultures were centriftiged at 3000 rpm for 30 minutes and the

supematant was collected. To the supernatant, 4 ml Salkowski reagent was added. The

development of pink colour indicated the production of lAA (Ahmad et al., 2008).

3.7.2 Estimation of lAA production

The quantification of the bacterial isolates for lAA production was carried out

using the same procedure. The tubes that showed pink colouration were used for

quantification by measuring the optical density at 530 nm using a spectrophotometer.

The OD values were plotted on a standard graph to obtain the quantity of lAA produced

by the isolates per unit volume of broth (Ahmad et ai, 2008).

3.7.3 Screening for phosphate solubilization activity

The bacterial isolates were screened for their ability to solubilize phosphate in

Pikovskaya's agar. The cultures grown in Pikovskaya broth were spot inoculated on

Pikovskaya's agar plates and incubated at 30®C for 7 days. The efficiency of phosphate

solubilization was estimated in terms of per cent phosphate solubilization (Panhwar et

al. 2012).

Solubilization efficiency (%SE) = Solubilization diameter x 100

Colony diameter

3.7.4 Quantitative estimation of phosphate solubilization by bacterial isolates

Ten bacterial isolates that produced solubilization zones in the qualitative

screening for phosphate solubilization were grown in Pikovskaya's broth for the

purpose of quantification of P solubilized. Conical flasks containing 50 ml

Pikovskaya's broth were inoculated with the respective isolates and incubated for 10
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days at a temperature of 28^C. The quantity of soluble P in the broth after the incubation

period was estimated by phospho-molybdic method and the comparison was done with

an uninoculated broth used as control (Olsen, 1954). The protocol followed is

mentioned below.

The inoculated Pikovskaya's broth was centrifuged at 10,000 rpm for 10

minutes to obtain the supernatant. Five ml of the supernatant was taken and made up

to 8.6 ml using distilled water. To this solution, 1 ml of ammonium molybdate reagent

was added followed by 0.4 ml ANSA reagent. The contents were thoroughly mixed

and kept for 10 minutes for colour development. The absorbance was measured at 660

nm using spectrophotometer. The O.D values were plotted on a standard graph

obtained by measuring the absorbance of solution containing known concentration of

KH2PO4. The pH of the supernatant was also recorded after the incubation period to

observe the production of organic acids.

3.7.5 Screening for HCN production

The isolates were screened for their ability to produce hydrogen cyanide using

the method introduced by Lorck (1948). Nutrient agar was supplemented with glycine

at the rate of 4.4g/l. The bacterial isolates were streaked on the media and a Whatman

No. 1 filter paper dipped in picric acid solution (2% sodium carbonate in 0.5% picric

acid) was kept in the top portion of the Petri plates. The plates were sealed and

incubated at 28'^C for 4 days. The production of HCN was indicated by the formation

of orange to red colour in the Whatman No.l filter plate placed in the top of the Petri

plates.

3.7.6 Screening for ammonia production

Screening of the bacterial isolates was carried out by inoculating the isolates in

4 per cent peptone water and incubating at 28^0 for 48 hours. After incubation, 0.5 ml

of Nessler's reagent was added to the tubes. Formation of brown to yellow colour

indicated the presence of ammonia (Cappuccino and Sherman, 1992).
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3.7.7 Screening for siderophore production

The screening of bacterial isolates for siderophore production was done by

Chrome Azurol Sulfonate (CAS) assay (John and Thankavel, 2015). The assay medium

was prepared by dissolving 60.5 mg CAS in 50 ml distilled water, which was then

mixed with Iron (III) solution (ImM FeCl3.6H20 in lOmM HCl). The solution was

then slowly added to 72.9 g hexadecyltrimethyl ammonium bromide (HDTMA)

dissolved in 40 ml distilled water. The blue/green solution obtained was mixed with

100 ml nutrient agar, which was used for then screening. The bacterial isolates were

spot-inoculated on the media and incubated at 30®C for 4-5 days. The presence of

yellow to orange halo around the colony indicate the capability of producing

siderophores by the isolates.

3.8 Metagenomic DNA extraction

The extraction of metagenomic DNA is done with an objective to construct

metagenomic libraries of environmental samples. The three major constrains taken into

consideration during the exrtraction of metagenomic DNA were: 1) Extraction of DNA

from a wide range of microorganisms to obtain a representative of the microbial

population 2) Shearing of DNA during the extraction procedure, as large molecular

weight DNA is necessary for community analysis 3) Extraction of contaminant-free

DNA for easy downstream processing (Schmeisser et al, 2007). The extraction

methods were also preferred to be not extremely harsh, as it may lyse recalcitrant

structures like spores and Gram positive bacteria, but shear lyse-sensitive DNA (Robe

et a/., 2003).

3.8.1 Direct method of soil DNA extraction by soft lysis (Siddhapura et aL, 2010)

The soil sample (Ig) was taken in a 30 ml centrifuge tube and suspended in 10

ml extraction buffer and kept for incubation at 37^C for 10-12 hours with continuous

shaking at 150 rpm. The suspension was re-extracted using 1ml of extraction buffer,

which was then centrifuged at 5000 rpm for 10 minutes to obtain the supematant. The
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supernatant was then mixed with 4ml lysis buffer and incubated at 65®C for 2 hours

with vigorous shaking at an interval of 15 minutes. The sample was then centrifuged

at 10,000 rpm for 10 minutes at 4°C and the upper aqueous layer was collected. A

mixture of phenol: chloroform: isoamyl alcohol (25:24:1) was added to the extracted

aqueous layer and centrifuged at 10,000 rpm for 20 minutes at 4°C. The upper aqueous

layer obtained was again extracted and mixed with chloroform: isoamyl alcohol (24:1)

at 10,000 rpm for 10 minutes at 4'^C. Subsequently, the preparation was treated with

1/10 volume of 7.5M potassium acetate and then precipitated using 2 volumes of

chilled ethanol. The precipitate was obtained by centrifuging the suspension at 10,000

rpm for 10 minutes. It was the air dried, and suspended in 50pl sterile distilled water.

3.8.2 Direct method- Short procedure (SIddhapura et ai, 2010)

The soil sample (20 mg) was suspended in 400 pi extraction buffer and vortexed

for 10-15 minutes. The suspension was then incubated for 1 hour at room temperature.

After incubation, the supernatant was obtained by centrifuging it at 12,000 rpm for 5

minutes. An equal volume of phenol: chloroform: isoamyl alcohol (25:24:1) was added

and centrifuged at 10,000 rpm for 20 minutes at and the supernatant was taken.

The aqueous phase was separated and the DNA was precipitated by adding an equal

volume of ice cold isopropanol followed by incubation for 15 minutes. The extract was

then centrifuged at 13,000 rpm and the supernatant was discarded. The pellets obtained

was washed by adding 600 pi ethanol followed by centrifugation at 10,000 rpm for 10

minutes. The pellets were air dried and suspended in 25 pi sterile distilled water.

3.8.3 Metagenomic DNA extraction using MACHEREY-NAGEL NucleoSpin®

Soil

The extraction of metagenomic DNA from the samples were done using the

extraction buffers provided combined with mechanical sample lysis using ceramic

beads. The lysis tubes were vortexed horizontally and re-extraction was also done to

increase the DNA yield. The choice of lysis buffers were made based on the type of
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sample and the extraction was followed by purification of DNA using NucleoSpin®

Inhibitor Removal Column. The column was then washed using various buffers and

the DNA was finally eluted using elution buffers to obtain 60 pi end product. The

standard protocol provided in the user manual was followed to obtain the best result.

3.9 Agarose Gel Electrophoresis

The quality of the isolated metagenomic DNA was analyzed by agarose gel

electrophoresis. The materials used for the preparation is given in Annexure IV.

The metagenomic DNA was run in 0.8 per cent agarose gel for the qualitative

analysis. About 250 ml IX TAE buffer was made from a stock solution of SOX TAE

buffer (pH 8.0). The agarose gel was made by dissolving 0.8 g agarose in 100 ml IX

TAE buffer. The solution was heated for proper mixing and after cooling, ethidium

bromide was added to it at a concentration of 0.5 pg ml"' prepared from a stock solution

of 10 mg ml"'. The agarose was then poured into a casting tray and a comb was placed

with care after wiping both the casting tray and comb with alcohol. The agarose was

allowed to solidify for 30.45 minutes. The comb was gently removed from the

solidified gel to obtain wells and the gel was then placed in the buffer tank filled with

IX TAE buffer with the side with the well facing the cathode. About 5 pi of DNA was

mixed with 2 pi gel loading dye and the mixture was carefully loaded into the

respective wells using a micro-pipette. The molecular weight marker used was

>.DNA/£coRl + Hind III double digest (Sisco research laboratory; Biolit, Mumbai).

The electrodes were connected to the power pack and a constant electric potential of

80 V was applied till the tracking dye reached almost 3 cm away from the end.

3.10 Gel documentation

The gel documentation was done using GeNei UVITEC Cambridge gel

documentation system. The agarose gel was visualized in the presence of UV light to

illuminate the DNA bands and images of the gel was captured using the software

system attached to it and the band size was compared to the ladder.
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3.11 Quantitative analysis of metagenomic DNA

The quantity and purity of the DNA samples were analyzed using NanoDrop®

ND-1000 spectrophotometer (NanoDrop Technologies., USA). The instrument was

cleaned using distilled water and the blank value was taken using sterile distilled water

in the case of DNA isolated using direct procedure and elution buffer in the case of

DNA isolated using the commercial kit. The absorbance were measured at 260 nm and

280 nm. The 260/280 ratio and 260/230 ratio were calculated to understand the purity

of the DNA samples. The quantity of DNA was also measured.

1 OD at 260 nm = 50 p.g DNA/pl

Therefore, OD260X 50 gives the quantity of DNA in pg/pl

3.12 Metagenomic DNA sequencing

Metagenomic DNA from nine samples (three from each category of yellowing

affected, apparently healthy and completely healthy rhizosphere) were extracted and

analyzed for the qualitative and quantitative standards recommended for sequencing.

The samples were sequenced at a private scientific facility, AgriGenome Lab Pvt Ltd.,

Kochi.

3.12.1 16S RNA gene amplicon library sequencing using Next Generation

Illumina Miseq^"^

The amplicon library was prepared by using specific primers to amplify the

hypervariable regions V3 and V4 regions of 16S rRNA gene and the amplicons

obtained were sequenced and subjected for the subsequent classification of

microorganisms.

3.12.2 16S rRNA gene library preparation

The amplicon PGR of the soil metagenomic DNA was done using V3 and V4

primers after pooling and normalizing the metagenomic DNA to 5 ng/p.1. The PGR
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master mix was composed of 2 |xl each 10 pmol/pl forward and reverse primers, 0.5 |xl

of 40 mM dNTP, 5 |il of 5X Phusion HF reaction buffer, 0.2 [xl of 2 U/jxI F-540 Special

Phusion HS DNA polymerase, 5 ng input DNA and water to make up the total volumes

to 25 pi. The PGR reactions were set at a preset programme of initial denaturation at

98*^0 for 30 seconds followed by denaturation in 30 cycles at 98*^0 for 10 seconds. The

annealing temperature was set at 55®C for 30 seconds, primer extension at 72®C for 30

seconds and final extension at ll^C for 5 minutes followed by a hold at 4°C. The

amplified product was quantified using fluorescence quantitative (Qubit 2.0®)

fluorometer with the Qubit dsDNA HS assay kit (Invitrogen, USA).

3.12.3 PGR clean-up

The PGR clean-up to remove free primers and primer dimers were done using

AMPure XP beads to obtain pure 16S rRNA gene V3 and V4 amplicon. The reagent

used included 10 mM Tris pH 8.5 (52.5 pi per sample), AMPure XP beads (20 pi per

sample), freshly prepared ethanol (EtOH) (80%) (400 pi per sample). Standard protocol

was followed and the purified PGR product was stored at -20®G.

3.12.4 Index PGR

The index PGR is done with an objective to attach dual indices and Illumina

sequencing adapters to the cleaned-up PGR products. The PGR master mix was

composed of 2 pi each 10 pmol/pl forward and reverse primers, 1 pi of 40 mM dNTP,

10 pi of 5X Phusion HF reaction buffers, 0.4 pi of 2 U/ pi F-540 special Phusion HS

DNA polymerase, 10 pi (minimum 5 ng) of PGR I amplicon and water to make up the

total volume to 50 pi.

The PGR programme was set as follows: initial denaturation at 98®G for 30

seconds, denaturation at 98°G for 10 seconds repeated in 15 cycles, annealing at 55^G

for 30 seconds, primer extension at 72°G for 30 seconds and final extension at 72°C for

5 minutes followed by 4'^G hold.
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3.12.5 PCR clean-up 2

The final product was cleaned-up using AMPure XP beads before the

quantification. The reagents consisted of 10 mM Tris pH 8.5 (27.5 pi per sample).

AMPure XP beads (56 pi per sample), freshly prepared 80 per cent ethanol (EtOH)

(400 pi per sample). Standard protocol was followed and PCR product was stored at -

20°C.

3.12.6 Library quantification, normalization and pooling

The library quantification was done using fluorometric quantification method

using dsDNA binding dyes, as per Illumina recommendation. The concentrated final

library was diluted using 10 mM Tris pH 8.5. Diluted DNA (5 pi) from each library

was pooled with unique indices. A requirement of more than 100,000 reads per sample

is considered to be sufficient for the estimation of the bacterial population of the

provided sample.

3.12.7 Library denaturing and MiSeq sample loading

Denaturation of pooled libraries using NaOH, dilution using hybridization

buffer and heat denaturation were done before MiSeq sequencing as a preparatory step

before cluster generation and sequencing. The internal control of low-diversity libraries

were attained using a minimum of 5% PhiX. The final step in the process was loading

of the denatured library into the reagent cartridge of Illumina MiSeq''"'^ sequencer for

sequencing and the sequence were obtained in FastQ format, which was then further

used for in silico analysis.

3.13 Analysis of NGS data

Quality control parameters like base quality, base composition, base

distribution and GC distribution were applied on the total raw sequencing reads. The

unwanted sequences were trimmed off fi-om the original paired-end data and a

consensus V3 and V4 region sequences were constructed with the help of Clustal
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Omega program (http://www.ebi.ac.uk/Tools/msa/clustalo/). To obtain the highest

quality V3 and V4 region sequences, multiple filters like conserved region filter, spacer

filter and mismatch filter were employed. Removal of singletons produced as a result

of sequencing errors were removed to avoid errors in the estimation of operational

taxonomic units (OTUs). The de novo program UCHIME implemented in the tool

USEARCH was used to remove chimeras, which may be misinterpreted as novel

species.

The clustering of sequences into operational taxonomic units based on sequence

similarity was done using QIIME (Quantitative Insights into Microbial Ecology)

software package. Identification of representative sequences from the OTUs followed

by alignment against Greengenes, which offers a dataset of chimera-checked full-

length 16S rRNA gene sequences were done using PyNAST program (DeSantis et al,

2006).

The taxonomic classification was carried out employing MG RAST server, an

open source system into which raw sequence data in fasta format was uploaded (Meyer

e/ al, 2008). The raw sequences were automatically processed and the taxonomic

distribution data was generated by the MG RAST pipeline by comparing the sequences

against the RDP database at 97 per cent identity and an e-value of 5. The taxonomic

data was then represented using various graphs and charts and the plugin to krona was

also used for the same purpose.

The manipulation of NCBI database to compare sequences using BLAST tool

to obtain taxonomic information was done using the software MEGAN community

edition v.6.8.13. MEGAN (MEtaGenome Analyzer) uses common ancestor algorithms

to assign reads to provide graphical and statistical outputs (Huson et al, 2007). The

BIOM files which act as a representative of the metagenome table provides information

on the number of reads and OTUs corresponding to each taxa (www.biom-format.org),

were used as the input for MEGAN. The BIOM file was inserted into MEGAN and
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analysed to obtain phylogenetic trees and statistical data at various taxonomic levels,

as the in silico tool uses the NCBI taxonomy to compare the taxonomical data to

provide the graphical representation.

The Illumina sequence data was then submitted to Sequence Read Archive

(SRA) of GenBank database and the accession number was obtained.

Analysis of diversity between the samples using diversity indices.

The diversity of the samples were compared with that of each other using the

diversity indices viz, Shannon-Weaver index and Simpson index. The Shannon-

Weaver index is considered to be an information statistic index using random sampling,

assuming all the taxa are enlisted. The Shannon-Weaver index was calculated using the

formula:

Shannon-weaver index (H) =— J]f=i Pi \npi, where

Pi = Proportion of individuals in a particular taxa divided by the total number of

individuals

In = natural logarithm

s = Number of taxa

The diversity was also compared using Simpson index, which is a dominance

index as the priority given by this index is to the dominant taxa and the value is least

affected by the presence of other taxa in low numbers. The Simpson index was

calculated using the formula:

Simpson index (D) =1/ Yif=i Pi^i where

Pi^ = Square of the proportion of individuals in a particular taxa divided by the total

number of individuals

s = Number of taxa
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4. RESULTS

The results of the investigation entitled 'Metagenomic analysis of the bacterial

diversity in the rhizosphere of arecanut palms affected by yellowing in Wayanad'

carried out during the period of 2015-2017 at the Department of Agricultural

Microbiology, College of Horticulture, are presented below.

4.1 Collection of rhizosphere soil and leaf samples

The rhizosphere soil samples from seven plantations containing yellowing

affected, apparently healthy and completely healthy arecanut palms were collected

from various parts of Wayanad district. The yellowing affected rhizosphere soil sample

and its corresponding apparently healthy soil samples were collected from the same

respective garden. Yellowing affected and apparently healthy rhizosphere soil samples

were collected from the low lying areas like Meenangadi and Kakkavayal, which were

mostly used for paddy cultivation. The completely healthy rhizosphere soil samples

were collected from areas near Ambalavayal and Kolagappara (Plate 1). The

corresponding index leaf from the palms were also collected. The coordinates and

altitude of the locations of sample collection has been listed in Table 4.

Table 4. Coordinates and altitudes of the area selected for sample collection

Sample Location Latitude Longitude Elevation (ft)

YL-1, AH-1 Meenangadi N 11.65687® E 076.15150® 2439

YL-2, AH-2 N 11.65678® E 076.15096® 2443

YL-3, AH-3 N 11.65538® E 076.15030® 2440

YL-4, AH-4 Kakkavayal N 11.64738® E 076.13892® 2494

YL-5, AH-5 N 11.64691® E 076.13839® 2516

YL-6, AH-6 N 11.64741® E 076.13796® 2494

YL-7, AH-7 N 11.64790® E 076.13667® 2462

CH-1 Kolagappara N 11.64539® E 076.21572® 2640

CH-2 N 11.64547® E 076.21534® 2623

CH-3 N 11.64473® E 076.21590® 2651

CH-4 Ambalavayal N 11.64428® E 076.21619® 2666

CH-5 N 11.63154® E 076.22269® 2991

CH-6 N 11.62266® E 076.22204® 2876

CH-7 N 11.62024® E 076.22100® 2895
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Plate l.a. Collection of rhizospbere samples.
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Symptoms on leaflets Crown with bunchy appearance

Plate 2.a. Yellowing affected palms

Plate 2.b. Apparently healthy arecanut palms

Plate2.c. Completely healthy arecanut palms

Plate 2. Three categories of arecanut palms identified



4.2 Physico-chemical properties of arecanut rhizosphere soil samples collected

from Wayanad

The rhizosphere soil samples collected from each category (yellowing affected,

apparently healthy and completely healthy) were analysed for physico-chemical

properties. The parameters measured included bulk density (Mg m'^), electrical

conductivity (dS m"'), pH, organic carbon (%) and soil nutrient contents. The primary

nutrients total nitrogen (%), available phosphorus (kg ha*') and available potassium (kg

ha*') were analysed. The secondary nutrients analysed were available calcium (mg/kg),

available magnesium (mg/kg) and available sulphur (mg/kg). The micronutrients

included copper (mg/kg), iron (mg/kg), zinc (mg/kg), manganese (mg/kg), boron

(mg/kg) and aluminium (mg/kg) (Tables 5,6 and 7).

4.2.1 Bulk density

Bulk density of all the soil samples was analysed and there was no significant

difference in the bulk density between the categories of samples. Among the yellowing

affected rhizosphere soil samples, the lowest value was observed in YL-6 with 1.11

Mg m*^ and the highest value in the samples YL-1 and YL-2 with a bulk density of

1.33 Mg m"^. In the apparently healthy samples, the lowest bulk density was observed

in AH-4 and AH-6 (1.05 Mg m'^) and the highest in AH-2 (1.33 Mg m*^). The

completely healthy samples had the lowest bulk density of 1.11 Mg m'^ in the sample

CH-6 and the highest in the samples CH-1, CH-2, CH-5 and CH-6 (1.33 Mgm"^). The

bulk density of all the soil samples has been provided in Table 5.

4.2.2 pH and electrical conductivity

The pH and electrical conductivity showed variation among the samples. The

soil samples from yellowing affected arecanut rhizosphere were found to be acidic in

nature. The samples YL-1, YL-2 and YL-4 showed strong acidic nature with a pH of

5.4, 5.5 and 5.1 respectively and the samples YL-3, YL-5 and YL-7 were very strongly
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acidic with a pH less than 5, while the sample YL-6 was moderately acidic with a pH

5.7.

The soil samples collected from the apparently healthy rhizosphere also showed

acidic nature with the samples AH-1, AH-3 and AH-4 being strongly acidic with pH

5.1, 5.2 and 5.2 respectively, while the samples AH-2, AH-4, AH-5 and AH-7 showed

very strongly acidic nature, with pH ranging from 4.8 to 5.0. The sample AH-6 was

observed to be moderately acidic with a pH of 5.8. The soil samples collected from

completely healthy arecanut rhizospheres were found to be comparatively less acidic

than the yellowing affected and apparently healthy counterpart. The samples CH-1,

CH-3, CH-4 and CH-6 were strongly acidic, while the samples CH-2 and CH-5 were

found to be moderately acidic and slightly acidic with pH 5.6 and 6.1 respectively. The

sample CH-7 was observed to be neutral with a pH of 7.3. A completely randomized

design was used for the analysis of the samples in three categories and the treatment

CH was found to exhibit significantly high pH at 5% level of significance, with the pH

of the AH and YL samples on par with a CD (0.05) value 0.57.

The electrical conductivity of all the 21 samples were found to be normal with

the lowest value of 0.03 dS m"' for the sample CH-2 and the highest value for the

sample CH-6 with an electrical conductivity of 0.5 dS m"'.

4.2.3 Organic carbon

Among the rhizosphere soil samples collected from the yellowing affected

rhizospheres, the sample YL-1 showed low organic carbon (0.68%), while the other

samples showed medium level of organic carbon. The samples AH-1, AH-2 and AH-4

collected from the apparently healthy rhizospheres showed low organic carbon, while

the samples AH-3, AH-5, AH-6 and AH-7 showed medium level of organic carbon.

Among the completely healthy rhizosphere soil samples, CH-1 and CH-2 were found

to have low organic carbon and samples CH-4 and CH-5 showed medium level of

organic carbon. The samples CH-3 and CH-6 were high in organic carbon with a value
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of 1.51 and 1.76 per cent respectively. No significant difference was observed between

the yellowing affected, apparently healthy and completely healthy samples.

4.2.4 Total nitrogen

The total nitrogen was analysed from all the soil samples and the lowest value

among the yellowing affected rhizosphere soil samples was observed in YL-7 with

0.028 per cent and the highest in YL-6 with 0.28 per cent. The lowest value of total

nitrogen among the apparently healthy rhizsphere samples was found in AH-2

(0.056%) and highest in AH-7 (0.56%). The completely healthy rhizosphere soil

samples showed highest total nitrogen in the sample CH-6 (0.448%) and lowest in the

samples CH-2 and CH-7 with 0.056 per cent total nitrogen in both the samples. A

significant difference in the total nitrogen content between the three categories of soil

samples were not observed.

4.2.5 Available phosphorus

The available phosphorus was analysed from all the soil samples and a wide

range of values were obtained from each category. In the yellowing affected

rhizosphere soil samples, the lowest value was found to be 8.62 kg/ha in YL-3 and

highest in YL-6 with 75.24 kg/ha. The apparently healthy rhizosphere soil samples

showed the lowest of 7.47 kg/ha in AH-4 and highest in AH-5 with a value of 105.68

kg/ha. The completely healthy rhizosphere soil samples showed a less diversity in the

values with the lowest being 13.21 kg/ha in CH-2 and the highest being 29.29 kg/ha in

the sample CH-5. No significant difference in available phosphorus between the three

soil categories were observed.

4.2.6 Available potassium

The highest value of potassium among the yellowing affected rhizosphere

samples was recorded by YL-2 (621.60 kg/ha) and the lowest by YL-7 (41.44 kg/ha).

Among the apparently healthy rhizosphere soil samples, the highest potassium content
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was recorded in AH-6 (1025.92 kg/ha) and lowest in AH-2 (75.04 kg/ha). In

completely healthy rhizosphere soil samples, the highest potassium content was

detected in CH-6 (892.64 kg/ha) and lowest in 26.88 kg/ha). A significant difference

in available potassium between the three soil categories was not established.

4.2.7 Available calcium

The available calcium was analysed from all samples and the highest value

among the yellowing affected samples was recorded in YL-6 (1255 mg/kg) and the

lowest in YL-3 (362.10 kg/ha). Among the apparently healthy rhizosphere soil

samples, the highest calcium content was detected in AH-6 (885.40 mg/kg) and the

lowest in AH-2 (262.60 mg/kg). The highest and lowest values in the completely

healthy rhizosphere soil samples were observed in CH-7 (723.90 mg/kg) and CH-2

(116.30 mg/kg) respectively. There was no significant difference in available calcium

between the three categories of soil samples.

4.2.8 Available magnesium

The highest available magnesium content in the yellowing affected rhizosphere

soil samples was observed in YL-6 (165.70 mg/kg) and the lowest in YL-5 (65.00

mg/kg). Among the apparently healthy rhizosphere soil samples, the highest

concentration was found in AH-4 (209.70 mg/kg) and lowest concentration in AH-2

(34.40 mg/kg). The highest and lowest values in completely healthy rhizosphere soil

samples were recorded from CH-3 (160.40 mg/kg) and CH-2 (21.40 mg/kg)

respectively. No significant difference in available magnesium among three soil

categories was observed.

4.2.9 Available sulphur

Among the yellowing affected rhizosphere soil samples, the highest sulphur

content was detected in YL-6 (7.06 mg/kg) and lowest in YL-3 (3.66 mg/kg). The

highest sulphur content in apparently healthy rhizosphere soil samples was found in
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AH-5 (9.41 mg/kg) and the lowest in AH-2 (3.92 mg/kg). The highest sulphur

concentration in completely healthy rhizosphere soil samples were found in CH-6 and

CH-7 with 10.98 mg/kg in both the samples and the lowest in CH-1 with 3.14 mg/kg

sulphur. No significant difference in the available sulfur content between the three

categories of soil was observed.

4.2.10 Copper

The yellowing affected rhizosphere soil sample showed the highest copper

concentration in the sample YL-6 (11.35 mg/kg) and the lowest concentration in YL-5

(3.04 mg/kg). The highest and lowest concentration in apparently healthy rhizosphere

soil samples were found in AH-7 (7.87 mg/kg) and AH-3 (2.17 mg/kg). Among the

completely healthy rhizosphere soil samples, the highest and lowest values were

observed in CH-6 (5.21 mg/kg) and CH-4 (0.51 mg/kg) respectively.

The copper content was found to be significantly high in yellowing affected

samples (YL), which was on par with apparently healthy samples (AH), while the

completely healthy samples (CH) were found to have significantly less copper content

compared to the other two categories. The treatments were found to be significant at

5% level with a CD (0.05) value 3.247.

4.2.11 Iron

The highest concentration of iron among the yellowing affected rhizosphere

soil samples was observed in YL-7 (198.90 mg/kg) and the lowest in YL-4 (59.81

mg/kg). The highest and lowest values in apparently healthy rhizosphere soil samples

were observed in AH-6 (159.30 mg/kg) and AH-4 (27.34 mg/kg) respectively. Among

the completely healthy rhizosphere soil samples, the highest and lowest concentrations

of iron were found in CH-6 (118.80 mg/kg) and CH-3 (22.72 mg/kg). The iron

concentrations in yellowing affected soil samples (YL) were found to be significantly

high compared to the other two samples at 5% level with a CD (0.05) value 49.713.

n
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The treatment YL was on par with AH, while CH was significantly less in iron

concentration.

4.2.12 Manganese

The highest manganese concentration among the yellowing affected

rhizosphere soil samples was found in YL-4 (50.22 mg/kg) and the lowest in YL-3

(8.01 mg/kg). Among the apparently healthy rhizosphere soil samples, the highest

concentration was recorded in AH-6 (38.65 mg/kg) and the lowest in AH-2 (6.45

ing/kg). The highest and lowest concentrations among the completely healthy

rhizosphere soil samples were observed in the samples CH-6 (85.97 mg/kg) and CH-2

(3.00 mg/kg). No significant difference in the manganese concentrations between the

three soil categories was observed.

4.2.13 Zinc

Among the yellowing affected rhizosphere soil samples, the highest

concentration of zinc was recorded in YL-6 (5.63 mg/kg) and the lowest in YL-1 (1.05

mg/kg). The highest zinc concentration among he apparently healthy rhizosphere soil

samples was recorded in AH-6 (10.00 mg/kg) and the lowest in AH-2 (0.76 mg/kg).

The highest and lowest concentrations in the completely healthy rhizosphere soil

samples were recorded in CH-5 (3.03 mg/kg) and CH-2 (0.34 mg/kg). There was no

significant difference in the zinc concentrations between the three categories of soil

samples.

4.2.14 Boron

The highest boron concentration in yellowing affected rhizosphere soil samples

was recorded in YL-3 (0.46 mg/kg) and the lowest in YL-1 (0.02 mg/kg). Among the

apparently healthy rhizosphere soil samples, the highest boron concentration was found

in AH-3 and AH-5 with 0.38 mg/kg in both samples. The highest and lowest

concentrations of boron in completely healthy rhizosphere soil samples were recorded
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^  in CH-6 (0.48 mg/kg) and CH-7 (0.24 mg/kg). No significant difference in the boron

concentration was found between the three categories of soil samples.

4.2.15 Aluminium

The aluminium content in the rhizosphere soil samples were analysed and most

of the samples with pH above 5.0 failed to show the concentration of available

aluminium. Among the yellowing affected rhizosphere soil samples, the samples YL-

3, YL-5 and YL-7 were observed to show 1.185, 0.585 and 0.453 cmol per 1 kg soil

respectively. Among the apparently healthy rhizosphere soil samples, the highest value

was recorded from AH-2 (1.217 cmol/kg) and lowest in AH-5 (0.173 cmol/kg) among

^  the 4 samples that showed reading. The completely healthy rhizosphere soil samples
had a comparatively less concentration of available aluminium recorded from the

samples CH-2, CH-3 and CH-4 with 0.089, 0.068 and 0.637 cmol/kg respectively.

Even though the difference in aluminium concentration was detected, statistical

significance between three soil categories was not established.

f-S
54



Ta
bl
e 
5.
 P
hy

si
co

-c
he

mi
ca

l 
pa

ra
me

te
rs

 o
f 
th

e 
ye
ll
ow
in
g 
af
fe
ct
ed
 a
n
d
 a
pp

ar
en

tl
y 
he
al
th
y 
ar
ec
an
ut
 r
hi
zo
sp
he
re
 s
oi
l

s
a
m
p
l
e
s

selpmaS
S

CL

U
u

kluBytisned)'m/gM(
CO
)%(

 2̂

P

)ah/gk(
K

)ah/gk(
aC

)gk/gm(
gM

)gk/gm(
S

)gk/gm(
eF

)gk/gm(
nM

)gk/gm(
nZ

)gk/gm(
uC

)gk/gm(
B

)gk/gm(
1A

lomc( snotorp/)gk

YL-15.40.1233.10.680.11286.0208.001737.4095.705.49159.3011.011.053.610.02-

YL-25.50.131.330.950.05645.95621.6000.85489.806.5403.84144.6117.13.990.36-

YL-34.90.0771.10.870.0568.6204.091362.1080.303.6674.488.011.073.280.461.185

4-LY5.10.1871.11.450.1417.81498.40833.50124.705.4959.8150.222.687.600.30-

YL-54.60.231.250.950.16814.36135.52530.1000.564.9784.1060.6301.13.040.380.585

YL-65.70.231.1101.10.2842.57364.001255.00165.707.06173.3043.1636.511.350.16-

YL-74.70.141.250.930.02812.6444.14393.1081.204.97198.908.281.3311.320.420.453

Apparently healthy rhizosphere  liossamples

AH-15.10.071.2596.00.11214.36211.68370.6057.105.2374.0712.7761.13.300.220.803

2-HA0.50.071.330.660.0569.7675.04262.6034.403.92108.806.450.763.110.321.217

3-HA5.20.231.111.100.11210.3495.2008.30504.53181.498.8910.591.492.170.38-

4-HA5.20.151.050.430.2247.47627.2005.48707.9027.8527.3423.711.407.1563.0-

AH-58.40.181.111.450.224105.68274.40754.60121.909.4170.6335.563.857.670.380.173

6-HA5.823.01.051.160.25260.311025.9204.58801.0518.1103.95138.6510.0046.80.30-

AH-79.40.091.2560.10.5611.49124.32390.1003.884.45110.7004.70.858.780.4282.1

5
5



Ta
bl
e 
6.
 P
hy

si
co

-c
he

mi
ca

l 
pa

ra
me
te
rs
 o
f 
th

e 
co

mp
le

te
ly

 h
ea

lt
hy

 a
re
ca
nu
t 
rh
iz
os
ph
er
e 
so
il
 s
am
pl
es

w 0
)

K

(k)ah/g
Ca

(mg/k)g
Mg

(mg/k)g
S

(mg/k)g
Fe

(mg/kg)
Mn

(mg/kg)
Zn

(mg/k)g
Cu

(mg/kg)
B

(mg/k)g

u

a S C
Q

C/
3

a Q
.

U b
H

S
a
 ̂

O
S

OC
(%)

2
 E

ft,
 >
5 ex
i

1A
(cmol

/snotorp

C
H
-
1

5
.
5

0
.
0
5

1
.
3
3

0
.
5
6

0
.
1
6
8

1
5
.
5
1

8
1
.
7
6

1
1
6
.
5
0

5
4
.
5
0

3
.
1
4

6
5
.
6
2

9
.
7
4

2
.
8
7

1
.
0
1

0
.
2
8

-

C
H
-
2

5
.
6

0
.
0
3

1
.
3
3

0
.
4
3

0
.
0
5
6

1
3
.
2
1

2
6
.
8
8

1
1
6
.
3
0

2
1
.
4
0

2
.
8
8

8
8
.
0
0

3
.
0
0

0
.
3
4

0
.
5
7

0
.
3
2

0
.
0
8
9

C
H
-
3

5
.
4

0
.
1
2

1
.
2
5

1
.
5
1

0
.
1
1
2

1
8
.
3
8

2
8
5
.
6
0

5
7
3
.
0
0

1
6
0
.
4
0

6
.
2
8

2
2
.
7
2

4
5
.
1
4

2
.
7
3

0
.
6
6

0
.
4
4

0
.
0
6
8

C
H
^

5
.
4

0
.
1
0

1
.
1
7

1
.
0
2

0
.
3
9
2

1
7
.
2
3

2
9
1
.
2
0

4
5
9
.
1
0

9
5
.
9
0

6
.
5
4

3
7
.
5
4

1
9
.
4
3

1
.
1
6

0
.
5
1

0
.
4
6

0
.
6
3
7

C
H
-
5

6
.
1

0
.
1
4

1
.
3
3

1
.
0
0

0
.
2
2
4

2
9
.
2
9

2
1
2
.
8
0

4
3
5
.
0
0

7
5
.
4
0

5
.
2
3

2
8
.
0
0

2
0
.
5
3

3
.
0
3

1
.
0
3

0
.
4
4

-

C
H
-
6

5
.
4

0
.
5
0

1
.
1
1

1
.
7
6

0
.
4
4
8

1
8
.
9
5

8
9
2
.
6
4

3
4
6
.
5
0

1
4
8
.
7
0

1
0
.
9
8

1
1
8
.
8
0

8
5
.
9
7

2
.
9
1

5
.
2
1

0
.
4
8

-

C
H
-
7

7
.
3

0
.
1
3

1
.
3
3

1
.
0
0

0
.
0
5
6

2
2
.
9
7

2
5
7
.
6
0

7
2
3
.
9
0

7
7
.
7
0

1
0
.
9
8

6
6
.
0
1

7
5
.
1
8

1
.
7
4

1
.
7
0

0
.
2
4

-

Y
L
-
 Y
el
lo
wi
ng
 a
ff

ec
te

d:
 A
H
-
 A
pp

ar
en

tl
y 
He

al
th

y:
 C
H
-
 C
om
pl
et
el
y 
He

al
th

y

5
6



•
M

T
a
b
l
e
 7
. 
C
o
m
p
a
r
i
s
o
n
 o
f
 so

il
 p
hy
si
co
-c
he
mi
ca
l 
p
a
r
a
m
e
t
e
r
s
 a
m
o
n
g
 t
he

 t
hr
ee
 c
at

eg
or

ie
s 
us
in
g 
C
R
D
.

selpmaS
X

fi.
U

dk

kluBytisned)^m/gM(
CO
)%(

Z. ?

P

)ah/gk(
K

)ah/gk(
aC

)gk/gm(
gM

)gk/gm(
S

)gk/gm(
eF

)gk/gm(
nM

)gk/gm(
nZ

)gk/gm(
uC

)gk/gm(
B

)gk/gm(
lA

lomc(/snotorp)gk

YL5.13''0.1632.10.990.1227.9278.88652.74100.345.45128.31"24.742.086.31"0.30.84

HA5.14^0.161.160.930.2231.34347.68564.51113.846.16""19.2993.812.795.83"0.340.89

CH5.81"0.151.261.040.2119.36292.64395.7690.576.57"59.0699.632.11"35.10.380.45

CD

(0.05)
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4.3 Nutrient status of arecanut leaf samples collected from Wayanad

The index leaf of the arecanut palm, which is the middle portion of the fourth

leaf from the apex was collected. Leaf samples from 7 palms of each categories viz.,

yellowing affected, apparently healthy and completely healthy arecaut palms were

collected. The leaves were then analysed for its nutrient contents after processing. The

samples were analysed for nitrogen (%), phosphorus (%), potassium (%), calcium (%),

magnesium (%), sulphur (%), copper (ppm), iron (ppm), manganese (ppm), zinc (ppm),

boron (ppm) and aluminium (ppm) (Table 8 and 9).

4.3.1 Nitrogen

The nitrogen content in the leaf samples were analysed and the highest value

among the yellowing affected samples was recorded in YL-6 (2.52%) and the lowest

in YL-3 (1.59%). Among the apparently healthy leaf samples, the highest nitrogen

content was observed in the sample AH-3 (2.56%) and the lowest in AH-5 (1.68%).

The completely healthy leaf samples had the highest nitrogen content of 2.48% in CH-

4 and lowest of 1.89% in CH-1.

4.3.2 Phosphorus

The highest phosphorus content among the yellowing affected leaf samples was

from YL-7 (0.258%) and the lowest from YL-6 (0.156%). The apparently healthy leaf

samples had the highest phosphorus content in AH-1 (0.298%) and the lowest in AH-

6 (0.66%). Among the completely healthy leaf samples, the highest phosphorus

concentration was recorded in CH-6 (0.386%) and the lowest in CH-4 (0.09%).

4.3.3 Potassium

The yellowing affected leaf samples were analysed for potassium content and

the highest concentration among them was recorded in YL-7 (0.638%) and the lowest

in YL-6 (0.511%). The highest potassium content among the apparently healthy leaf

samples was recorded in AH-2 (0.69%) and the lowest in AH-6 (0.39%). Among the
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completely healthy leaf samples, the highest concentration was recorded in CH-6

(0.861%) and the lowest in CH-3 (0.516%).

4.3.4 Calcium

The calcium content among the yellowing affected leaf samples showed its

peak value in YL-5 (0.462%) and the lowest value in YL-3 (0.276%). The highest and

lowest calcium concentration among the apparently healthy samples were observed in

AH-1 (0.460%) and AH-6 (0.145%) respectively. The completely healthy leaf samples

exhibited the highest concentration in CH-2 (0.489%) and the lowest in CH-3

(0.322%).

4.3.5 Magnesium

Among the yellowing affected leaf samples, the highest magnesium

concentration was found in YL-4 (0.151%) and the lowest in YL-3 (0.045%). The

apparently leaf samples showed its highest magnesium concentration in AH-5

(0.173%) and the lowest in AH-6 (0.056%). The highest concentration among the

completely healthy leaf samples was recorded from CH-6 (0.220%) and the lowest

from CH-3 (0.084%).

4.3.6 Sulphur

The sulphur concentration in the leaf samples were analysed and the highest

concentration among the yellowing affected leaf samples was found in YL-1 (0.816%)

and the lowest in YL-3 (0.433%). Among the apparently healthy leaf samples, the

highest concentration was recorded in AH-5 (1.031%) and the lowest in AH-6

(0.259%). The completely healthy leaf samples had the highest sulphur concentration

in CH-6 (1.622%) and the lowest in CH-1 (0.506%).
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4.3.7 Copper

The leaf samples were analysed for copper content and among the yellowing

affected leaf samples, the highest concentration was found in YL-2 (61.9 mg/1) and the

lowest in YL-5 (8.4 mg/1). Among the apparently healthy leaf samples, the highest

concentration was recorded in AH-2 (64.8 mg/I) and the lowest in AH-6 (15.3mg/l).

The completely healthy leaf samples had the highest concentration of copper in CH-6

(93.4 mg/1) and the lowest in CH-4 (9.4 mg/1).

4.3.8 Iron

The highest iron concentration among the yellowing affected leaf samples was

observed in YL-1 (874 mg/1) and the lowest in YL-6 (722 mg/1). The highest and lowest

concentrations of iron among the apparently healthy leaf samples were recorded in AH-

1 (852 mg/1) and AH-6 (550 mg/1) respectively. Among the completely healthy leaf

samples, the highest iron concentration was found in CH-1 (713 mg/1) and the lowest

in CH-4 (305 mg/l).The iron content in the treatment YL was found to be significantly

higher, which was on par with AH at 5% level of significance, while the samples in

CH category had comparatively less iron content.

4.3.9 Manganese

The concentration of manganese was analysed from all the leaf samples and

among the yellowing affected leaf samples, the highest concentration was detected in

the sample YL-6 (87.8 mg/I) and the lowest in YL-5 (53.5 mg/1). Among the apparently

healthy leaf samples, the highest manganese concentration was recorded in AH-5

(168.8 mg/1) and the lowest in AH-6 (22.1 g/1). The highest and lowest concentrations

in completely healthy leaf samples were recorded in CH-6 (121.6 mg/1) and CH-3

(48.1 mg/1) respectively. The concentration of manganese was found to be significantly

high in the treatment AH, which was on par with YL. The treatment was found to be

significantly high at 5% level of significance with a CD value 31.734.

?»?
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4.3.10 Zinc

The highest concentration of zinc among the yellowing affected leaf samples

was detected in YL-2 (33.3 mg/1) and the lowest in YL-3 (24.6 mg/1). Among the

apparently healthy leaf samples, the highest concentration of zinc was recorded in AH-

5 (33.9 mg/1) and the lowest in AH-6 (13.0 mg/1). The highest and lowest zinc content

among the completely healthy leaf samples were recorded in the samples CH-6 (37.8

mg/1) and CH-3 (21.8 mg/1) respectively.

4.3.11 Boron

The boron content among the yellowing affected leaf samples were found to be

highest in YL-6 (35.238 mg/1) and lowest in YL-2 (3.809 mg/1). Among the apparently

healthy leaf samples, the highest boron concentration was recorded in AH-3 (23.809

mg/1) and the lowest in AH-1 (4.762 mg/1). The highest and lowest values in completely

healthy leaf samples were recorded in CH-4 (19.99 mg/1) and CH-3 (3.809 mg/1)

respectively.

Table 8. Comparison of leaf nutrient concentrations of the three sample categories

using CRD

Samples N

(%)

P

(%)

K

(%)

Ca

(%)

Mg

(%)

S

(%)

Fe

(ppm)

Mn

(ppm)
Zn

(ppm)

Cu

(ppm)

B

(ppm)

VL 2.19 0.196 0.577 0.367 0.115 0.697 793.429" 73.6 27.886 46.15 14.286

AH 2.273 0.251 0.601 0.386 0.126 0.759 727.857"" 101.143 25.914 48.317 15.476

CH 2.264 0.241 0.659 0.453 0.142 0.931 640.143" 85.414 29.557 58.617 14.828

CD

(0.05)

NS NS NS NS NS NS 119.253 NS NS NS NS

YL- Yellowing affected: AH- Apparently Healthy: CH- Completely Healthy
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Table 9. Nutrient content analysed from the arecanut leaf samples

Samples N

(%)

P

(%)

K

(%)

Ca

(%)

Mg

(%)

S

(%)

Fe

(ppm)

Mn

(ppm)

Zn

(ppm)

Cu

(ppm)
B

(ppm)

Yellowing affected leaf samples

YL 1 2.15 0.233 0.608 0.333 0.119 0.816 874 74.8 29 47.7 4.762

YL2 2.03 0.233 0.617 0.369 0.138 0.794 806 70 33.3 61.9 3.809

YL3 1.59 0.163 0.522 0.276 0.045 0.433 788 67.8 24.6 49.4 22.857

YL4 2.2 0.159 0.597 0.403 0.151 0.618 753 101 27.9 45.8 19.047

YL5 2.42 0.172 0.545 0.462 0.109 0.692 791 53.5 24.9 8.4 15.238

YL6 2.52 0.156 0.511 0.311 0.119 0.804 722 87.8 26.8 30.5 35.238

YL7 2.42 0.258 0.638 0.417 0.121 0.719 820 60.3 28.7 41.6 9.524

Apparently healthy leaf samples

AH 1 2.06 0.298 0.64 0.460 0.136 0.856 852 102 27.7 40.8 4.762

AH2 2.53 0.297 0.69 0.346 0.136 0.899 796 103 30.3 64.8 9.524

AH3 2.56 0.229 0.591 0.454 0.119 0.642 759 78.8 29.5 28.1 23.809

AH4 2.08 0.258 0.665 0.333 0.115 0.858 729 149.1 25.5 56.4 11.428

AH5 1.68 0.218 0.593 0.519 0.173 1.031 717 168.8 33.9 48.2 13.333

AH6 2.52 0.066 0.39 0.145 0.054 0.259 550 22.1 13.0 15.3 9.524

AH7 2.48 0.208 0.637 0.448 0.146 0.767 692 84.2 21.5 51.6 13.333

Completely healthy leaf samples

CH 1 1.89 0.175 0.573 0.342 0.108 0.506 713 67 31.1 39.2 14.285

CH2 2.14 0.229 0.639 0.489 0.149 0.798 726 90.7 26.3 57.7 15.238

CH3 2.11 0.118 0.516 0.322 0.084 0.541 669 48.1 21.8 20.5 3.809

CH4 2.48 0.09 0.63 0.513 0.130 0.850 305 67.5 28.4 9.8 19.999

CHS 2.38 0.304 0.714 0.488 0.157 1.154 656 113 29.6 78.4 17.143

CH6 2.25 0.386 0.861 0.545 0.220 1.622 709 121.6 37.8 93.4 5.714

CH7 2.6 0.234 0.681 0.469 0.148 1.043 703 90 31.9 62.5 7.619

62



4.4 Biological properties of the soil

4.4.1 Microbial biomass carbon

The microbial biomass carbon in all the samples were estimated and among the

yellowing affected rhizosphere soil samples, the highest value of microbial biomass

carbon was observed in the sample YL-4 (675.2 pg gl"') and the lowest in YL-6 (153.6

pg g"'). Among the apparently healthy rhizosphere soil samples, the highest microbial

organic content was observed in the sample AH-4 (576.8 pg g"') and the lowest in AH5

(132.31 pg g"'). The completely healthy rhizosphere soil samples had the highest

microbial biomass carbon in the sample CH3 (912.1 pg g'') and the lowest in the

sample CH5 (190.68 pg g"'). The microbial biomass carbon values for all the samples

has been enlisted in Table 10, 11 and 12.

4.4.2 Enumeration of culturable microbial population from the soil samples

The population of bacteria, fungi, actinomycetes, phosphate solubilizers,

nitrogen fixers, fluorescent pseudomonads, Trichoderma and Bacillus were estimated

using an array of media and suitable dilutions (Plate 3). The population of the above

mentioned microorganisms from all the 21 rhizosphere soil samples are illustrated in

Tables 10, 11 and 12.

4.4.3 Bacteria

The bacterial population in all the samples were enumerated and the results

were found to be not significantly different. Among the yellowing affected rhizosphere

soil samples, the highest population of bacteria was found in the sample YL-6 with

54.1 X 10^ cfu g"' and the lowest bacterial population in YL-1 (6.6 x 10^ cfu g"'). The

apparently healthy rhizosphere soil samples were also analysed for the bacterial

population and the highest population was recorded in the sample AH-7 with 6.2 x 10^

cfu g"^ soil sample and the lowest in the sample AH-6 with 12.8 x 10^ cfu g'' soil

sample. Among the completely healthy rhizosphere soil samples, the highest bacterial
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population was estimated from the sample CH-3 with 9.25 x 10^ cfu g'' soil sample

and the lowest in the sample CH-1 with 16.2 x 10^ cfu g"' soil sample.

4.4.4 Fungi

There was no significant difference among the three categories of samples with

respect to fungal population. The yellowing affected rhizosphere soil samples were

analysed for the fungal population and the highest population was recorded from the

sample YL-7 with 34.4 x 10^ cfu g*' soil sample and the lowest from the YL-1 with 6.6

X 10^ cfu g"' soil. Among the apparently healthy rhizosphere soil samples, the highest

fungal population was recorded from AH-4 (41.2 x 10^ cfu g"') and the lowest from

AH-1 (10.5 X 10^ cfu g"'). The highest fungal population among the completely healthy

rhizosphere soil samples was recorded from YL-7 (42.2 x 10^ cfu g"') and the lowest

from CH-2 (9.5 x 10^ cfu g"').

4.4.5 Actinomycetes

Among the yellowing affected rhizosphere soil samples, the highest population

was recorded from the sample YL-7 with 42.1 x 10^ cfu g"' soil sample and no colonies

were obtained from the samples YL-1 and YL-2 due to high fungal growth on the

plates. Among the apparently healthy rhizosphere soil samples, the highest population

was recorded from AH-7 (36.3 x 10^ cfu g"' soil sample) and no colonies were found

in AH-1 and AH-2 due to high fungal growth. The actinomycete population in the

completely healthy rhizosphere soil samples was found to be highest in CH-7 (41.1 x

10^ cfu g"') and no colonies were obtained from the samples CH-1 and CH-2.

4.4.6 Phosphate solubilizers

The enumeration of phosphate solubilizers bacteria and fungi was carried out.

The yellowing affected rhizosphere soil samples had the highest population of

phosphate solubilizers in the sample YL-5 (10.5 x 10^ cfu g"' soil sample) and the

lowest in YL-3 (2.2 x 10^ cfu g"' soil sample). Among the apparently healthy
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rhizosphere soil samples, the highest population was observed in AH-2 (13.7 x 10^ cfu

g"' soil sample) and the lowest population in the sample AH-3 with 1x10^ cfti g"' soil

sample. The completely healthy rhizosphere soil samples showed the highest

population of phosphate solubilizers in the sample CH-5 (52 x 10^ cfu g"' soil) and the

lowest in CH-3 (2.3 x 10^ cfu g"' soil sample).

4.4.7 Fluorescent pseudomonads

Among the yellowing affected rhizosphere soil samples, the maximum

population of fluorescent pseudomonads was recorded in the sample in YL-4 (6.2 x 10^

cfu g' soil sample) and the samples YL-2 and YL-6 were not found to show the

presence of fluorescent pseudomonads. A highest population of 8.3 x 10^ cfu g"' soil

sample was obtained from the sample AH-2 from the apparently healthy rhizosphere

soil samples and no colonies were observed from the samples AH-1, AH-4 and AH-6.

From the completely healthy rhizosphere soil samples, the highest population of

fluorescent pseudomonads was recorded in CH-7 (16.5 x 10^ cfu g"' soil sample) and

no colonies were obtained from the samples CH-1, CH-2 and CH-5.

4.4.8 Nitrogen Fixers

The population of nitrogen fixers were enumerated and the highest population

among the yellowing affected rhizosphere soil samples was recorded in YL-2 (12x10^

cfu g"' soil) and no population was observed in YL-5 and YL-6. Among the apparently

healthy rhizosphere soil samples, the highest population was recorded in AH-1 (21 x

10^ cfu g"' soil), but the samples AH-5 and AH-6 failed to show the presence of nitrogen

fixers. The maximum population of nitrogen fixers was recorded in the sample CH-1

(10.8 X 10^ cfii g"' soil sample) and it was found to be absent in the samples CH-4, CH-

5 and CH-6.
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4.4.9 Tnchoderma

The population of Tnchoderma among the yellowing affected rhizosphere soil

samples was enumerated and the highest population was observed in YL-3 (6.75 x 10^

cfu g"' soil sample) and the sample YL-6 failed to show colonies of Trichoderma.

Among the apparently healthy rhizosphere soil samples, the population was highest in

AH-2 (5.75 X 10^ cfu g"' soil sample) and the lowest in AH-6 (0.1 x 10^ cfu g"' soil

sample). The completely healthy rhizosphere soil samples had the highest population

of Trichoderma was recorded from CH-1 (20 x 10^ cfu g'' soil sample) and the lowest

in the samples CH-4 and CH-6 (0.1 x 10^ cfu g"' soil sample).

4.4.10 Bacillus

The population of Bacillus sp. was analysed by serial dilution and plating of the

soil suspension heated at 80®C for 10 minutes. The yellowing affected rhizosphere soil

samples were analysed for Bacillus sp. and the highest population was recorded from

YL-3 (4.5 X 10^ cfu g"' soil sample) and lowest in YL-6 (0.8 x 10'* cfu g"' soil sample).

Among the apparently healthy rhizosphere soil samples, the highest population was

recorded in AH-2 (9.5 x 10'* cfu g"' soil sample) and the lowest in AH-7 (2.15 x 10^ cfu

g"' soil sample). The completely healthy soil samples had their highest Bacillus

population in the sample CH-3 (23.6 x IC* cfu g'* soil sample) and the lowest in CH-5

(1.85 X 10'* cfu g'' soil sample). The completely healthy rhizosphere soil samples were

found to harbor significantly higher population of Bacillus sp. than the yellowing

affected rhizosphere soil samples.
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Plate 3.a. Culturabie bacterial diversity enumerated using serial dilution and plating

YL-4 AH-7

4

Plate 3.b. Fungal diversity on Martin's Rose Bengal agar
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Plate 3.C. Culturable diversity of actinomycetes obtamed using dilution

Plate 3.d. Bacillus colonies on nutrient agar

Plate 3. Diversity of culturable microflora in the rhizosphere of arecanut palms in Wayanad
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Plate 4. Increased Trichoderma population in AH samples



4.5 Purification and maintenance of isolates

A total of 27 predominant bacterial isolates comprising of 6 Bacillus isolates, 8

nitrogen fixers, 5 fluorescent pseudomonads, 2 phosphate solubilizers and 6

antagonistic bacterial isolates were purified and maintained as per the standard

procedures (Plate 5).

4.6 In vitro screening for Plant Growth Promoting (PGP) activities

The bacterial isolates were screened for lAA, HCN, siderophore and ammonia

production. The qualitative estimation for lAA, siderophore, HCN and ammonia

production has been given in Table 13.The isolates were also screened of its capacity

for solubilizing phosphorus and the solubilization index was estimated. The

solubilization efficiency and the quantity of phosphate solubilized has been provided

in Table 13. A quantitative estimation of lAA production was done and provided in the

table 13. About 7 bacterial isolates were found to show lAA production and only 1

isolate exhibited siderophore production. Among the bacterial isolates, 2 isolates were

able to produce HCN and 15 isolates showed ammonia production, which was ranked

based on the intensity of colour produced during the screening. About 10 bacterial

isolates displayed the capacity of phosphate solubilization due to the production of

organic acids (Plate 6).

4.6.1 Screening for phosphate solubilization

All the 27 bacterial isolates were screened for the ability of phosphate solubilization

using Pikovskaya's agar. Among them, 10 isolates were capable of phosphate

solubilization and the amount of P solubilized was quantified. The maximum

solubilization efficiency based on the size of solubilization zone was observed in the

bacterial isolate CH3FP2.
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Nitrogen fixer (AH2NF) Fluorescent pseudomonad (CH3FP2)

Bacillus spp. isolate (CH3BAC)

Plate 5. Predominant bacterial isolates



Table 13. Screening for Plant Growth Promoting (PGP) activities of the

predominant bacterial isolates

-r

N- Phosphate Volatile metabolite Non-volatile metabolite

Isolate Fixation solubilization HCN Ammonia lAA Siderophore

production production production production

CH2BC - - - + + -

AH2BC - - - - - -

CH7BC - - - - - -

AH2BC1 - - - -H- + -

AH2BC2 - - - + - -

AH2BC3 - - - - - -

CH6NF + + - - - -

YL7NF + - - + + -

AH7NF + + - + - -

AH2NF -f - - + - -

CHINF + - - + -

AH5NF + - - + -

AHINF + - - +++ - -

CH4NF + - - - - -

CH3FP - - - - - -

YL4FP - + - ++ + -

AH4FP - + + +++ + -

CH3FPI - + - - + -

CH3FP2 - - - - - -

YL4PS - + - - - +

AH4PS - + - +++ - -

YL3BAC1 - + + - + -

YL3BAC2 - + - + - -

YL3BAC3 - + - + -

CH3BAC - - - - -

YL4BAC - - - + -

YL3BAC4 - - - -

BC- Predominant bacterial isolate: NF- N-fixer: FP- Fluorescent pseudomonad:

PS- P-soIubilizer: BAC- Bacillus

4.6.2 Quantitative estimation of phosphate solubilization

The quantitative estimation of phosphate solubilization was one using

spectrophotometry and among the selected bacterial isolates, the highest production

was recorded in the isolate AH4FP with 13.1 pgmf' ofavailablePinthePikovskaya's

broth. The lowest production was recorded in the isolate YL4PS with 2.7 pg ml"' of
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available P. The solubilization efficiency and quantitative estimate of phosphate

solubilization has been given Table 14.

Table 14. Solubilization efficiency and quantity of phosphate solubilized by the

selected bacterial isolates

Isolate name Solubilization

efficiency in

Pikovskaya's agar in?
days

(%)

Quantity of P
solubilized in

Pikovskaya's broth in
15 days
(pg ml ')

AH2BC3 68 2.9

YL7NF 64 4.2

CH3FP 41 3.6

YL4FP 60 6.8

AH4FP 33 13.1

CH3FP2 70 4.1

YL4PS 55 2.7

AH4PS 48 3.2

YL3BAC1 47 8.5

YL3BAC2 55 2.9

BC- Predominant bacterial isolate: NF- N-fixer: FP- Fluorescent pseudomonad:

PS- P-solubilizer: BAC- Bacillus

4.6.3 Screening for and quantitative estimation of indole acetic acid (lAA)

production

Among the 25 predominant bacterial isolates, 7 were selected for lAA

production potential based on the colour development during the screening procedure.

The intensity of the pink colour was taken as the parameter and further quantification

was done. The quantitative estimation of the 7 selected bacterial isolates for lAA

production was done and the highest production was detected in the isolate CH2BC

72



Plate 6.a Phosphate solubillzation by bacterial isolates on PikovskayaN agar

CH7BC AH4FP YL4FP CH2BC AH4PS CH3FP Control

-f

Plate 6.b. Screening of bacterial isolates for NH3 production



Plate 6.C. Sideropore production by
the isolate YL4PS on CAS agar

AH4FP YL4FP

Plate 6.d. HCN production by the isolate
AH4FP

Control AH2BC1 YL4FP YL7NF YL3BAC1 YL4PS CH3FP1 AH4|P CT2BC

Plate 6.e. lAA production by bacterial isolates in nutrient broth enriched with tryptophan

Plate 6, PGP characterization of the bacterial isolates



with 26.3 [4.g ml'' lAA and the lowest in the isolate YL4FP with 11.2 gg ml'' lAA

(Table 15).

Table 15. lAA production by selected bacterial isolates

Isolate Quantity of lAA produced
(pg ml ')

AH4FP 17.25

CH2BC 26.3

YL4FP 11.2

AH2BC1 12.3

YL4PS 10.8

YL3BAC1 13.2

YL7NF 17.7

BC- Predominant bacterial isolate: NF- N-fixer: FP- Fluorescent pseudomonad:

PS- P-solubilizer: BAC- Bacillus

4.7 Quality and quantity of metagenomic DNA

The quality of the metagenomic DNA isolated from 9 soil samples (YL-2, AH-

2, CH-2, YL-5, AH-5, CH-5, YL-7, AH-7 and CH-7) using MN Nucleospin soil DNA

isolation kit was analysed using agarose gel electrophoresis. Electrophoresis on 0.8 per

cent agarose gel revealed a single intact band corresponding to the 21226 bp band in

the marker. The quantitative analysis of the metagenomic DNA was done by

spectrophotometry using NanoDrop. The concentration of DNA and the ratio of

absorbance between 260/280 nm and 260/230 nm were estimated and provided in

Table 16. The samples YL-5 and CH-2 failed to give amplicons in the 16S rDNA

region and the amplicons obtained from the other seven samples were used for the

downstream processes.
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Table 16. Qualitative and quantitative parameters of the isolated metagenomic

DNA

Sample Name A 260/280 A 260/230 Quantity
(ng/pl)

A 230

YL-2 1.52 0.70 36.2 1.028

YL-5 1.45 0.63 41.7 1.319

YL-7 1.60 0.50 13.3 0.529

AH-2 1.11 0.75 27.1 0.719

AH-5 1.91 0.56 42.8 1.520

AH-7 1.66 0.68 13.8 0.409

CH-2 1.30 0.67 25.8 0.593

CH-5 1.73 0.90 26.3 0.581

CH-7 1.55 0.97 54.3 1.121

YL- Yellowing affected: AH- Apparently Healthy: CH- Completely Healthy

4.8 Quality checking of Fastq sequences

Sequences were analysed for quality parameters like base quality score

distributions, average base content and GC distribution for all the samples (YL-2, YL-

7, AH-2, AH-5, AH-7, CH-5 and CH-7).

4.9 Base quality score distribution

The base quality distribution for all the sequences were observed to be greater

than 80 per cent with a Phred score above 30. The Phred score represents the base

quality and a value above 30 indicates an error probability around 0.001. The

diagrammatic representation shows the sequencing cycle in the X-axis and the

percentage of total reads in the Y-axis.
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Plate 7. Metagenomic DNA on 0.8 % agarose gel

M: Marker (>.£c*>Rl + HindlW double digest)

Amplified hyper-variable regions
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V1 V2

CONSERVED REGIONS: unspeclfic applications

VARIABLE REGIONS: group or species-specific applications

Plate 8. V3 and V4 regions of 16S rRNA gene
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Table 17. Raw read summary: Read quantity and quality

Sample Read Mean Number % % %Q % %Q Number Mean

Name orientation read of reads GC Q 10- 0 >30 of bases read

quality < 20 20- (MB) length
(Phred 10 30 (bp)
score)

YL-2 R1 36.33 558634 54.99 0.07 5.8 3.97 90.16 139.66 250.0

R2 33.79 558634 55.5 0.02 11.72 8.1 80.16 139.66 250.0

YL-7 R1 36.68 887278 55.59 0.05 5.34 3.7 90.9 221.82 250.0

R2 33.13 887278 55.92 0.3 13.62 8.9 77.18 221.82 250.0

AH-2 R1 36.84 848955 54.93 0.05 4.9 3.47 91.58 212.24 250.0

R2 34.2 848955 55.06 0.3 10.81 7.25 81.64 212.24 250.0

AH-5 R1 36.68 773725 56.45 0.05 5.41 3.7 90.84 193.43 250.0

R2 34.07 773725 56.61 0.3 11.28 7.4 81.02 193.43 250.0

AH-7 R1 36.72 930829 55.34 0.05 5.27 3.62 91.05 232.71 250.0

R2 33.92 930829 55.6 0.3 11.55 7.67 80.47 232.71 250.0

CH-5 R1 36.68 860521 54.63 0.05 5.4 3.68 90.87 215.13 250.0

R2 34.06 860521 54.88 0.3 11.19 7.42 81.09 215.13 250.0

CH-7 R1 36.03 573716 56.93 0.07 6.77 4.26 88.9 143.43 250.0

R2 33.62 573716 57.18 0.02 12.43 8.25 79.3 143.43 250.0

4.10 Base composition

The base composition of each sample was analysed and assembled in Table 18.

The graphical representation of the base composition indicated the bases in its

respective assigned colours with the sequencing cycle in X-axis and nucleotide

percentage in the Y-axis.
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Table 18. Base composition of the 16S rDNA amplicons of the isolated

metagenomic DNA samples

Sample Base composition (%)

A C G T

YL-2 22.47 28.10 27.15 22.25

YL-7 22.21 28.44 27.32 21.85

AH-2 22.46 27.93 27.07 22.36

AH-5 21.87 28.66 27.87 21.43

AH-7 22.25 28.12 27.35 22.10

CH-5 22.63 27.87 26.89 22.44

CH-7 21.71 28.99 28.07 21.19

4.11 GC distribution

The average GC composition of all the reads of samples were analysed (Table

17). The graphical representation of the average GC content with X-axis showing the

average GC content and Y-axis showing percentage of sequences indicates that all the

reads of samples has an average GC content in the range of 30-60 per cent.

4.12 Identification of V3 and V4 regions of the paired end sequences

The consensus reads were obtained after separating them from the paired-end

sequences followed by trimming of unwanted sequences and finally the construction

of the V3 and V4 regions using FLASH program. An average contig length of350-450

bp with 0 mismatch was obtained for all the samples. The total number of reads

obtained are given in Table 19.

76



Position in read (bp)

Fig. a. Read 1

Position in read (bp)

Fig. b. Read 2

Plate lO.a. Base composition of YL-2

W



Position in read (bp)

Fig. a. Read 1

A

Position In read (bp)

Fig.b. Read 2

Plate lO.b. Base compositloii of YL-7

r(3



Position in read (bp)

Fig. a. Read 1

Position in read (bp)

1-

Fig. b. Read 2

Plate 10. c. Base composition of AH-2



£
Q)
O)

3
c
o
9
0)
Q.

•o
CO
0)

a:

o
o

o
eo

o
(D

O

O
CM

o -

100 150

Position in read (bp)

Fig. a. Read 1

Position in read (bp)

Fig. b. Read 2

Plate 10. d. Base composition of AH-5

[f^



Position in read (bp)

Fig. a. Read 1

Position in read (bp)

Fig. b. Read 2

Plate 10. e. Base composition of AH-7

11^



Position in read (bp)

Fig. a. Read 1

Posttion in read (bp)

r

Fig. b. Read 2

Plate 10. f. Base composition of CH-5

If?"



ir
Position In read (to)

Fig. a. Read 1

Position in read (bp)

r

Fig. b. Read 1

Plate 10. g. Base composition of CH>7

Plate 10. Base composition of all samples

118



Table 19. Total reads passed through each filter

Sample Name Total Reads Passed Conserved Passed Mismatch

Region Filter Filter

YL-2 558634 558634 557866

YL-7 887278 887278 0

AH-2 848955 848955 0

AH-5 773725 773725 0

AH-7 930829 930829 0

CH-5 860521 860521 0

CH-7 573716 573716 572658

4.13 Chimera Hlter

The chimeric sequences were removed from the consensus reads to obtain the

pre-processed reads using the tool UCHIME implemented in the tool USEARCH. The

number of chimeric sequences and the pre-processed reads are provided in the table.

The reads thus obtained were analysed for the taxonomical classification.

Table 20. Pre-processed reads obtained after chimera filter

Sample Name Consensus Reads Chimeric Sequences Pre-processed Reads

YL-2 557866 24255 533611

YL-7 885364 64369 820995

AH-2 847510 42355 805155

AH-5 771892 22443 749449

AH-7 929040 39313 889727

CH-5 858723 37768 820955

CH-7 572658 11561 561097

r

4.14 Taxonomical classification and relative abundance of the OTUs

The Operational Taxonomic Units (OTUs) were obtained by the pooling and

clustering of the pre-processed reads based on the sequence similarity using Uclust

program. The total number of OTUs obtained after the removal of singletons are

provided in Table 20.
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Table 21. Total OTUs obtained after singleton removal

Sample Name Total Reads Total OTUs Total Singleton Total OTUs

Picked OTUs After Singleton Removal

YL-2 533611 261308 223572 37736

YL-7 820995 302299 256284 46015

AH-2 805155 417341 360650 56691

AH-5 749449 441387 387956 53431

AH-7 889727 384539 327676 56863

CH-5 820955 455005 398939 56066

CH-7 561097 304936 264760 40176

-r

r

Identification of the OTUs was done using the QIIME program and PyNAST

program was used to align the representative OTUs against the Greengenes core set,

followed by the alignment against the chimeric datasets. The taxonomical classification

was done by comparing datasets against the SILVA database using RDP classifier. The

taxonomical classification was done and the top ten taxa (phylum, class, order, family,

genus and species) were represented graphically using this method.

4.15 Bacterial diversity analysed using QIIME program

The analysis of bacterial diversity from the sequences obtained after the

filtering process was done using three tools namely, QIIME, PyNAST and RDP

classifier. Bacterial diversity analysed using the QIIME program yielded a wide array

of bacterial taxa indicating the population dynamics of the various categories of

samples. The apparently healthy rhizosphere soil samples had a similar population

make, as the majority of the bacterial population was composed of phylum

Proteobacteria. In the sample AH-2, the phylum Proteobacteria contributed to almost

29 per cent of the bacterial population followed by Actinobacteria (10.7 %) and the

third largest phylum being Firmicutes (10 %). The sample AH-5 was composed of a

population with Proteobacteria being the majority, but in a lesser proportion of almost

20 per cent compared to the other apparently healthy rhizosphere soil samples,

followed by 19 per cent of Actinobacteria which was closely followed by

Acidobacteria with 18 per cent of the total population. In the sample AH-7, the larger
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proportion of the bacterial assemblage was occupied by Proteobacteria (40.7 %),

followed by Acidobacteria at 14.2 per cent and thirdly by Actinobacteria (12.11 %).

The samples also yielded novel bacterial phyla like Candidate division BRCl, ODl,

OPl 1, TM7 and WS3 at lesser proportions. The unknown categories of bacterial phyla

were present in a proportion of 11.8, 13.5 and 10.8 per cent in the samples AH-2, AH-

5 and AH-7 respectively.

The sample CH-5 was analysed for its bacterial diversity and the predominant

phyla was found to be Proteobacteria (42 %) followed by Actinobacteria (9.7 %) and

Acidobacteria (9.05 %). The sample YL-7 was found to be majorly composed of

Proteobacteria (38 %), followed by Actinobacteria (21.3%) while using the QIIME

program to compare against the Greengenes core set of sequences. The major phylum

in the sample YL-2 was observed to be Proteobacteria being 42 per cent of the total

OTUs, followed by 10 per cent of the total OTUs occupied by phylum Bacteroidetes.

The major phylum inn the sample CH7 was also observed to be Proteobacteria (31.5%),

followed by Acidobacteria (27.5%).

4.16 Bacterial diversity analysed using MEGAN V6.8.13

A BIOM file provided was provided as a supplementary concise information

on the bacterial diversity expressed in terms of the total and assigned number of reads.

The BIOM file was used as the input file for MEGAN V.6.8.13 to obtain bacterial

taxonomic composition of the given sample using NCBI taxonomy. A phylogenetic

tree for each sample was generated and comparative analysis between the yellowing

affected and apparently healthy rhizosphere soil samples was carried out. Graphical

representations for all the analyses were closely studied for the community variations

among them. A comparison between the samples YL-7 and AH-7 provided an insight

into the increased proportion of Actinobacteria in YL-7 when compared to AH-7 and

an increased population of Proteobacteria in AH-7. The same pattern was observed

r
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during the comparison of the sample YL-7 with CH-5, even though both the samples

were collected from different location.

4.17 Bacterial diversity analysed using MG-RAST pipeline

The fasta sequences were uploaded into the MG-RAST pipeline and subjected

to taxonomical analysis. The graphical representations using krona was obtained for

easy comparison and tab separated files in csv format were exported for the calculation

of population indices. The bacterial diversity at phylum and genus level was studied

and an increased population of Proteobacteria in the sample CH-5 was observed. A

considerably increased proportion of Actinobacteria in the sample YL-7 was also

observed and the percentage composition of the specific phylum was observed to be

comparatively less in other samples.

The phylum level bacterial and archaeal diversity was estimated to find out the

dominant phyla in each sample. Among the apparently healthy rhizosphere soil

samples, Actinobacteria was found to be dominant in AH-2 and AH-5, while the

dominant phylum in AH-7 was observed to be Acidobacteria. The completely healthy

rhizosphere soil samples (CH-5 and CH-7) had a dominant population of

Proteobacteria. In sample YL-2, the dominant phylum was found Bacteroidetes and in

the sample YL-7, phylum Actinobacteria was the dominant one.

The diversity of archaebacteria at phylum level was studied and in all the seven

samples studied, the phylum Thaumarchaeota was the dominant phylum in the domain

Archaea, while the status of Euryarchaeota and Crenarchaeota varied among the

samples. The sample YL-2 consisted of bacterial population from 22 phyla, while the

corresponding apparently healthy sample AH-2 had 25 bacterial phyla. The yellowing

affected rhizosphere soil sample YL-7 was observed to house 21 bacterial genera, while

AH-7 had 24 bacterial phyla. The number of bacterial phyla in the samples AH-5, CH-

5 and CH-7 was observed to be 24, 22 and 23 respectively. The phylum level bacterial

and archaeal distribution has been enlisted in Table 22.
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Table 22. Phylum-level bacterial and archaeal diversity rhizosphere samples

A

Domain Phylum

No. of reads assigned

YL-2 AH-2 YL-7 AH-7 AH-5 CH-5 CH-7

Aciinobacteria 55394 92594 409823 75716 91689 66485 55034

Firmicutes 42979 84380 42068 44889 53651 64180 18172

Bacteroidetes 88619 75301 45190 40323 6074 81690 4625

Proteobacteria 40796 67218 113063 61372 54223 132502 65237

Acidobacteria 16839 40194 12819 108535 56331 28663 5834

Verrucomicrobia 4507 19217 7077 9405 26821 12468 5858

Gemmatimonadetes 2678 12051 564 0 2715 1884 2986

Chloroflexi 2976 4035 1372 9172 2724 1194 2849

Planctomycetes 1953 3351 1941 1861 2309 2717 5290

Bacteria Spirochaetes 617 1554 1378 1820 697 1595 2377

Cyanobacteria 211 370 440 1385 146 410 197

Chlamydiae 252 330 434 226 63 431 39

Nitrospirae 186 327 2266 1187 3191 4035 501

Synergistetes 16 66 47 100 16 13 9

Deinococcus-Thermus 221 63 215 30 236 793 179

Aquificae 33 52 8 29 127 5 27

Thermotogae 26 43 29 155 66 72 31

Tenericutes 9 27 5 29 3 17 9

Chlorobi 0 26 60 23 2 77 64

Elusimicrobia 1 8 0 4 4 0 0

Defembacteres 0 1 0 1 6 1 3

Dictyoglomi 1 1 1 4 4 0 3

Fibrobacteres 0 1 .  0 1 0 4 14

Fusobacteria 1 1 4 7 1 0 0

Thermodesulfobacteria 2 1 0 9 26 1 36

Unclassified 151434 167933 138678 265653 165159 169080 142930

Archaea

Thaumarchaeota 20 937 122 405 1545 464 1717

Euryarchaeota 4 32 114 43 1 20 8

Crenarchaeota 0 5 1 53 107 9 4

Unclassified 28 10 0 52 1 5 0
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4.18 Diversity of Archaebacteria in the rhizosphere soil samples

A total of 7 genera was observed in the sample AH2, while only 4 genera were

present in the corresponding yellowing affected rhizosphere soil sample. The sample

YL-7 housed 7 genera of archaebacteria, while the corresponding apparently healthy

sample AH-7 consisted of 6 archaeal genera, but an increased number of individuals

were found in the sample AH-7. The samples AH-5, CH-5 and CH-7 had a total number

5, 8 and 7 archaeal genera respectively. The genus-level archaeal diversity is provided

in Table 23.

Table 23. Genus-level diversity of domain Archaebacteria in the samples

r

Genus-level archaeal assemblage in the sample YL-2

Phylum Class Order Family Genus

Euryarchaeota Halobacteria Halobacteriales Halobacteriaceae Haloterri^ena (2)

Methanobacieria Methanobacteriales Methanobacteriaceae Methanobacterium (1)

Methanomicrobia Methanocellales Methanocellaceae MethanoceUa (I)

Thaumarchaeota Unclassified Unclassified Unclassified Candidatus

Nitrososphaera (20)

Unclassified Unclassified Unclassified Unclassified Unclassified (28)

Genus-level archaeal assemblage in the sample AH-2

Crenarchaeola Unclassified Unclassified Unclassified Candidatus

Nitrosocaldus (5)

Euryarchaeota Halobacteria Halobacteriales Halobacteriaceae Halopiger (I)

Methanobacieria Methanobacteriales Methanobacteriaceae Methanobacterium (2)

Methanomicrobia Methanocellales Methanocellaceae MethanoceUa (5)

Methanosarcinales Methanosaetaceae Methanosaeta (4)

Methanosarcinales Methanosarcinaceae Methanosarcina (20)

Thaumarchaeota Unclassified Unclassified Unclassified Candidatus

Nitrososphaera (937)

Unclassified Unclassified Unclassified Unclassified Unclassified (10)

Genus-level archaeal assemblage in the sample YL-7

Crenarchaeota Unclassified Unclassified Unclassified Candidatus

Nitrosocaldus (1)

Euryarchaeota Halobacteria Halobacteriales Halobacteriaceae Halopiger (24),
Natrinema (1),
Natronobacterium (1)

Methanobacieria Methanobacteriales Methanobacteriaceae Methanobacterium (1)

Methanomicrobia Methanosarcinales Methanosaetaceae Methanosaeta (87)
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A.

r

Thaumarchaeota Unclassified Unclassified Unclassified Candidatus

Nitrososphaera (122)

Genus-level archaeal assemblage in the sample AH-7

Crenarchaeota Unclassified Unclassified Unclassified Candidatus

Nitrosocaldus (53)

Euryarchaeota Methanobacteria Methanobacteriales Methanobacteriaceae Methanobacterium (3)

Methanomicrobia Methanocellales Methanocellaceae Methanocella (14)

Methanomicrobiales Methanocorpusculaceae Methanocorpusculum

(1)
Methanosarcinales Methanosaetaceae Methanosaeta (24)

Unclassified Unclassified Unclassified Unclassified (1)

Thaumarchaeota Unclassified Unclassified Unclassified Candidatus

Nitrososphaera (405)
Unclassified Unclassified Unclassified Unclassified Unclassified (52)

Genus-level archaeal assemblage in the sample AH-5

Crenarchaeota Thermoprotei Fervidicoccales Fervidicoccaceae Fervidicoccus (1)

Thermoproteales Thermoproteaceae Pyrobaculum (1)

Unclassified Unclassified Unclassified Candidatus

Nitrosocaldus (105)

Euryarchaeota Methanomicrobia Methanosarcinales Methanosaetaceae Methanosaeta (1)
Thaumarchaeota Unclassified Unclassified Unclassified Candidatus

Nitrososphaera (1545)
Unclassified Unclassified Unclassified Unclassified Unclassified (1)

Genus-level archaeal assemblage in the sample CH-5

Crenarchaeota Unclassified Unclassified Unclassified Candidatus

Nitrosocaldus (9)

Euryarchaeota Halobacteria Halobacteriales Halobacteriaceae Halopiger (1),
Natrinema (1)

Methanobacteria Methanobacteriales Methanobacteriaceae Methanobacterium (3),
Methanobrevibacter

(I)
Unclassified Methanolinea (1)

Methanosarcinales Methanosaetaceae Methanosaeta (2)

Unclassified Unclassified Unclassified Unclassified (11)

Thaumarchaeota Unclassified Unclassified Unclassified Candidatus

Nitrososphaera (464)

Unclassified Unclassified Unclassified Unclassified Unclassified (5)

Genus-level archaeal assemblage in the sample CH-7

Crenarchaeota Unclassified Unclassified Unclassified Candidatus

Nitrosocaldus (4)

Euryarchaeota Halobacteria Halobacteriales Halobacteriaceae Haloferax (2)

Methanobacteria Methanobacteriales Methanobacteriaceae Methanobrevibacter

(1),
Methanothermobacter

(1)
Methanomicrobia Methanosarcinales Methanosaetaceae Methanosaeta (1)

Methanosarcinaceae Methanosarcina (3)

Thaumarchaeota Unclassified Unclassified Unclassified Candidatus

Nitrososphaera (1717)

^Figures given in the parenthesis indicate number of assigned reads
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"V 4.19 Bacterial diversity in the sample YL-2

The most abundant phylum in the sample YL-2 was observed to be

Bacteroidetes, occupying 22 per cent of the total bacterial population, followed by

Actinobacteria (14%). The third abundant phylum was Proteobacteria and Firmicutes

each occupying 10 per cent of the bacterial population. In the phylum Bacteroidetes,

genus Terrimonas was found to be the dominant one being 40 per cent of the phylum

followed by Chitinophaga (28%). The genus Athrobacter being the dominant genera

in phylum Actinobacteria occupied 41 per cent of the phylum with Thermoleophilum

(10%) being the second abundant genera.

r

The phylum Proteobacteria was mainly composed of the class

Betaproteobacteria being 49 per cent of the phylum, followed by 22 per cent of

Deltaproteobacteria and thirdly by Alphaproteobacteria (17%). The phylum

Proteobacteria was found to harbor the most number of unclassified bacterial

population in all the three dominant classes of the phylum. The most abundant known

genus of the phylum Proteobacteria was observed to be Massilia (11%) followed by

Burholderia (4%). The phylum Firmicutes was majorly composed of the genus

Bacillus (59%) followed by Clostridium (8%) and Paenibacillus (4%). The genus level

bacterial diversity of the 10 most abundant phyla has been provided in Table 24.
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4.20 Bacterial diversity in the sample AH-2

The most dominant phylum in the sample AH-2 was found to be Actinobacteria

(16.24%), followed by Firmicutes (14.8%) and thirdly by Bacteroidetes (13.27%).

About 45 per cent of the Actinobacterial population was found to be occupied by genus

Arthrobacter, followed by 7 per cent of Thermoleophilum and 3 per cent ofAtopobium.

A considerable portion of Firmicutes was composed of the genus Bacillus (58%) and

10 per cent of population in the phylum was composed of the genus Clostridium, while

the genus Paenibacillus occupied only 2 per cent of the population. The phylum

Bacteroidetes was found to be majorly composed of genus Terrimonas, with the second

most abundant genera being Chitinophaga.

Among the different classes in the phylum Proteobacteria, class

Betaproteobacteria was found to be the dominant one. The most abundant genus in

phylum Proteobacteria was observed to be Ralstonia (12%), followed by Burkholderia

(10%). The proportion of unclassified bacteria was found to be very high in the phylum

Proteobacteria. The genus-level taxonomic assemblage of the bacterial diversity from

the sample AH2 has been provided in Table 25.
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4.21 Bacterial diversity in the sample YL-7

The sample YL-7 was analysed for the phylum level bacterial diversity and the

most abundant bacterial phylum was found to be Actinobacteria forming 52 per cent

of the bacterial population followed by 14 per cent of Proteobacteria and thirdly by

Bacteroidetes (6%). Phylum Actinobacteria was found to be exceptionally high in the

population of genus Williamsia forming 59 per cent of the phylum Actinobacteria

followed by 10 per cent of Brevibacterium and Gordonia. The second largest phylum

being Proteobacteria, was largely composed of the class Alphaproteobacteria and the

most abundant genera in the class was observed to be Methylobacterium occupying 33

per cent of the population of phylum Proteobacteria.

The phylum Bacteroidetes possessed 16 per cent of Terrimonas and 14 per cent

of Prevotella, followed by 11 per cent of Flavobacterium. Other genera like

Chitinophaga, Sphingobacterium and Pedobacter were found to be present in notable

proportion. The phylum Firmicutes was dominated by the genus Bacillus, occupying

49 per cent of the population in the phylum, followed by 8 per cent of Clostridium.

Other genera like Paenibacillus, Brevibacillus, Desulfotomaculum and Ruminococcus

was found to be present in notable numbers. The genus-level bacterial diversity in the

10 most abundant phyla has been provided in Table 26.
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4.22 Bacterial diversity in the sample AH-7

An abundance of the phylum Acidobacteria was recorded from the sample AH-

7 with the phylum being less diverse. The phylum Actinobacteria was the second most

abundant phylum in the sample followed by Proteobacteria. The phylum Acidobacteria

was majorly composed of the genus Candidatus Koribacter (59%) as seen in the

previous sample. The abundant genus in the phylum Actinobacteria was observed to

be Thermoleophilum (19%) followed by Arthrobacter (14%) and then by Williamsia

(10%). The class Betaproteobacteria dominated the phylum Proteobacteria, with 15 per

cent of the population being Burkholderia. Among the phylum Firmicutes, the Bacillus

population occupied 37 per cent of the phylum. The population of other important

genera was also recorded for comparative purposes. The genus-level bacterial diversity

has been provided in Table 27.

The dominant phylum in the sample AH-7, being Acidobacteria was observed

to be less diverse with three genera Acidobacterium, Candidatus Solibacter and

Candidatus Koribacter constituting the entire Acidobacterial population with 18, 23

and 59 per cent of the phylum respectively. The phylum Actinobacteria was found to

have 19 per cent of Thermoleophilum followed by 14 per cent Arthrobacter and 10 per

cent of Williamsia being notably abundant genera. Among the different classes in the

phylum Proteobacteria, the class Betaproteobacteria was found to be abundant

followed by Alphaproteobacteria.
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4.23 Bacterial diversity in the sample AH-5

The domain Bacteria was dominated by the phylum Actinobacteria (19.6%)

followed by phylum Acidobacteria (12.03%) and thirdly by Proteobacteria (11.6%).

Phylum Actinobacteria was composed majorly of genus Thermoleophilum occupying

24 per cent of the phylum. The acidobacterial phylum being the second most abundant

phylum in the sample was less diverse than the less abundant Proteobacteria. The

phylum Proteobacteria had a majority of the genus Candidatus Koribacter falling

under unclassified class, order and family. The phylum Proteobacteria had its majority

in the class Deltaproteobacteria with the abundant genus being unclassified. A notable

population of Bacillus occupying almost 37 per cent of the phylum Firmicutes was also

observed from the sample AH5. The genus-level diversity of the bacterial population

has been enlisted Table 28.

The genus Thermoleophilum was observed to constitute 24 per cent of the

actinobacterial population, being the dominant genera in the mentioned phylum. The

class Deltaproteobacteria was found to be the dominant class in the phylum

Proteobacteria, with the major portion of it being unclassified. Among the various

genera of the phylum Firmicutes, Bacillus occupied 59 per cent of the total population

in the phylum.

135



J
i

1
8
0
,
0
0
0
 -
n

■
o 0
) B .2
f

'f/
i

(/
> n s
n

■
o 0
)

b e Z

16
0.

00
0

14
0,

00
0 

—

12
U

.U
00

in
n

 n
o

n

8U
.U

U
U

60
.0

00
 -

4
0

,0
0

0
 -

2
0

,0
0

0
-

M
aj

or
 p

hy
la

A
ct

in
o

b
a

ct
e

ri
a

-1
6

%

A
ci

d
o

b
a

ct
e

ri
a

-1
3

%

F
ir

m
ic

u
te

s
-1

1
%

P
ro

te
o

b
a

ct
e

ri
a

-9
%

B
a

ct
e

ro
id

e
te

s
-1

.3
%

V
e

rr
u

co
m

ic
ro

b
ia

-5
%

U
n

cl
a

ss
ifi

e
d

- 
3

2
%

Pl
at

e 
14

. P
hy

lu
m

-le
ve

l b
ac

te
ria

l d
iv

er
si

ty
 in

 th
e 

sa
m

pl
e 

A
H

-5
 o

bt
ai

ne
d 

us
in

g 
M

G
-R

A
S

T 
pi

pe
lin

e



Ta
bl
e 
28

. 
Ge
nu
s-
le
ve
l 
ta
xo
no
mi
c 
as

se
mb

la
ge

 o
f 
ba
ct
er
ia
l 
di
ve
rs
it
y 
fr
om
 1
0 
pr

ed
om
in
an
t 
ph
yl
a 
in

 t
he

 s
am

pl
e 
A
H
-
5

P
h
y
l
u
m

C
l
a
s
s

O
r
d
e
r

F
a
m
i
l
y

G
e
n
u
s

A
c
t
i
n
o
b
a
c
t
e
r
i
a

A
c
t
i
n
o
b
a
c
t
e
r
i
a

A
c
i
d
i
m
i
c
r
o
b
i
a
l
e
s

A
c
i
d
i
m
i
c
r
o
b
i
a
c
e
a
e

Ac
id
im
ic
ro
bi
um
 (
10
41
),
 A
ci
di
th
io
mi
cr
ob
iu
m

(
1
7
1
)

Ac
ti
no
my
ce
ta
le
s

A
c
i
d
o
t
h
e
r
m
a
c
e
a
e

A
c
i
d
o
t
h
e
r
m
u
s
 (
4
1
1
)

Ac
ti

no
my

ce
ta

ce
ae

Ac
ti

no
ba

cu
lu

m 
(2

2)
, 
Ac

ti
no

my
ce

s (
28
),

Ar
ca
no
ba
ct
er
iu
m 
(8
),
 M
o
b
i
l
u
n
c
u
s
 (
4
)

Ac
ti
no
po
ly
sp
or
ac
ea
e

Ac
ti

no
po

ly
sp

or
a 
(
1
)

Ac
ti

no
sy

nn
em

at
ac

ea
e

Ac
ti

no
ki

ne
os

po
ra

 (
85

),
 A
ct

in
os

yn
ne

ma
 (
9)
,

Le
ch

ev
al

ie
ri

a 
(1

1)
, 
Le
nt
ze
a 
(9

4)
, 
Sa

cc
ha

ro
th

ri
x

(
1
5
)

Be
ut

en
be

rg
ia

ce
ae

B
e
u
t
e
n
b
e
r
g
i
a
 (
4
1
6
)

B
r
e
v
i
b
a
c
t
e
r
i
a
c
e
a
e

Br
ev

ib
ac

te
ri

um
 (
5
8
7
)

Ca
te

nu
li

sp
or

ac
ea

e
Ca
te
nu
li
sp
or
a 
(
1
3
4
)

C
e
l
l
u
l
o
m
o
n
a
d
a
c
e
a
e

Ce
ll

ul
om

on
as

 (
7
8
7
)

Co
ry
ne
ba
ct
er
ac
ea
e

C
o
r
y
n
e
b
a
c
t
e
r
i
u
m
 (
5
5
3
2
)

D
e
r
m
a
b
a
c
t
e
r
a
c
e
a
e

B
r
a
c
h
y
b
a
c
t
e
r
i
u
m
 (
2
4
9
)

D
e
r
m
a
c
o
c
c
a
c
e
a
e

D
e
r
m
a
c
o
c
c
u
s
 (
1
4
)
,
 K
y
t
o
c
o
c
c
u
s
 (
1
4
)

D
e
r
m
a
t
o
p
h
i
l
a
c
e
a
e

D
e
r
m
a
t
o
p
h
i
l
u
s
 (
8
9
)

D
i
e
t
z
i
a
c
e
a
e

Di
et

zi
a 
(
1
7
)

F
r
a
n
k
i
a
c
e
a
e

F
r
a
n
k
i
a
 (
2
1
5
7
)

G
e
o
d
e
r
m
a
t
o
p
h
i
l
a
c
e
a
e

G
e
o
d
e
r
m
a
t
o
p
h
i
l
a
 (
1
7
8
)

G
l
y
c
o
m
y
c
e
t
a
c
e
a
e

G
l
y
c
o
m
y
c
e
s
 (
9)

, 
St
ac
ke
br
an
dt
ia
 (
1
5
)

G
o
r
d
o
n
i
a
c
e
a
e

G
o
r
d
o
n
i
a
 (
7
6
5
)

In
tr
as
pc
ra
ng
ia
ce
ae

In
tr
as
po
ra
ng
iu
m 
(1
96
),
 J
an
ib
ac
te
r 
(4

53
),

Se
ri
ni
co
cc
us
 (8

4)
, 
Te
rr
ab
ac
te
r (
57

8)
,

T
e
t
r
a
s
p
h
a
e
r
a
 (
1
3
1
)

K
i
n
e
o
s
p
o
r
i
a
c
e
a
e

K
i
n
e
o
c
o
c
c
u
s
(
7
4
)

M
i
c
r
o
b
a
c
t
e
r
i
a
c
e
a
e

Ag
re
ia
 (
7)
, 
A
g
r
o
c
o
c
c
u
s
 (4

5)
, 
A
g
r
o
m
y
c
e
s
 (
63

),
Ca

nd
id

at
us

 A
qu

il
un

a 
(3
),
 C
an
di
da
tu
s 
R
h
o
d
o
l
u
n
a

(1
),
 C
la

vi
ba

ct
er

 {
\9

),
 C
ry

ob
ac

te
ri

um
 (
99

),
Cu

rt
ob

ac
te

ri
um

 (
2)
, 
Fr

ig
or

ib
ac

te
ri

um
 (
1)
,

Gl
ac

ii
ba

ct
er

 {
\9
),
 L
ei
fs
on
ia
 (
6
3
)
,
 L
e
u
c
o
b
a
c
t
e
r

1
3
6



M

(4
),
 M
ic

ro
ba

ct
er

iu
m 
(4
69
),
 M
yc
et
oc
ol
a 
(5
0)
,

O
k
i
b
a
c
t
e
r
i
u
m
 (
5)

, 
Ps

eu
do

cl
av

ib
ac

le
r 
(2

),
Ra
th
ay
ib
ac
te
r 
(2

2)
, 
Su

bt
er

co
la

 (
2
)

M
i
c
r
o
c
o
c
c
a
c
e
a
e

Ar
th

ro
ha

ct
er

 (
3
2
2
8
)
,
 K
o
c
u
r
i
a
 (
1
0
3
)
,
 M
i
c
r
o
c
o
c
c
u
s

(3
6)

, 
Ne
st
er
en
ko
ni
a 
(4

3)
, 
Re
ni
ba
ct
er
iu
m 
(4

8)
,

R
o
t
h
i
a
 (
8
4
5
)

M
i
c
r
o
m
o
n
o
s
p
o
r
a
c
e
a
e

Ac
ti

no
pl

an
es

 (
39
9)
, 
Ca
te
nu
lo
pl
an
es
 (
19
4)
,

Da
ct

yl
os

po
ra

ng
iu

m 
(4
89
),
 M
ic
ro
mo
no
sp
or
a

(3
86
8)
, 
Po
ly
mo
rp
ho
sp
or
a 
(3

),
 Sa

li
ni
sp
or
a 
(2

34
),

Ve
ru
co
si
sp
or
a 
(
4
3
7
)

M
y
c
o
b
a
c
t
e
r
i
a
c
e
a
e

M
y
c
o
b
a
c
t
e
r
i
u
m
 (
3
8
2
4
)

N
a
k
a
m
u
r
e
l
l
a
c
e
a
e

N
a
k
a
m
u
r
e
l
l
a
 (
4
9
)

N
o
c
a
r
d
i
a
c
e
a
e

N
o
c
a
r
d
i
a
 (
3
3
2
)
,
 R
h
o
d
o
c
o
c
c
u
s
 (
1
1
8
9
)
,

S
m
a
r
a
g
d
i
c
o
c
c
u
s
 (
1
3
7
)

N
o
c
a
r
d
i
o
i
d
a
c
e
a
e

A
e
r
o
m
i
c
r
o
b
i
u
m
 (
14

5)
, 
Kr

ib
be

ll
a 
(2

44
9)

,
No

ca
rd

io
id

es
 (
35
98
),
 P
im
el
ob
ac
te
r (
34

8)
,

No
ca

rd
io

ps
is

 (
42

7)
, S

tr
ep

to
mo

no
sp

or
a 
(
7
)
,

T
h
e
r
m
o
b
i
f
i
d
a
 (
1
7
)

P
r
o
m
i
c
r
o
m
o
n
o
s
p
o
r
a
c
e
a
e

Ce
ll
ul
os
im
ic
ro
bi
um
 (
27
6)
, 
Is
op
te
ri
co
la
 (
6)
,

Pr
om
ic
ro
mo
no
sp
or
a 
(2
99
),
 Xy

la
ni
mi
cr
ob
iu
m 
(7

),
X
y
l
a
n
i
m
o
n
a
s
 (
1
)

Pr
op
io
ni
ba
ct
er
ia
ce
ae

Mi
cr
ol
un
at
us
 (
11

0)
, 
Pr

op
io

ni
ba

ct
er

iu
m 
(5
7)
,

Un
cl

as
si

fi
ed

 (
7
5
1
)

P
s
e
u
d
o
n
o
c
a
r
d
i
a
c
e
a
e

Am
yc
ol
at
op
si
s (
95

5)
, 
Ki

bd
el

os
po

ra
ng

iu
m 
(3

5)
,

Ku
tz
ne
ri
a 
(1

),
 P
ra
us
er
el
la
 (
36

),
 P
se
ud
on
oc
ar
di
a

(3
18
4)
, 
S
a
c
c
h
a
r
o
m
o
n
o
s
p
o
r
a
 (
16
8)
,

Sa
cc
ha
ro
po
ly
sp
or
a 
(6

42
5)

, 
Th

er
mo

bi
sp

or
a 
(2
4)
,

T
h
e
r
m
o
c
r
i
s
p
u
m
 (
1
3
)

R
a
r
o
b
a
c
t
e
r
a
c
e
a
e

R
a
r
o
b
a
c
t
e
r
 {
\
1
5
)

Sa
ng

ui
ba

ct
er

ac
ea

e
S
a
n
g
u
i
h
a
c
t
e
r
 (
4
)

Se
gn

il
ip

ar
ac

ea
e

Se
gn
il
ip
ar
us
 (
2
)

St
re

pt
om

yc
et

ac
ea

e
Ki
ta
sa
to
sp
or
a 
(9
7)
, S

tr
ep

ta
ci

di
ph

il
us

 (9
),

S
t
r
e
p
t
o
m
y
c
e
s
 (
2
8
9
9
)

St
re
pt
os
po
ra
ng
ia
ce
ae

Mi
cr

ob
is

po
ni

 (8
0)
, 
Mi
cr
ot
et
ra
sp
or
a 
(2

6)
,

N
o
n
o
m
u
r
a
e
a
 (
1
3
2
)
,
 P
l
a
n
o
b
i
s
p
o
r
a
 (
1)

,

r
®

1
3
7



Pl
an

om
on

os
po

ra
 (
34
),
 St

re
pt
os
po
ra
ng
iu
m

(
1
2
5
3
)
,
 T
h
e
r
m
o
p
o
l
y
s
p
o
r
a
 {
\
)

Th
er

mo
mo

no
sp

or
ac

ea
e

Ac
ti

no
al

lo
mu

ru
s 
(1

79
3)

, 
Ac
ti
no
co
ra
ll
ia
 (
22

1)
,

Ac
ti

no
ma

du
ra

 (
17

48
),

 Sp
ir

il
lo

sp
or

a 
(4
),

T
h
e
r
m
o
m
o
n
o
s
p
o
r
a
 (
2
5
7
9
)
,
 U
nc

la
ss

if
ie

d 
(
1
0
6
1
)

T
 s
u
k
a
m
u
r
e
l
l
a
c
e
a
e

T
s
u
k
a
m
u
r
e
l
l
a
 (
1
2
)

W
i
i
l
i
a
m
s
i
a
c
e
a
e

Wi
ll
ia
ms
ia
 (
2
2
8
7
)

U
n
c
l
a
s
s
i
f
i
e
d

T
r
o
p
h
e
r
y
m
a
 (
2
5
)
,
 U
nc

la
ss

if
ie

d (
3
)

B
i
f
i
d
o
b
a
c
t
e
r
i
a
l
e
s

B
i
f
i
d
o
b
a
c
t
e
r
i
a
c
e
a
e

Ae
ri
sc
ar
do
vi
a 
(1
),
 A
Uo
sc
ar
do
vi
a 
(1
),

Bi
fi

do
ba

ct
er

iu
m 
(6

1)
, 
Ga

rd
ne

re
ll

a 
(3

0)
,

Me
ta

sc
ar

do
vi

a 
(
6
)

U
n
c
l
a
s
s
i
f
i
e
d

Tu
ri

ce
ll

a 
(
3
)

C
o
r
i
o
b
a
c
t
e
r
i
a
l
e
s

C
o
r
i
o
b
a
c
t
e
r
i
a
c
e
a
e

At
op

ob
iu

m 
(3

77
3)

, 
Co
ll
in
se
ll
a (

78
),

Cr
yp
to
ba
ct
er
iu
m 
(9

),
 E
gg

er
th

el
la

 (
13

),
E
n
t
e
r
o
r
h
a
b
d
u
s
 (
1
3
)
,
 G
o
r
d
o
n
i
b
a
c
t
e
r
 (
3
2
3
)
,

Sl
ac

ki
a 
(
1
2
)

R
u
b
r
o
b
a
c
t
e
r
a
l
e
s

R
u
b
r
o
b
a
c
t
e
r
a
c
e
a
e

R
u
b
r
o
b
a
c
t
e
r
 (
7
8
3
)

Th
er

mo
le

op
hi

la
le

s
T
h
e
n
n
o
l
e
o
p
h
i
l
a
c
e
a
e

T
h
e
r
m
o
l
e
o
p
h
i
l
u
m
 (
2
2
0
6
4
)

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

Un
cl

as
si

fi
ed

 (
4
7
)

A
c
i
d
o
b
a
c
t
e
r
i
a

A
c
i
d
o
b
a
c
t
e
r
i
a

A
c
i
d
o
b
a
c
t
e
r
i
a
l
e
s

A
c
i
d
o
b
a
c
t
e
r
i
a
c
e
a
e

A
c
i
d
o
b
a
c
t
e
r
i
u
m
 (
8
9
6
5
)
,
 T
er
ri
gl
ob
us
 (
3
4
0
)

S
o
l
i
b
a
c
t
e
r
e
s

S
o
l
i
b
a
c
t
e
r
a
l
e
s

S
o
l
i
b
a
c
t
e
r
a
c
e
a
e

C
a
n
d
i
d
a
t
u
s
 S
ol

ih
ac

te
r (
1
3
4
5
8
)

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

C
a
n
d
i
d
a
t
u
s
 K
o
r
i
b
a
c
t
e
r
 (
3
3
5
6
8
)

P
r
o
t
e
o
b
a
c
t
e
r
i
a

Al
ph
ap
ro
te
ob
ac
te
ri
a

C
a
u
i
o
b
a
c
t
e
r
a
i
e
s

C
a
u
l
o
b
a
c
t
e
r
a
c
e
a
e

As
ti

cc
ac

au
li

s (
6)
, 
B
r
e
v
u
n
d
i
m
o
n
a
s
 (
10

),
C
a
u
l
o
b
a
c
t
e
r
 (
7)

, 
P
h
e
n
y
l
o
b
a
c
t
e
r
i
u
m
 (
2
0
6
)

R
h
i
z
o
b
i
a
l
e
s

B
a
r
t
o
n
e
l
l
a
c
e
a
e

Ba
rt
on
el
la
 (
3
)

Be
ij

er
in

ck
ia

ce
ae

Be
ij
er
in
ck
ia
 (
3)
, 
Ch
el
at
oc
oc
cu
s 
(3
),

M
e
t
h
y
l
o
c
a
p
s
a
 (
6)

, 
Me

th
yl

oc
el

la
 (
5
)

Br
ad

yr
hi

zo
bi

ac
ea

e
Af
ip
ia
 (
7)

, B
al
ne
im
on
as
 (3

5)
, 
Bo
se
a 
(2

5)
,

Br
ad
yr
hi
zo
bi
um
 (
16

57
),

 N
it
ro
ba
ct
er
 (5

9)
,

Rh
od

ob
la

st
us

 (
3)
, 
R
h
o
d
o
p
s
e
u
d
o
m
o
n
a
s
 (1

39
),

Un
cl

as
si

fi
ed

 (
1
8
2
6
)

B
r
u
c
e
l
l
a
c
e
a
e

O
c
h
r
o
b
a
c
t
r
u
m
 (
1
8
)

Hy
ph

om
ic

ro
bi

ac
ea

e
Bl
as
to
ch
hr
is
 (1
83
),
 D
ev

os
ia

 (
1)
,

H
y
p
h
o
m
i
c
r
o
b
i
u
m
 (
80
),
 R
ho

do
mi

cr
ob

iu
m 
(2

6)
,

R
h
o
d
o
p
l
a
n
e
s
 (
4
)

1
3
8



A■

M
et

hy
lo

ba
ct

er
ia

ce
ae

M
et

hy
lo

ba
ct

er
iu

m
 (

33
6)

M
et

hy
lo

cy
st

ac
ea

e
M

et
hy

lo
cy

st
is

 (1
6)

, M
et

hy
lo

pi
la

 (1
), 

M
et

hy
lo

si
nu

s
(1

8)
, U

nc
la

ss
ifi

ed
 (

77
)

Ph
yl

lo
ba

ct
er

ia
ce

ae
A

m
in

ob
ac

te
r (

2)
, 

C
he

la
tiv

or
an

s 
(1

9)
,

M
es

or
hi

zo
bi

um
 (

27
3)

, P
hy

llo
ba

ct
er

iu
m

 (
1)

,
P

se
ud

oa
m

in
ob

ac
te

r 
(1

)
R

hi
zo

bi
ac

ea
e

Ag
ro

ba
ct

er
iu

m
 (

2)
, C

an
di

da
tu

s 
Li

be
rib

ac
te

r (
3)

,
R

hi
zo

bi
um

 (
10

4)
, S

in
or

hi
zo

bi
um

 (
6)

R
h

o
d

o
b

ia
ce

a
e

A
fif

el
la

 (
2)

, R
ho

do
bi

um
 (

5)
, R

os
eo

sp
iri

llu
m

 (
1)

U
n

cl
a

ss
ifi

e
d

U
nc

la
ss

ifi
ed

 (6
1)

X
a

n
th

o
b

a
ct

e
ra

ce
a

e
A

zo
rh

iz
ob

iu
m

 (
1)

, X
an

th
ob

ac
te

r 
(3

)
R

h
o

d
o

b
a

ct
e

ra
le

s
R

h
o

d
o

b
a

ct
e

ra
ce

a
e

P
an

no
ni

ba
ct

er
 (5

5)
, R

ho
do

ba
ct

er
 (1

),
R

ho
do

th
al

as
si

um
 (

5)
, R

ho
do

vu
lu

m
 (

1)
,

U
nc

la
ss

ifi
ed

 (
2)

U
n

cl
a

ss
ifi

e
d

U
nc

la
ss

ifi
ed

 (8
)

R
ho

do
sp

iri
lla

le
s

A
ce

to
b

a
ct

e
ra

ce
a

e
Ac

et
ob

ac
te

r (
7)

, G
lu

co
no

ac
et

ob
ac

te
r (

7)
,

G
lu

co
no

ba
ct

er
 (5

), 
G

ra
nu

lib
ac

te
r (

78
), 

K
oz

ak
ia

(3
), 

N
eo

as
ai

a 
(1

), 
S

w
am

in
at

ha
ni

a 
(1

)
R

ho
do

sp
iri

lla
ce

ae
Az

os
pi

ril
lu

m
 (

51
), 

D
ec

hl
or

os
pi

ril
lu

m
 (

1)
,

M
ag

ne
to

sp
iri

llu
m

 (6
), 

R
ho

do
sp

iri
llu

m
 (

3)
,

R
ho

do
vi

br
io

 (
3)

 , 
R

os
eo

sp
ira

 (3
),

Te
lm

at
os

pi
ril

lu
m

 (
2)

, 
Ti

st
re

lla
 (3

), 
U

nc
la

ss
ifi

ed
(1

55
)

R
ic

ke
tt

si
a

le
s

A
na

pl
as

m
at

ac
ea

e
A

na
pl

as
m

a 
(2

), 
E

hr
lic

hi
a 

(1
)

R
ic

ke
tt

si
a

ce
a

e
O

rie
nt

ia
 (

16
), 

R
ic

ke
tts

ia
 (

1)
U

n
cl

a
ss

ifi
e

d
C

an
di

da
tu

s 
O

dy
ss

el
la

 (
4)

Sp
hi

ng
om

on
ad

al
es

Er
yt

hr
ob

ac
te

ra
ce

ae
E

ry
th

ro
ba

ct
er

 (2
), 

E
ry

th
ro

m
ic

ro
bi

um
 (1

),
P

or
ph

yr
ob

ac
te

r 
(2

)
Sp

hi
ng

om
on

ad
ac

ea
e

Bl
as

to
m

on
as

 (3
), 

N
ov

os
ph

in
go

bi
um

 (
20

0)
,

Sp
hi

ng
ob

iu
m

 (1
76

), 
Sp

hi
ng

om
on

as
 (5

59
),

Sp
hi

ng
op

yx
is

 (1
0)

, S
ph

in
go

si
ni

ce
lla

 (2
),

Zy
m

om
on

as
 (

1)
U

n
cl

a
ss

ifi
e

d
U

n
cl

a
ss

ifi
e

d
U

nc
la

ss
ifi

ed
 (

58
70

)

1
3

9



Be
ta
pr
ot
eo
ba
ct
er
ia

B
u
r
k
h
o
l
d
e
r
i
a
l
e
s

Al
ca

li
ge

na
ce

ae
A
c
h
r
o
m
o
b
a
c
t
e
r
 (
5)
, 
Al

ca
li

ge
ne

s 
(8
),

A
z
o
h
y
d
r
o
m
o
n
a
s
 (
13

),
 B
or
de
te
ll
a 
(2
),
 D
er

xi
a 
(2
),

Pe
li

st
eg

a 
(1
),
 P
i
g
m
e
n
t
i
p
h
a
g
a
 (
1
)

B
u
r
k
h
o
l
d
e
r
i
a
c
e
a
e

Bu
rk

ho
ld

er
ia

 (
14

85
),

 C
an

di
da

tu
s 
Gl
om
er
ib
ac
te
r

(6
),

 C
up

ri
av

id
us

 (1
56
),
 P
a
n
d
o
r
a
e
a
 (3

),
P
a
u
c
i
m
o
n
a
s
 (
3)
, P

ol
yn
uc
le
ob
ac
te
r 
(5
),
 R
al

st
on

ia

(
1
6
3
)

C
o
m
m
o
n
a
d
a
c
e
a
e

Ac
id

ov
or

ax
 (
25

),
 B
r
a
c
h
y
m
o
n
a
s
 (
7)
, 
C
o
m
a
m
o
n
a
s

(1
9)

, 
P
e
l
o
m
o
n
a
s
 (
15

),
 P
se
ud
ac
id
ov
or
ax
 (
1)
,

Va
ri

ov
or

ax
 (
12
6)
, 
Ve
rm
in
ep
hr
ob
ac
te
r (
1
9
)
,

Xe
no
ph
il
us
 (
34

),
 U
nc

la
ss

if
ie

d 
(
1
7
9
)

O
x
a
i
o
b
a
c
t
e
r
a
c
e
a
e

Co
ll

im
on

as
 (3

4)
, 
Du
ga
ne
ll
a 
(1
4)
, 
He
rb
as
pi
ri
ll
um

(1
3)

, 
H
e
r
m
i
n
i
i
m
o
n
a
s
 (1

),
 J
an

th
in

ob
ac

le
ri

um
 (
32

),
Ma

ss
il

ia
 (
11
24
),
 O
xa
li
ci
ba
ct
er
iu
m 
(1

2)
, 
Te

ll
ur

ia
(
8
7
)

U
n
c
l
a
s
s
i
f
i
e
d

Aq
ui

nc
ol

a 
(2
),
 Le

pt
ot
hr
ix
 (7

),
 R
os

ea
te

le
s (

6)
,

Ru
br
iv
iv
ax
 (8

),
 Sp

ha
er

ot
il

us
 (3

),
 T
hi
ob
ac
te
r (

3)
,

T
h
i
o
m
o
n
a
s
 (4

),
 U
nc
la
ss
if
ie
d (
2
3
3
2
)

G
a
l
l
i
o
n
e
l
l
a
l
e
s

G
a
l
l
i
o
n
e
l
l
a
c
e
a
e

S
i
d
e
r
o
x
y
d
a
n
s
 (
1
)

H
y
d
r
o
g
e
n
o
p
h
i
l
a
l
e
s

H
y
d
r
o
g
e
n
o
p
h
i
l
a
c
e
a
e

T
h
i
o
b
a
c
U
l
u
s
 (
2
)

Me
th
yl
op
hi
la
le
s

M
e
t
h
y
l
o
p
h
i
l
a
c
e
a
e

M
e
t
h
y
l
o
t
e
n
e
r
a
 (
1
)

N
e
i
s
s
e
r
i
a
l
e
s

N
e
i
s
s
e
r
i
a
c
e
a
e

Aq
ua

sp
ir

il
lu

m 
(8

),
 C
hr

om
ob

ac
te

ri
um

 (
1)

,
La
ri
ba
ct
er
 (
2)
, 
Ne

is
se

ri
a 
(3

),
 S
te

no
xy

ba
ct

er
 {
\
)

N
i
t
r
o
s
o
m
o
n
a
d
a
l
e
s

N
i
t
r
o
s
o
m
o
n
a
d
a
c
e
a
e

Ni
tr

os
om

on
as

 (
18

),
 N
it

ro
so

sp
ir

a 
(4
68
),

Ni
tr

os
ov

ib
ri

o 
(
5
2
)
,
 U
nc

la
ss

if
ie

d 
(
2
3
4
)

U
n
c
l
a
s
s
i
f
i
e
d

Un
cl

as
si

fi
ed

 (
6
9
)

Rh
od
oc
yc
la
le
s

Rh
od

oc
yc

la
ce

ae
A
r
o
m
a
t
o
l
e
u
m
 (
1)
, 
A
z
o
n
e
x
u
s
 (
1)
, 
D
e
c
h
l
o
r
o
m
o
n
a
s

(1
),
 G
eo
rg
fu
ch
si
a 
(1
),
 Sl

er
ol

ib
ac

te
ri

um
 (
16

),
T
h
a
u
e
r
a
 (
2)
, 
Un

cl
as

si
fi

ed
 (
1
8
3
)

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

C
a
n
d
i
d
a
t
u
s
 T
r
e
m
b
a
l
a
y
a
 (
3)
, 
Un

cl
as

si
fi

ed
 (
6
9
4
6
)

De
lt

ap
ro

te
ob

ac
te

ri
a

B
d
e
l
l
o
v
i
b
r
i
o
n
a
l
e
s

B
a
c
t
e
r
i
o
v
o
r
a
c
a
c
e
a
e

Ba
ct

er
iu

vo
ra

x 
(
4
)

B
d
e
l
l
o
v
i
b
r
i
o
n
a
c
e
a
e

Bd
el

lo
vi

br
io

 (
6
)

D
e
s
u
l
f
o
b
a
c
t
e
r
a
l
e
s

D
e
s
u
l
f
o
b
a
c
t
e
r
a
c
e
a
e

De
su

lf
at

ib
ac

il
lu

m 
(4
),
 D
es

ul
fo

ba
ct

er
 (
3)
,

De
su

lf
ob

ac
te

ri
um

 (
2)

, 
De
su
lf
ob
ot
ul
us
 (4

5)
,

De
su

lf
oc

el
la

 (
4)
, 
D
e
s
u
l
f
o
c
o
c
c
u
s
 (
3
7
)
,

1
4
0



De
su
lf
of
ab
a 
(2
),
 D
es

ul
fo

fr
ig

us
 (4

),
 D
es

ul
fo

ne
ma

(2
31
),
 D
es

ul
fo

sa
rc

in
a 
(1
),
 U
nc

la
ss

if
ie

d 
(
1
)

D
e
s
u
l
f
o
b
u
l
b
a
c
e
a
e

De
su
lf
ob
ul
bu
s 
(7
),
 D
es

ul
fo

rh
op

al
us

 (
4)
,

Un
cl

as
si

fi
ed

 (
2
)

D
e
s
u
l
f
o
v
i
b
r
i
o
n
a
l
e
s

D
e
s
u
l
f
o
h
a
l
o
b
i
a
c
e
a
e

De
su

lf
oh

al
ob

iu
m 
(1
),
 D
es
ul
fo
na
tr
on
ov
ib
ri
o 
(
1
3
9
)

D
e
s
u
l
f
o
m
i
c
r
o
b
i
a
c
e
a
e

D
e
s
u
l
f
o
m
i
c
r
o
b
i
u
m
 (
3
)

D
e
s
u
l
f
o
n
a
t
r
o
n
u
m
a
c
e
a
e

De
su

lf
on

at
ro

nu
m 
(
3
2
)

D
e
s
u
l
f
o
v
i
b
r
i
o
n
a
c
e
a
e

De
su

lf
ov

ib
ri

o 
(
3
6
4
6
)

U
n
c
l
a
s
s
i
f
i
e
d

Un
cl
as
si
fi
ed
 (
2
0
)

D
e
s
u
l
f
l
i
r
e
l
l
a
l
e
s

D
e
s
u
l
f
u
r
e
l
l
a
c
e
a
e

De
su

lf
ur

el
la

 (
2
)

D
e
s
u
l
f
u
r
o
m
o
n
a
d
a
l
e
s

D
e
s
u
l
f
u
r
o
m
o
n
a
d
a
c
e
a
e

D
e
s
u
l
f
u
r
o
m
o
n
a
s
 (
3)
, 
D
e
s
u
l
f
u
r
o
m
u
s
a
 (
1
)

G
e
o
b
a
c
t
e
r
a
c
e
a
e

Ge
oa

lk
al

ib
ac

te
r 
(
1
7
8
)
,
 G
e
o
b
a
c
t
e
r
 (
9
8
)

P
e
l
o
b
a
c
t
e
r
a
c
e
a
e

M
a
l
o
n
o
m
o
n
a
s
 (
34

),
 P
e
l
o
b
a
c
t
e
r
 (
\
9
)

M
y
x
o
c
o
c
c
a
l
e
s

Cy
st
ob
ac
te
ra
ce
ae

Cy
st
ob
ac
te
r (
28
0)
, 
Me
li
tt
an
gi
um
 (
51

),
St
ig
ma
te
ll
a 
(
4
6
)

Ha
li
an
gi
ac
ea
e

H
a
l
i
a
n
g
i
u
m
 (
5
)

M
y
x
o
c
o
c
c
a
c
e
a
e

An
ae

om
yx

ob
ac

te
r 
(1
87
),
 C
or

al
lo

co
cc

us
 (2

75
),

M
y
x
o
c
o
c
c
u
s
 (
4
5
8
)

P
o
l
y
a
n
g
i
a
c
e
a
e

C
h
o
n
d
r
o
m
y
c
e
s
 (
14

),
 S
o
r
a
n
g
i
u
m
 (
3
9
)

Sy
nt

ro
ph

ob
ac

te
ra

le
s

Sy
nt
ro
ph
ob
ac
te
ra
ce
ae

De
su
lf
or
ha
bd
us
 (
2)
, 
De

su
lf

ov
ir

ga
 (
3)
,

S
y
n
t
r
o
p
h
o
b
a
c
t
e
r
 (
2)
, 
T
h
e
r
m
o
d
e
s
u
l
f
o
r
h
a
b
d
u
s
 (
1
)

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

D
e
s
u
l
f
o
c
a
l
d
u
s
 (
1)
, 
Un

cl
as

si
fi

ed
 (
1
5
9
2
5
)

Ep
si

lo
np

ro
te

ob
ac

te
ri

a
Ca
mp
yl
ob
ac
te
ra
lc
s

Ca
mp

yl
ob

ac
te

ra
ce

ae
Ar
co
ba
ct
er
 (1

),
 C
am
py
lo
ba
ct
er
 (5

7)
, 
Un

cl
as

si
fi

ed

(
1
)

N
a
u
t
i
l
i
a
l
e
s

N
a
u
t
i
l
i
a
c
e
a
e

C
a
m
i
n
i
b
a
c
t
e
r
 {
\
0
)

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

Ni
tr
at
ir
up
to
ra
 (
49

),
 U
nc

la
ss

if
ie

d 
(
8
9
)

Ga
mm
ap
ro
te
ob
ac
te
ri
a

A
c
i
d
i
t
h
i
o
b
a
c
i
l
l
a
l
e
s

A
c
i
d
i
t
h
i
o
b
a
c
i
l
l
a
c
e
a
e

Ac
id

it
hi

ob
ac

il
lu

s (
4
3
)

A
e
r
o
m
o
n
a
d
a
l
e
s

A
e
r
o
m
o
n
a
d
a
c
e
a
e

O
c
e
a
n
i
m
o
n
a
s
 (
1
)

S
u
c
c
i
n
i
v
i
b
r
i
o
n
a
c
e
a
e

R
u
m
i
n
o
b
a
c
t
e
r
 (
3)
, 
S
u
c
c
i
n
i
m
o
n
a
s
 (
2
)

A
l
t
e
r
o
m
o
n
a
d
a
l
e
s

A
l
t
e
r
o
m
o
n
a
d
a
c
e
a
e

M
a
r
i
n
o
b
a
c
t
e
r
i
u
m
 (
1
)

I
d
i
o
m
a
r
i
n
a
c
e
a
e

I
d
i
o
m
a
r
i
n
a
 (
1
)

S
h
e
w
a
n
e
l
l
a
c
e
a
e

S
h
e
w
a
n
e
l
l
a
 (
3
6
)

1
4
1



C
h
r
o
m
a
t
i
a
l
e
s

C
h
r
o
m
a
t
i
a
c
e
a
e

Ha
lo

ch
ro

ma
ti

um
 (
1)
, L

am
pr
oc
ys
ti
s 
(1
),

M
a
r
i
c
h
r
o
m
a
l
i
u
m
 (
1)

, 
Ni
tr
os
oc
oc
cu
s 
(2
),

Th
io

ca
ps

a 
(6
),
 T
hi
or
ho
do
vi
br
io
 (
3
7
)

Ec
to

th
io

rh
od

os
pi

ra
ce

ae
Al

ka
li

sp
ir

iU
um

 (
2)
, 
Ec

to
lh

io
rh

od
os

in
us

 (1
),

Ec
to

th
io

rh
od

os
pi

ra
 (
5)
, 
Ha

lo
rh

od
os

pi
ra

 (
1)
,

Ni
tr

oc
oc

cu
s (

2)
, 
Th
io
al
ka
li
vi
br
io
 (
1)
,

Th
io

ha
lo

sp
ir

a 
(
8
)

H
a
l
o
t
h
i
o
b
a
c
i
l
l
a
c
e
a
e

Ha
lo
th
io
ba
ci
ll
us
 (
1
)

E
n
t
e
r
o
b
a
c
t
e
r
i
a
l
e
s

E
n
t
e
r
o
b
a
c
t
e
r
i
a
c
e
a
e

B
u
c
h
n
e
r
a
 (
7)
, 
C
a
n
d
i
d
a
t
u
s
 H
am
il
to
ne
ll
a 
(3

9)
,

Ci
tr
ob
ac
te
r 
(5
),
 E
nt

er
ob

ac
te

r 
(2
),
 E
nv

in
ia

 (
1)
,

Es
ch
er
ic
hi
a 
(5
),
 K
le
bs
ie
ll
a 
(8
),
 P
a
n
t
o
e
a
 (
5)
,

Pe
ct
ob
ac
te
ri
um
 (
1)
, P
h
o
t
o
r
h
a
b
d
u
s
 (
1)
, 
Ra
ou
lt
el
la

(1
),
 Se

rr
at

ia
 (
7)
, 
Ye

rs
in

ia
 (
1)
, 
Un

cl
as

si
fi

ed
 (
1
4
5
7
)

Le
gi
on
el
ia
le
s

C
o
x
i
e
l
l
a
c
e
a
e

Co
xi
el
la
 (
8
)

Le
gi
on
el
la
ce
ae

Le
^i

on
el

la
 (
1
8
)

Me
th

yl
oc

oc
ca

le
s

Me
th
yl
oc
oc
ca
ce
ae

Me
th
yl
ab
ac
te
r 
(4
),
 M
e
t
h
y
l
o
c
a
l
d
u
m
 (
1)
,

Me
th
yl
oc
oc
cu
s 
(2
),
 M
et

hy
lo

ha
lo

bi
us

 (
3)
,

M
e
t
h
y
l
o
m
i
c
r
o
b
i
u
m
 (
1)

, 
M
e
t
h
y
l
o
t
h
e
r
m
u
s
 (
7
)

Oc
ea
no
sp
ir
il
la
le
s

H
a
l
o
m
o
n
a
d
a
c
e
a
e

H
a
l
o
m
o
n
a
s
 (
18
4)
, 
Z
y
m
o
b
a
c
t
e
r
 (
1
)

P
a
s
t
e
u
r
e
l
l
a
l
e
s

P
a
s
t
e
u
r
e
l
l
a
c
e
a
e

H
a
e
m
o
p
h
i
l
u
s
 (
1
)

P
s
e
u
d
o
m
o
n
a
d
a
l
e
s

M
o
r
a
x
e
l
l
a
c
e
a
e

Ac
in
et
ob
ac
te
r 
(9
),
 M
o
r
a
x
e
l
l
a
 (
4
)

P
s
e
d
o
m
o
n
a
d
a
c
e
a
e

P
s
e
u
d
o
m
o
n
a
s
 (
3
0
)

X
a
n
t
h
o
m
o
n
a
d
a
l
e
s

X
a
n
t
h
o
m
o
n
a
d
a
c
e
a
e

Dy
el
la
 (
7)
, 
Ig

na
tz

sc
hi

ne
ri

a 
(1
),
 L
ys

ob
ac

te
r (
22

),
St

en
ot

ro
ph

om
on

as
 (1

1)
, 
Wo

hl
fa

rh
ti

im
on

as
 (3

),
X
a
n
t
h
o
m
o
n
a
s
 (
5
5
)
,
 X
yl

el
la

 (
1
0
)

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

Ca
nd
id
at
us
 C
ar

so
ne

ll
a 
(1
),
 M
e
t
h
y
l
o
h
a
l
o
m
o
n
a
s

(1
34

),
 M
et
hy
lo
na
tr
um
 (
7)
, 
T
h
i
o
h
a
l
o
m
o
n
a
s
 (
1)
,

T
h
i
o
h
a
l
o
r
h
a
b
d
u
s
 (
1)

, 
Un

cl
as

si
fi

ed
 (
2
1
5
6
)

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

Un
cl

as
si

fi
ed

 (
1
3
5
0
)

F
i
r
m
i
c
u
t
e
s

B
a
c
i
l
l
i

B
a
c
i
l
l
a
l
e
s

Al
ic
yc
lo
ba
ci
ll
ac
ea
e

Al
ic

yc
lo

ba
ci

ll
us

 (
1
0
5
2
)
,
 U
nc

la
ss

if
ie

d (
1
)

B
a
c
i
l
l
a
c
e
a
e

Am
ph
ib
ac
il
lu
s (

12
),
 A
na

er
ob

ac
il

lu
s 
(6
),

An
ox

yb
ac

il
lu

s 
(6
37
),
 B
ac

il
lu

s (
31

49
5)

,
Ge
oh
ac
il
lu
s (

26
3)
, 
Ha
lo
ba
ci
ll
us
 (
14
7)
,

Ly
si

ni
ba

ci
ll

us
 (9

39
),

 M
ar
in
oc
oc
cu
s (

16
),

Na
tr

on
ob

ac
il

lu
s 
(1

6)
, 
O
c
e
a
n
o
h
a
c
i
l
l
u
s
 (
2
8
8
)
,

1
4
2



H
A

f

Or
ni
th
in
ib
ac
il
lu
s (

17
),

 T
er

ri
ba

ci
ll

us
 (1

1)
,

Vi
rg
ib
ac
il
lu
s (
1
8
4
)

L
i
s
t
e
r
i
a
c
e
a
e

Li
st
er
ia
 (
1
5
)

P
a
e
n
i
b
a
c
i
l
l
a
c
e
a
e

An
eu
ri
ni
ba
ci
ll
us
 (
19
9)
, 
Br
ev
ib
ac
il
lu
s (
36
0)
,

Co
hn
el
la
 (
78

),
 Pa

en
ib

ac
il

lu
s (

20
03
),

Th
er

mo
ba

ci
ll

us
 (
9
)

P
a
s
t
e
u
r
i
a
c
e
a
e

Pa
st
eu
ri
a 
(
3
)

P
l
a
n
o
c
o
c
c
a
c
e
a
e

Je
ot
ga
li
ba
ci
ll
us
 (
4)
, 
Ku

rt
hi

a 
(8

9)
,

Pl
an
om
ic
ro
bi
um
 (
15
0)
, S

po
ro

sa
rc

in
a 
(2
72
),

Ur
ei
ba
ci
ll
us
 (4

1)
, 
Vi

ri
di

ba
ci

ll
us

 (
5
)

Sp
or

ol
ac

to
ba

ci
ll

ac
ea

e
Sp

or
ol

ac
to

ba
ci

ll
us

 (
2
8
)

S
t
a
p
h
y
l
o
c
o
c
c
a
c
e
a
e

S
t
a
p
h
y
l
o
c
o
c
c
u
s
 (
6
0
)

Th
er

mo
ac

ti
no

my
ce

ta
ce

ae
Th

er
mo

ac
ti

no
my

ce
s 
(7

1)
, 
Th

er
mo

fl
av

im
ic

ro
bi

um

(
2
)

U
n
c
l
a
s
s
i
f
i
e
d

Al
ka
li
la
ct
ib
ac
il
lu
s (

7)
, 
Ex
ig
uo
ba
ct
er
iu
m 
(3

5)
,

G
e
m
e
l
l
a
 (
9)
, 
Pu
Uu
la
ni
ba
ci
ll
us
 (
5
)

L
a
c
t
o
b
a
c
i
l
l
a
l
e
s

A
e
r
o
c
o
c
c
a
c
e
a
e

Ab
io

tr
op

hi
a 
(
9
)

C
a
r
a
o
b
a
c
t
e
r
i
a
c
e
a
e

Al
ka
li
ba
ct
er
iu
m 
(2
),
 C
ar
no
ba
ci
er
iu
m 
(2
),

Gr
an
ul
ic
ai
el
la
 (
16

),
 T
ri

ch
oc

oc
cu

s (
1
4
)

E
n
t
e
r
o
c
o
c
c
a
c
e
a
e

En
te

ro
co

cc
us

 (2
2)

, 
Me
li
ss
oc
oc
cu
s 
(1
),

T
e
t
r
a
g
e
n
o
c
o
c
c
u
s
 (
4
)

L
a
c
t
o
b
a
c
i
l
l
a
c
e
a
e

La
ct
ob
ac
il
lu
s (
1
3
5
)

L
e
u
c
o
n
o
s
t
o
c
a
c
e
a
e

O
e
n
o
c
o
c
c
u
s
 (
1)
, 
We

is
el

la
 (
1
)

St
re
pt
oc
oc
ca
ce
ae

St
re

pt
oc

oc
cu

s 
(
1
7
)

C
l
o
s
t
r
i
d
i
a

C
l
o
s
t
r
i
d
i
a
l
e
s

C
l
o
s
t
r
i
d
i
a
c
e
a
e

Al
ka
li
ph
il
us
 (6

2)
, 
Bu

ty
ri

ci
co

cc
us

 (9
),

C
a
l
o
r
a
m
a
t
o
r
 (
\2

),
 C
lo
st
ri
di
um
 (
31
54
),
 O
x
o
b
a
c
t
e
r

(1
3)

, 
Te

pi
di

mi
cr

ob
iu

m 
(
6
)

Cl
os
tr
id
ia
le
s 
Fa
mi
ly
 X
I.

I
n
c
e
r
t
a
e

Se
di
sA
na
er
oc
oc
cu
s 
(3
),
 S
ed
is
He
lc
oc
oc
cu
s (

23
),

Se
di

sP
ep

to
ni

ph
il

us
 (
79
1)
, 
Se
di
sS
ed
im
en
ti
ha
ct
er

(5
),

 S
ed

is
Sp

or
an

ae
ro

ba
ct

er
 (
16

60
),

Se
di

sT
is

si
er

el
la

 (
1
7
5
5
)
,
 S
ed
is
un
cl
as
si
fi
ed
 (
1
)

Cl
os
tr
id
ia
le
s 
Fa
mi
ly
 X
II

.
I
n
c
e
r
t
a
e

Se
di
sF
us
ib
ac
te
r (
1
)

Cl
os
tr
id
ia
le
s 
Fa

mi
ly

 X
I
V
.

I
n
c
e
r
t
a
e

Se
di
sA
na
er
ob
ra
nc
a 
(
6
)

1
4
3



H
a
l
a
n
a
e
r
o
b
i
a
l
e
s

N
a
t
r
a
n
a
e
r
o
b
i
a
l
e
s

T
h
e
r
m
o
a
n
a
e
r
o
b
a
c
t
e
r
a
l
e
s

U
n
c
l
a
s
s
i
f
i
e
d

Cl
os
tr
id
ia
le
s 
F
a
m
i
l
y
 X
V
I
I
.

I
n
c
e
r
t
a
e

Cl
os
tr
id
ia
le
s 
Fa
mi
ly
 X
VI

II
.

I
n
c
e
r
t
a
e

E
u
b
a
c
t
e
r
i
a
c
e
a
e

H
e
l
i
o
b
a
c
t
e
r
i
a
c
e
a
e

La
ch
no
sp
ir
ac
ea
e

Pe
pt

oc
oc

ca
ce

ae

Pe
pt

os
tr

ep
to

co
cc

ac
ea

e

R
u
m
i
n
o
c
o
c
c
a
c
e
a
e

S
y
n
t
r
o
p
h
o
m
o
n
a
d
a
c
e
a
e

U
n
c
l
a
s
s
i
f
i
e
d

H
a
l
a
n
a
e
r
o
b
i
a
c
e
a
e

N
a
t
r
a
n
a
e
r
o
b
i
a
c
e
a
e

T
h
e
r
m
o
a
n
a
e
r
o
b
a
c
t
e
r
a
c
e
a
e

T
h
e
r
m
o
a
n
a
e
r
o
b
a
c
t
e
r
a
l
e
s

F
a
m
i
l
y
 I
II

. 
In

ce
rt

ae

T
h
e
r
m
o
d
e
s
u
l
f
o
b
i
c
e
a
e

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

Se
di

sS
ul

fo
ba

ci
ll

us
 (3

3)
, S

ed
is
Th
er
mo
ae
ro
ba
ct
er

(
1
1
)

Se
di
sS
ym
bi
ob
ac
te
ri
um
 (
3
4
)

Ac
et
ob
ac
te
ri
um
 (
20

),
 E
ub
ac
te
ri
um
 (
4
8
)

He
li
ob
ac
il
lu
s (

17
),

 H
el

io
ba

ct
er

iu
m 
(1

31
),

He
li

op
hi

lu
m 
(1

7)
, 
He
li
or
es
ti
s (
3
)

An
ae

ro
st

ip
es

 (9
),
 B
ut
yr
iv
ih
ri
o 
(6

),
 H
es

pe
ll

ia
 (
5)
,

La
ch

no
sp

ir
a 
(1

9)
, 
Ps
eu
do
bu
ty
ri
vi
br
io
 (
19

),
Ro

bi
ns

on
ie

Ua
 (
18

),
 R
os

eb
ur

ia
 (
6)
, 
Un

cl
as

si
fi

ed

(
3
1
)

Ca
nd

id
at

us
 D
es

ul
fo

ru
di

s (
12

),
 D
eh

al
ob

ac
te

r
(3
6)
, 
De

su
lf

it
ob

ac
te

ri
um

 (
36
),
 D
es
ul
fo
ni
sp
or
a

(3
45

),
 D
es

ul
fo

sp
or

os
in

us
 (
15

3)
,

De
su

lf
ot

om
ac

ul
um

 (
24

82
),

 P
e
l
o
t
o
m
a
c
u
l
u
m
 (
10

),

Th
er

mi
nc

ol
a 
(1

),
 U
nc

la
ss

if
ie

d (
1
7
)

Pe
pt

os
tr

ep
to

co
cc

us
 (
5
5
)

Ac
et
iv
ih
ri
o 
(5

4)
, 
Et

ha
no

li
ge

ne
ns

 (
17

),
Fa
ce
ca
li
ba
ct
er
iu
m 
(2

2)
, 
R
u
m
i
n
o
c
o
c
c
u
s
 (
1
6
1
9
)
,

Un
cl
as
si
fi
ed
 (
32

)
S
y
n
t
r
o
p
h
o
m
o
n
a
s
 (4

),
 S
yn
tr
op
ho
th
er
mu
s 
(
2
)

Bl
au
ti
a 
(6
),
 E
pu
lo
pi
sc
iu
m 
(1

1)
, 
Un
cl
as
si
fi
ed
 (
9
1
)

Ha
lo

th
er

mo
th

ri
x 
(
1
)

Na
tr

an
ae

ro
bi

us
 (
1
)

Ca
ld

an
ae

ro
ba

ct
er

 (
3)
, 
Ca
ld
an
ae
ro
bi
us
 (4

48
),

C
a
r
b
o
x
y
d
o
t
h
e
r
m
u
s
 (
2)
, 
Mo
or
el
la
 (
4)
,

Th
er
ma
ce
to
ge
ni
um
 (
8)

,
Se

di
sC

al
do

ce
ll

ul
os

im
pt

or
 (
37

2)
,

Se
di
sT
he
rm
oa
na
er
ob
ac
te
ri
um
 (
1
)

Co
pr

ot
he

rm
ob

ac
te

r 
(2
3)
, 
Th
er
mo
de
su
lf
ob
iu
m

(5
7)
,

Un
cl

as
si

fi
ed

 (
4
)

De
su
lf
it
ib
ac
te
r (
3
)

Er
ys

ip
el

ot
ri

ch
i

Er
ys

ip
el

ot
ri

ch
al

es
Er

ys
ip

el
ot

ri
ch

ac
ea

e
Er
ys
ip
el
ot
hr
ix
 {
\)

y 
Un
cl
as
si
fi
ed
 (
3
)

Ne
ga

ti
vi

cu
te

s
S
e
l
e
n
o
m
o
n
a
d
a
l
e
s

A
c
i
d
a
m
i
n
o
c
o
c
c
a
c
e
a
e

A
c
i
d
a
m
i
n
o
c
o
c
c
u
s
 (
3)
, 
Ph

as
co

la
rc

to
ba

ct
er

iu
m 
(
9
)

1
4
4



V
e
i
l
l
o
n
e
l
l
a
c
e
a
e

Di
al
is
te
r (
10
),
 M
e
g
a
m
o
n
a
s
 (4

),
 M
e
g
a
s
p
h
a
e
r
a

(7
2)

, 
Pe

ct
in

at
us

 (7
),
 S
el

en
om

on
as

 (4
0)
,

S
p
o
r
o
m
u
s
a
 (
41

),
 V
ei

ll
on

el
la

 (
5
7
)

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

Un
cl

as
si

fi
ed

 (
2
)

V
 e
r
r
u
c
o
m
i
c
r
o
b
i
a

Op
it
ut
ae

P
u
n
i
c
e
i
c
o
c
c
a
l
e
s

P
u
n
i
c
e
i
c
o
c
c
a
c
e
a
e

Co
ra
li
om
ar
ga
ri
la
 (
2
)

U
n
c
l
a
s
s
i
f
i
e
d

Op
it

ut
us

 (3
0)

, 
Un

cl
as

si
fi

ed
 (
3
)

Sp
ar
to
ba
ct
er
ia

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

Ch
th
on
io
ba
cl
er
 (
2
1
8
4
3
)

U
n
c
l
a
s
s
i
f
i
e
d

Me
th
yl
ac
id
ip
hi
le
s

Me
th
yl
ac
id
ip
hi
la
ce
ae

Me
th
yi
ac
id
ip
hi
lu
m 
(
5
3
)

V
e
r
r
u
c
o
m
i
c
r
o
b
i
a
e

V
e
m
i
c
o
m
i
c
r
o
b
i
a
l
e
s

U
n
c
l
a
s
s
i
f
i
e
d

Un
cl

as
si

fi
ed

 (
6
)

V
e
m
i
c
o
m
i
c
r
o
b
i
a

s
u
b
d
i
v
i
s
i
o
n
 3

Un
cl

as
si

fi
ed

 (
2
6
4
4
)

V
e
r
r
u
c
o
m
i
c
r
o
b
i
a
c
e
a
e

Ak
ke
rm
an
si
a 
(9
),
 P
ro
sl
he
co
ba
ct
er
 (
22
08
),

Ru
br

it
al

ea
 (
5)
, 
Un

cl
as

si
fi

ed
 (
9
)

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

Un
cl
as
si
fi
ed
 (
9
)

B
a
c
t
e
r
o
i
d
e
t
e
s

B
a
c
t
e
r
o
i
d
i
a

B
a
c
t
e
r
o
i
d
a
l
e
s

B
a
c
t
e
r
o
i
d
a
c
e
a
e

Ba
ct
er
oi
de
s 
(
2
1
)

P
o
r
p
h
y
r
o
m
o
n
a
d
a
c
e
a
e

Ba
rn
es
ie
ll
a 
(1
),
 P
ar
ab
ac
te
ro
id
es
 (
8)
,

P
o
r
p
h
y
r
o
m
o
n
a
s
 (
1
)

P
r
e
v
o
t
e
l
l
a
c
e
a
e

Pr
ev
ol
el
la
 (
6
8
)

R
i
k
e
n
e
l
l
a
c
e
a
e

Al
is
ti
pe
s (

8)
, 
Ri

ke
ne

ll
a (
9
)

Cy
to
ph
ag
ia

Cy
to
ph
ag
al
es

Cy
cl
ob
ac
te
ri
ac
ea
e

Cy
cl
ob
ac
te
ri
um
 (
1
8
)

Cy
to
ph
ag
ac
ea
e

C
y
t
o
p
h
a
g
a
 (
23
4)
, 
Fl
ex
ib
ac
te
r (

50
),

Hy
me
no
ba
ct
er
 (5

02
),
 M
ic

ro
sc

il
la

 (
2)

, S
pi

ro
so

ma
(
2
0
)

F
l
a
m
m
e
o
v
i
r
g
a
c
e
a
e

Fl
ex
it
hr
ix
 (
9
)

F
l
a
v
o
b
a
c
t
e
r
i
a

F
l
a
v
o
b
a
c
t
e
r
i
a
l
e
s

F
l
a
v
o
b
a
c
t
e
r
i
a
c
e
a
e

Ch
ry
se
ob
ac
te
ri
um
 (
17
),
 E
li

za
be

th
ki

ng
ia

 (
12
8)
,

E
m
p
e
d
o
b
a
c
t
e
r
 (2

8)
, 
Fl

av
ob

ac
te

ri
um

 (
54

7)
,

G
r
a
m
e
l
l
a
 (
4)
, 
Le

eu
we

nh
oe

ki
el

la
 (
1)
, 
Ri

em
er

el
la

(9
),

 T
e
n
a
c
i
b
a
c
u
l
u
m
 (
1)

,
U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

Un
cl
as
si
fi
ed
 (
1
)

Sp
hi

ng
ob

ac
te

ri
a

Sp
hi

ng
ob

ac
te

ri
al

es
R
h
o
d
o
t
h
e
r
m
a
c
e
a
e

R
h
o
d
o
t
h
e
r
m
u
s
 (
28

),
 Sa

li
ni

ba
ct

er
 (
4
)

Sa
pr

os
pi

ra
ce

ae
S
a
p
r
o
s
p
i
r
a
 (
2
)

Sp
hi
ng
ob
ac
te
ri
ac
ea
e

S
p
h
i
n
g
o
b
a
c
t
e
r
i
u
m
 (
3
2
)
,
 U
nc

la
ss

if
ie

d 
(
6
0
)

U
n
c
l
a
s
s
i
f
i
e
d

Ch
it
in
op
ha
ga
 (
72
9)
, 
Te
rr
im
on
as
 (
3
2
2
6
)

a

1
4
5



U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

Ca
nd

id
at

us
 A
mo
eb
op
hi
lu
s 
(2
36
),
 C
an

di
da

iu
s

Ca
rd

in
iu

m 
(3
),
 Pr

ol
ix

ib
ac

te
r (
2)

, 
Un

cl
as

si
fi

ed
(
4
1
)

Ni
tr
os
pi
ra
e

Ni
tr
os
pi
ra

Ni
tr

os
pi

ra
le

s
Ni
tr
os
pi
ra
ce
ae

Le
pt
os
pi
ri
ll
um
 (
7)
, 
Ni

tr
os

pi
ra

 (
31
77
),

Th
er
mo
de
su
lf
ov
ib
ri
o 
(
7
)

C
h
l
o
r
o
f
l
e
x
i

C
h
l
o
r
o
f
l
e
x
i

C
h
l
o
r
o
f
l
e
x
a
l
e
s

C
h
l
o
r
o
f
l
e
x
a
c
e
a
e

Ch
lo

ro
fJ

ex
us

 (5
02
),
 R
os
ei
fi
ex
us
 (
2
2
)

O
s
c
i
l
l
o
c
h
l
o
r
i
d
a
c
e
a
e

Os
ci
ll
oc
hl
or
is
 (
2
2
)

He
rp
et
os
ip
ho
na
le
s

H
e
r
p
e
t
o
s
i
p
h
o
n
a
c
e
a
e

H
e
r
p
e
t
o
s
i
p
h
o
n
 (
6
3
5
)

D
e
h
a
l
o
c
o
c
c
o
i
d
e
t
e
s

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

De
ha

lo
co

cc
oi

de
s 
(
8
)

K
t
e
d
o
n
o
b
a
c
t
e
r
i
a

K
t
e
d
o
n
o
b
a
c
t
e
r
a
l
e
s

K
t
e
d
o
n
o
b
a
c
t
e
r
a
c
e
a
e

Kt
ed

on
ob

ac
te

r 
(
7
9
0
)

U
n
c
l
a
s
s
i
f
i
e
d

U
n
c
l
a
s
s
i
f
i
e
d

Un
cl

as
si

fi
ed

 (
6
9
2
)

T
h
e
r
m
o
m
i
c
r
o
b
i
a

Sp
ha

er
ob

ac
te

ra
le

s
Sp

ha
er

ob
ac

te
ra

ce
ae

Sp
ha
er
ob
ac
te
r 
(
5
1
)

T
h
e
r
m
o
m
i
c
r
o
b
i
a
l
e
s

T
h
e
r
m
o
m
i
c
r
o
b
i
a
c
e
a
e

Th
er
mo
mi
cr
ob
iu
m 
(
2
)

G
e
m
m
a
t
o
m
o
n
a
d
e
t
e
s

G
e
m
m
a
t
i
m
o
n
a
d
e
t
e
s

G
e
m
m
a
t
i
m
o
n
a
d
a
l
e
s

G
e
m
m
a
t
o
m
o
n
a
d
a
c
e
a
e

G
e
m
m
a
t
i
m
o
n
a
s
 (
2
7
1
5
)

Pl
an
ct
om
yc
et
es

Pl
an
to
my
ce
ta
ci
a

Pl
an

ct
om

yc
et

al
es

Pl
an

ct
om

yc
et

ac
ea

e
Bl

as
to

pi
re

ll
ul

a (
13
1)
, I

so
sp
ha
er
a 
(1

64
3)

,
Pi

re
ll

ul
a (

19
6)
, P

la
nc
to
my
ce
s (

14
8)

, 
Un
cl
as
si
fi
ed

(
1
7
7
)

U
n
c
l
a
s
s
i
f
i
e
d

Ca
nd
id
at
us
 K
u
e
n
e
n
i
a
 (
1
4
)

1
4
6



4.24 Bacterial diversity in the sample CH-5

The bacterial diversity in the sample CH-5 was found to be majorly composed

of phylum Proteobacteria occupying 23 per cent of the bacterial population followed

by Bacteroidetes (14%), Actinobacteria (12%), Firmicutes (10%) and Acidobacteria

(8%), with other phyla occupying only a small fraction of the population. The phylum

Proteobacteria was found to harbor more of the class Gammaproteobacteria. The most

abundant known genus in the phylum Proteobacteria was observed to be

Rhodanobacter occupying 17 per cent of the phylum. Other notable genera include

Pseudomonas (7%), Burkholderia (6%), Nitrosospira (3%), Bradyrhizobium (1%) and

Geobacter (1 %). The second abundant phylum Bacteroidetes was found to be dominant

in genus Pedobacter (18%) followed by 17 per cent of Sphingobacterium, 15 per cent

Flavobacterium and 14 per cent Terrimonas. The phylum had notable populations of

genera Chitinophaga (8%), Cytophaga (2%), Alistipes (2%) etc.

The phylum Actinobacteria was the third largest phylum and it was composed

of 22 per cent of the genus Arthrobacter, 7 per cent of Nocardioides and 7 per cent

Thermoleophilum. The phylum also had an array of other prominent bacterial genera

like Atopobium, Pseudonocardia, Mycobacterium, Frankia, Streptomyces, Williamsia,

Corynebacterium etc in notable proportion. The phylum Firmicutes was dominated by

the genus Bacillus occupying 60 per cent of the population, with other genera like

Ruminococcus, Clostridium and Paenibacillus occupying 8, 5 and 6 per cent of the

population in the phylum Firmicutes. The phylum Acidobacteria was found to be less

diverse with the majority of 58 per cent Acidobacterium, followed by 40 per cent of

Candodatus Koribacter and 1 per cent Terriglobus. The genus-level bacterial diversity

of the 10 most abundant phyla from the sample CH-5 has been provided in Table 29.
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4.25 Bacterial diversity in the sample CH-7

The bacterial diversity in the completely healthy rhizosphere soil sample CH-7

was analysed and the dominant phylum was observed to be Proteobacteria being 21 per

cent of total bacterial population. The second most abundant phylum was found to be

Actinobacteria (18%), followed by Firmicutes (6%) and other phyla like Acidobacteria,

Verrucomicrobia and Planctomycetes each constituting 2 per cent of the bacterial

population and the phylum Bacteroidetes being I per cent of bacterial population.

The phylum Proteobacteria was dominated by class Deltaproteobacteria (39%

of Proteobacteria) followed by Gammaproteobacteria. The majority of the phylum

remained unclassified, while some genera like Pseudomonas, Burkholderia, Ralstonia,

Desulfovibrio, Myxococcales etc constituted only a minor portion of the population. In

the phylum Actinobacteria, genus Arthrobacter occupied 33 per cent, followed by

Thermoleophilum (12%). Other genera like Atopobium, Nocardioides, Williamsia,

Mycobacterium, Desulfotomaculum and Ruminococcus were found to occupy a notable

proportion in the population.

The phylum Firmicutes was found to be dominated by genus Clostridium

(28%), followed by Bacillus (18%). The phylum Bacteroidetes, being a minority was

observed to be composed of 31 per cent Flavobacterium, 28 per cent Terribacter, 9 per

cent Chitinophaga and various other genera in trace percentages. The genus-level

bacterial diversity in the 10 abundant phyla in the sample CH-7 has been provided in

Table 30.
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4.26 Comparative analysis of bacterial and archaeal diversity

A comparative analysis of predominant between the yellowing affected

rhizosphere soil samples and its corresponding apparently healthy rhizosphere samples

was done. A collective comparison between all the samples, which includes completely

healthy rhizosphere soil samples including the aforementioned categories was also

done.

4.26.1 Comparison between the samples YL-2 and AH-2

A comparison between the yellowing affected rhizosphere soil sample YL-2

and its corresponding apparently healthy rhizosphere soil sample AH-2 that bacterial

population was comparatively high in the sample AH-2. The population of the phyla

Acidobacteria, Bacteroidetes, Proteobacteria, Actinobacteria, Verrucomicrobia,

Firmicutes, Gemmatomonadetes and Cyanobacteria was found to be higher in the

sample AH-2, while the population of the phylum Chloroflexi was higher in the sample

YL-2 compared to AH-2. Within the Bacteroidetes phylum, the class Chitinophagia

was found to be high in YL-2, while the class Sphingobacteria was higher in the sample

AH-2. The classes Alphaproteobacteria and Deltaproteobacteria of the phylum

Proteobacteria was found to be high in the sample AFI-2, while the population of

Betaproteobacteria was high in the sample YL-2.

The population of the genera Sphingomonas and Burkholderia was found to be

high in the sample AH-2, while the population of Massilia was observed to be

significantly high in the sample YL-2. A slightly increased population of class

Gammaproteobacteria in YL-2 was also reflected in the genus Pseudomonas, with a

slight but not significant increase in its population inYL-2. Both the samples had high

number of genus Arthrobacter with a slightly increased proportion in AH-2. The

population of Bacillus was also found to be higher in the sample AH-2. The archaeal

population was also found to be slightly high in the sample AH-2.
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4.26.2 Comparison between the samples YL-7 and AH-7

A comparison of bacterial and archaeal population between the sample YL-7

and AH-7 was done and an increase in the population of bacteria was found in the

sample YL-7. The sample AH-7 was found to harbor an increased population of the

phyla Acidobacteria, Proteobacteria, Planctomycetes, Gemmatimonadetes,

Vemicomicrobia and Chloroflexi. The population of Actinobacteria was found to be

very high in the sample YL-7 when compared to AH-7. The population of

Bacteroidetes, Nitrospirae and Firmicutes were also found to be higher in the sample

YL-7.

The class Acidobacteria and Solibacteres of phylum Acidobacteria was found

to be high in the sample AH-7 compared to YL-7. The class Chitinophagia of phylum

Bacteroidetes was found to be high in the sample AH-7, while the population of

Sphingobacteria was higher in the sample YL-7. The classes Alpha, Beta and

Deltaproteobacteria of phylum Proteobacteria was higher in the sample AH-2, while

that of Gammaproteobacteria was comparatively higher in the sample YL-7.

Among the prominent bacterial genera, the genus Methylobacterium was

observed to be significantly high in the sample YL-7, while an increased population of

Sphingomonas was observed in the sample AH-7. The population of Burkholderia and

Massilia was found to be higher in the sample AH-7. An increased population of the

genus Pseudomonas and Rhodanobacter was found in the sample YL-7. A significantly

high population of the genus Williamsia of phylum Actinobacteria was observed in the

sample YL-7. The population of the genus Bacillus of phylum Firmicutes was also high

in the sample YL-7 compared to AH-7. The proportion of archaebacteria was found to

be high in the sample YL-7.

4.27 Comparison of prokaryotic diversity among all the samples

The highest population of bacteria was recorded in the sample YL-7 followed

by AH-7, while the lowest bacterial population was recorded in the sample CH-7. The
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highest population of Acidobacteria and Proteobacteria was recorded in the sample

AH-7. The highest population of Actinobacteria was recorded in the sample YL-7. The

classes Alphaproteobacteria and Betaproteobacteria had its highest population in the

sample AH-7, while the highest population of the sample CH-5.

The comparison of prominent genera among the samples was done and the

highest population of Pseudomonas was recorded in the sample CH-5. The population

of the genus Williamsia was observed to be significantly high in the sample YL-7. The

highest number of genus Massilia was recorded in the sample YL-2 and the highest

population of the genus Sphingomonas was recorded in the sample AH-7. The

population of the genus Methylobacterium was found to be notably high in the sample

YL-7 and the population of Arthrobacter, Bacillus, Gemmatimonas and

Mucilaginibacter was highest in the sample AH-2.

Table 31. Number of taxa at each taxonomic level

Sample No. of taxa

Phylum Class Order Family Genus

YL-2 24 46 104 239 652

AH-2 26 49 107 243 716

YL-7 23 43 97 225 654

AH-7 26 48 104 242 688

AH-5 25 48 105 236 646

CH-5 24 44 102 237 725

CH-7 25 47 101 233 635

The diversity was compared using the number of taxa at each level of the

taxonomic classification from phylum to genus. The more the number, the more was

the diversity. The YL rhizospheres were found to harbor more diversity than its

corresponding AH rhizosphere. The CH samples showed an intermediary value. Even
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though, the samples AH-2 and AH-7 had the same number of phyla, the diversity in

further levels were found to be different (Table 31).

The diversity of the prokaryotes from all the samples was analysed using the

diversity indices viz, Shannon-Weaver index and Simpson index. The indices were

used to rank the samples and to compare them based its diversity. The diversity indices

has been provided in the table 32.

Table 32. Diversity indices of domain bacteria and archaebacteria at phylum level

Diversity

indices

Range YL-2 AH-2 YL-7 AH-7 AH-5 CH-5 CH-7

Shannon-

Weaver

index

(H)

0-ln*S 1.74 1.95 1.43 1.72 1.82 1.85 1.61

Simpson

index

(D)

1 -S 4.45 5.78 2.96 4.05 4.82 5.19 3.49

The highest value of Shannon-Weaver index (H) was recorded in the sample

AH-2, which indicates that the rhizosphere of that palm had the ability to accommodate

a wide range of prokaryotic phyla compared to its corresponding yellowing affected

sample YL-2. The same scenario was observed in the case of AH-7, which had a higher

value of H compared to the sample YL-7. The least value of H was recorded in the

sample YL-7 indicating the inability of the rhizosphere to support a wide range of

microorganisms. The maximum value of Simpson index (D) was recorded in the

sample AH-2, which indicated the richness of phyla in the sample and the least value

was recorded in YL-7 indicating the less number of phyla in the sample compared to

others.
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4.28 Submission of sequences in NCBI database

The metagenomic DNA sequences were submitted in the Sequence Read

Archive (SRA) for the accessibility by the public domain. The sequences of the

samples YL-2, AH-2 and CH-5 were submitted in the SRA portal under the

bioaccession numbers SAMN08005381, SAMN08005832 and SAMN08005833

respectively.
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5. DISCUSSION

Arecanut cultivation in India has always been of great importance due to its

commercial and cultural significance. The cultivation has been restricted to a few

states, even though the nation leads in the cultivation in the global scenario. A 70 per

cent increase in the area under arecanut cultivation in the past two decades has

contributed to the expansion of the crop into converted paddy lands. This has ultimately

invited many constraints, the major one being stagnation of productivity due to

intricacies in climate, soil and crop management practices (CPCRI, 2015). Yellowing

of arecanut, vernacularly known as 'Kattuveezhcha' in Malayalam, has emerged to be

one of the most detrimental diseases affecting arecanut palms in various parts of Kerala

and Kamataka. Yellowing of arecanut was observed to have a high rate of spread

causing an accelerated decrease in the yield.

Two types of yellowing symptoms are observed in arecanut, which can be

differentiated by the symptom expression on leaves. Arecanut yellow leaf disease

(YLD) is associated with yellowing of leaves starting from the tips of leaflets in two or

three leaves of the outermost whorl and gradually extended to the middle of the lamella

with a clear demarcation between green and yellow region. In advanced stages,

yellowing extends to the middle whorl, the trunk becomes tapering, with closely

bunched, puckered leaves (Muddumadiah et al., 2014). Analysis of 16S rRNA

sequencing revealed the presence of phytoplasma in symptomatic palms, but not in

asymptomatic ones (Manimekalai et ai, 2010).

The second type of yellowing in arecanut is found in low lying areas and

converted paddy fields (Jacob et al, 2014). Symptoms include yellowing of the tips of

leaflets of a few leaves in the outermost whorls. Leaf tips dry up, leaves becomes

shortened and the crown size is reduced. The symptoms were found to be expressed

after the onset of monsoon and a reduction in the symptoms were observed with the

reduction in rainfall. This disease can be clearly distinguished from YLD by the

absence of green and yellow demarcation on leaflets.
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The present investigation was undertaken with an intention to widen the

understanding about the association of bacteria with yellowing affected and healthy

arecanut palms in Wayanad district. Yellowing affected and healthy arecanut

plantations were identified with the help of officials from the Department of

Agriculture, Kalpetta and scientists from Regional Agricultural Research Station,

Ambalavayal. The yellowing affected plantations were located in the converted paddy

fields in Meenangadi and Kakkavayal, while the completely healthy plantations were

located in Ambalavayal and Kolagappara areas. The yellowing affected plantations

were either low lying areas with high water table or converted paddy lands. The

elevation of such plantations ranged from 2439 to 2516 ft above MSL (Table 4).

Healthy plantations were located at a higher elevation ranging from 2640 to 2991 ft

above MSL. A series of earlier studies on the etiology of the disease also indicated the

incidence of yellowing to be high in low lying areas where high water table was

observed during the monsoon (Rawther, 2000).

In diseased plantations, based on the occurrence of yellowing symptoms on

leaves, two categories of palms were identified: yellowing affected (YL) and

apparently healthy (AH). Apparently healthy palms were the ones that did not show

any symptom of yellowing, but situated in a diseased plantation. A third category of

completely healthy (CH) palms were identified from healthy plantations, which did not

show any symptoms of yellowing.

Rhizosphere soil samples were collected from the active root zone of seven

palms from each category for physico-chemical and biological characterization.

Physico-chemical analysis included bulk density, pH, EC, organic carbon, N, P, K, Ca,

Mg, S, Fe, Mn, Zn, Cu, B and Al. A significantly low value of soil pH was observed

in the case of YL, when compared to that of AH and CH (Table 7). Bulk density, EC

and organic carbon failed to show any significant difference among the three categories

of samples, but the average value of organic carbon was higher in CH than the other

two categories. Soil has always been the major source and utilizer of organic carbon in



the environment, hence forming the most dynamic platform for the growth of plants

and microorganisms (Tate, 1995). A previous study concerning the nutrient recycling

in arecanut plantations with laterite soils with acidic pH revealed that the healthy

arecanut soil ecosystem to be high in organic carbon and microbial activity (Balasimha

and Rajagopal, 2004). The role of microorganisms in the contribution to the organic

carbon in the soil is also considered to be significant, as they not only mediate the

decomposition process, but also contribute themselves to form a part of the organic

carbon content (Schmidt et ai, 2011). Another report also indicated that the organic

carbon content was high (2.45 to 2.47%) in arecanut plantations, irrespective of

whether high or low yielding (Sujatha and Bhat, 2012).

Among the values of nutrients, Fe and Cu showed significantly higher value in

the yellowing affected soil samples. Even though not significant, the concentration of

aluminium was higher in YL compared to AH and CH. The concentrations of other

nutrients showed no significant differences, most probably due to the heterogeneity

among the samples within a category. Previous studies in Vittal region of Kamataka

State indicated above optimum levels of micronutrients like Cu, Zn, Fe, Mn, and B in

both high and low yielding arecanut plantations (Sujatha and Bhat, 2012). The

nutritional imbalance prominent in the low lying lateritic soils with high manganese

and iron content were suspected to be the cause of the yellowing syndrome (UAS,

1990).

The content of nutrients in index leaves of all the three categories of palms was

also assessed. There was no significant variation in the concentration of any nutrient

other than Fe. The concentration of Fe was significantly higher in the category YL

(Table 8). The yellowing of other crops like paddy, especially in low-lying areas in the

tropics with flooded condition, where the ferric ions are easily converted into soluble

ferrous form with the help of soil microflora are very common (Audebert, 2006). Other

crops like banana cultivated in paddy lands were also found to be prone to iron toxicity

(Suresh, 2005).
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The concentration of Ca, though not statistically significant, was found to be

higher in CH, followed by AH and then YL. This was exactly an opposite scenario

when compared to the concentration of Ca in soil. In soil, a gradation was observed in

the Ca concentration from CH to AH to YL. This might indicate the hindrance of Ca

uptake by the presence of high Fe and A1 in the soil. The uptake of Ca was found to be

hindered by the precipitation of Fe and A1 in the root tips of plants in acidic soils

(Clarkson and Sanderson, 1971; Rorison, 1973). A negative correlation in the Fe

concentration and occurrence of yellowing symptom in arecanut was earlier reported

by Jacob (2007).

The rhizosphere soil samples were also characterized for biological properties

including microbial biomass carbon and population of culturable microflora.

Fumigation-extraction method proposed by Vance et ai, (1987) was preferred for

biomass carbon estimation, as it is considered to provide more accurate values

compared to that obtained by direct count method, which may also include necromass

values (Schnurer et aL, 1985). Microbial biomass carbon is a measure of the weight of

microorganisms in soil. It is also used as an indicator of soil quality and depends

heavily on management. In the present investigation, microbial biomass carbon did not

vary significantly among the samples. The values were generally high in CH when

compared to AH and YL. A previous study stated that soil with less pH failed to support

acid-intolerant bacteria but supported only acid-tolerant bacteria, which in fact

lessened the microbial biomass carbon. An increase in the microbial biomass carbon

was observed after liming to elevate the soil pH near neutral to increase the population

of acid-intolerant bacteria (Neale et al, 1997). Earlier reports indicated that soil

microbial biomass carbon would only show trends in the long term. It may be

equivalent to any other soil chemical indicator, in the short-term. However, it changes

more quickly than other indicators like soil organic carbon (Hargreaves et al., 2003).

Population of different culturable microflora including bacteria, fungi,

actinomycets, N-fixers, P-solubilizers, fluorescent pseudomonads, Bacillus and
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Trichoderma was estimated in all the rhizosphere soil samples. No significant variation

in the population of any of these groups was observed, except Bacillus. A significantly

higher population of Bacillus was found in CH, compared to that of AH and YL (Table

12). The presence of Bacillus, Arthrobacter, Micrococcus and Pseudomonas in the

rhizosphere of arecanut palms has been reported earlier (Bopaiah and Bhat, 1981).

Population of Bacillus in AH and YL were on par, though AH recorded a higher

population. The significant decrease in the population of Bacillus spp. in YL might be

linked with the soil properties like low pH and high concentration of Fe and Cu.

A slight increase in the population of Trichoderma in the AH samples was

detected, even though the population between the treatments were not significant. The

fungal population was majorly composed of Trichoderma spp. and other notable genera

like Aspergillus spp. and Fusarium spp. were also observed. A study conducted by

Bopaiah in the year 1990 to analyse the microbiological profile of arecanut rhizosphere

revealed the predominance of the aforementioned fungal genera in arecanut palm

rhizosphere. Apart from biological control of plant pathogens, Trichoderma spp. are

considered to mediate availability of phosphorous, iron, magnesium and manganese by

the secretion of organic acids thereby decreasing the soil pH (Vinale et ai, 2008).

The population of actinomycetes did not show any significant difference among

the three categories of samples. The population of phosphate-solubilizers and

fluorescent pseudomonads were also observed to be non-significant among the three

categories of samples, even though a high average value was observed in CH. The

population of nitrogen-fixers were also found to be non-significant with the highest

average in AH.

Microbial population and biomass C are two indicators of soil microflora. Even

though not significant, a slight increase in the microbial population, in general, was

observed in CH, as compared to AH and YL. This corresponded to microbial biomass

carbon, which was also highest in CH. The concentration of Fe and Al was found
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lowest in CH. A previous report indicated that the presence of Fe and A1 hydroxides

had an inhibitory effect on the biodegradation of organic matter, especially organic

acids, as it formed a protective barrier. It was also observed that the microorganisms

possessed the capacity to utilize metal-organic complexes as well as the non-complex

forms of organic acids for its metabolism (Jones, 1998).

During sample collection, it was leamt from the farmers that no organic or

inorganic amendments were applied in diseased plots, whereas organic manures were

annually applied in the healthy gardens. This difference must have led to nutritional

and biological imbalance in YL and AH, which might have contributed to the altered

rhizosphere microflora. It also emphasizes the need for application of manures in a

perennial crop like arecanut, with a high rate of nutrient recycling, to maintain the

microbial population and thus, soil health. A systematic practice to improve the health

of arecanut palms and to reduce the intensity of yellowing might help the farmers, as

most of the plantations are being abandoned after the incidence of yellowing in

Wayanad.

Rhizosphere microorganisms play an important role in maintaining the health

of plants. The root exudates secreted by the plants are found to mediate the chemoatxis

and engineering the rhizosphere microflora (Chaparro et al, 2014). The root exudates

of arecanut palms were found to be composed of sugars, amino acids and other organic

acids, while phenolic compounds were not detected. The quantity of the root exudates

were also found to differ according to soil conditions and cropping pattern (Nagaraja,

1988). Since the rhizosphere microflora is highly dependent on the root exudates, a

similar shift in the population dynamics can be observed in parallel with the variation

in the release of root exudates with soil conditions and cropping pattern.

The rhizosphere microflora of a plant is considered to be designed as a result

of the selective pressures exerted by the biological processes and abiotic factors in the

soil (Nunes et al.. 2009). The studies on physiological aspects showed variation in the
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osmotic potential and chlorophyll content (Jacob, 2007). The change in the physiology

of the plant along with the abiotic aspects concerned with the yellowing of arecanut

was hypothesized to shape a selective rhizosphere microflora.

After the enumeration of soil microorganisms using dilution plate method, 27

predominant bacterial isolates were obtained, which were purified and used for the

study of plant growth promoting activities. These isolates were tested for the

production of lAA, HCN, siderophore and ammonia and phosphate solublization

(Table 13). Ten bacterial isolates exhibited the capacity of phosphate solubilization

and seven were able to synthesize lAA. The siderophore and HCN producing capacities

were found be very less accounting to only one for siderophore production and two for

HCN production. The siderophore producing bacterial isolate was obtained from the

sample YL-4, which had sufficient level of iron concentration, but was found to be the

sample with lowest iron concentration among the YL category. A previous study

reported that Fe-stress-induced system can trigger the production of siderophores in

bacteria (Crowley etai, 1991). The isolates AH4FP and YL4NF were identified to be

Burkholderia cenocepacia and Caulobacter flavus respectively. Plant Growth

Promoting Rhizobacteria (PGPR) are considered as bacteria prevalent in the

rhizosphere region of a plant, capable of improving the growth, nutrient utilization and

productivity of the plant (Saharan and Nehra, 2011). The presence of increased number

of phosphate solubilizers was detected in arecanut rhizosphere and it was observed to

be positively correlated with the arbuscular mycorrhizal population (Ambili et al,

2012). A whole genome sequencing analysis of PGPR from arecanut rhizosphere

discovered the presence of lAA producing genomes and presence of phosphate

solubilizing bacterial population in the arecanut rhizosphere. (Gupta et al., 2014). The

bacterial isolates obtained from the arecanut rhizosphere were found to be able to

tolerate low pH in the same study.

As the soil is considered to be a reservoir of microbial resources and 99 per cent

of them are unculturable, enumeration of the total bacterial population is not possible
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using dilution plate method. Hence, in the present investigation, a culture-independent

method using the high-diversity soil DNA for unravelling the total bacterial diversity

in the arecanut rhizosphere was done using the three categories: YL, AH and CH. For

this purpose, a culture-independent tool called metagenomics was employed. It helps

to assess the microbial composition by avoiding the plate count anomaly and provides

information of almost 95-99 per cent of the microbial composition of the sample that

remain unculturable (Nichols, 2007). The usage of metagenomic methods for the study

of microbial population could be used to link the phylogenetic information with the

environmental functions (Riesenfeld et al, 2004).

Obtaining good quality metagenomic DNA is the major challenge in

metagenomic studies. Basically, there are two methods for DNA isolation: direct and

indirect. The difference in the two methods is that cells are directly lysed in the soil

itself in the first method, whereas in the second method, the cells are first isolated from

the soil and then DNA is extracted. In the present study, direct method of DNA

isolation by soft lysis, illustrated by Siddhapura et al., 2010 was initially employed for

the metgenomic DNA extraction. Both the long and short procedures were employed

to extract the soil DNA. It was found that the DNA obtained was contaminated with

higher proportion of impurities like humic acid. The protocol lacked any clean-up or

filtration step for removal of humic acid components, which could act as PCR

inhibitors. Therefore, MN Nucleospin soil DNA isolation kit was used, which included

a combined physical and chemical DNA lysis step followed by filtering of impurities

after binding the DNA to the inhibitor removal column. The good quality DNA was

then eluted using suitable buffers. The metagenomic DNA obtained was of good

quality, devoid of PCR inhibitors as evidenced by a crisp, intact band on agarose gel,

and produced 16S rDNA amplicons when compared to the DNA obtained using the

direct method.

The lysis method employed in the MN Nucleospin soil DNA isolation kit

included the usage of lysis buffers in combination with mechanical lysis using ceramic
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beads. This type of combinational lysis was found to be highly efficient in extracting

DNA from Gram positive and archaeal cells that are hard to lyse and other cells residing

in the inaccessible soil pockets, without shearing the Gram negative DNA (Frostegard

et ai, 1999). The bead beating method was found to extract high quantity of DNA from

samples. While extracting metagenomic DNA, harsh protocols are recommended for

samples abundant in Gram positive bacteria and gentle lysis protocol for the samples

abundant in Gram negative bacteria. It was also reported that the extraction of DNA

from Firmicutes, preferred enzymatic lysis. Even though many protocols are available

for the extraction of metagenomic DNA, commercial kits were found to be efficient in

-4, providing optimum lysis and removal of PCR-inhibitors and other contaminants

(Keisam et al., 2016). To avoid the biases involved in the manual protocols of

metagenomic DNA extraction, MN Nucleospin soil DNA isolation kit was employed.

A previous study conducted in the Department of Agricultural Microbiology, College

of Horticulture, Vellanikkara by Ashwini (2016) revealed that the direct method of

DNA extraction failed to obtain archaeal sequences, but the usage of MN Nucleospin

soil DNA isolation kit in the current investigation provided optimum lysis to obtain the

archaeal diversity from the soil samples.

In order to study the community composition of any environmental sample, 16S

rRNA gene sequence is generally used. This gene which encodes the 16S ribosomal

RNA, is 1500 bp in size and is composed of nine variable regions interspersed between

conserved regions. Woese (1987) reported that 16S rRNA gene is the best molecular

chronometer with greater resolving power than other oligonucleotides used earlier for

cataloguing purposes. 16S rRNA gene was used to classify bacteria based on the

difference in the hyper-variable regions V3 and V4 by designing specific primers to

amplify the mentioned hyper-variable regions. The 16S rDNA sequences generated

using Illumina sequencing was found to be an effective tool in analyzing the diversity

and taxonomic assemblage in environmental metagenomes (Logares et al., 2014). The

method of classification is considered to be an efficient one even though only 17 per
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cent of the sequences are assigned to known bacterial genera. The phylum level

diversity has also been analysed and it was previously reported that soil ecosystem was

composed of almost 32 bacterial phyla and uncertainties prevailed with the assigning

of sequences to known and unknown taxa of Proteobacteria (Janssen, 2006). The

importance of the hyper-variable V3 and V4 regions was identified in a study

conducted by Claesson et al. (2010), who found that V3A^4 and VANS combinations

provided high simulation coverage and accuracy compared to the other combiantions.

In the present investigation also, the hyper-variable V3 and V4 regions were used for

investigating the diversity of bacteria in the rhizosphere of the three categories of

arecanut palms by metagenomics.

Metagenoraics heavily depends on Next Generation Sequencing (NGS), which

is a high throughput sequencing technology. A massive amount of data is generated

from NGS, which is anlaysed using various bioinformatics tools. The NGS technology

being applicable in the comprehensive study of diversity has enabled it to be used in

various fields including the microbial exploration from intestinal tracts, rumen and soil.

However, management of large amount of data produced by NGS processes and the

need for the application of highly complex computational algorithms for the study has

always been a major drawback of NGS technology (Scholz et al., 2012). Several

platforms are available for NGS, which includes 454, Illumina and Ion Torrent.

Illumina workflow involves amplification of V3-V4 regions using suitable primers,

ligation of adapters and dual indices, followed by library quantification. The denatured

library was then subjected to MiSeq sequencing.

The sequences were obtained in Fastq format. The quality of the Fastq

sequences were analysed using the parameters like base quality score distributions,

average base content and GC distribution. The sequences were trimmed and filtered to

remove mismatches, chimeras and singletons to obtain total number of Operational

Taxonomic Units (OTUs).
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The number of OTUs from all the samples were analysed and it was found that

the AH samples had comparatively more number of OTUs than their corresponding

YL samples. However, the sample CH-5 had higher number of OTUs than the YL

samples, but CH-7 was found to have an intermediate number when compared to the

other samples. Operational Taxonomic Unit is generally referred to as a group of

related organisms. In the metagenomic sense, an OTU is described as a cluster of 16S

gene sequence variant with a minimum of 97 per cent identity threshold at genus level.

An increased identity threshold at 98 or 99 per cent is considered to be suitable for

species level classification. The total number of OTUs was measured to compare the

bacterial population among the samples.

The taxonomical classification of the OTUs thus obtained was done using

QIIME programme, which stands for Quantitative Insight Into Microbial Ecology

developed and hosted by Knight and Caporaso labs. This site acts as an open source

pipeline to graphically represent the bacterial composition provided as raw sequence

(Caporaso et ai, 2010). In the present study, PyNAST programme, which is a sequence

aligner was employed by QIIME to align the reads against the Greengenes core set,

that provides annotated, chimera-filtered 16S rRNA sequences (DeSantis etaL, 2006).

The tool MG-RAST (Metagenomic analysis by Rapid Annotation using

Subsystem Technology) hosted by Argonne Laboratory was used to taxonomically

characterize the OTUs using RDP (Ribosomal Database Project) database. RDP is an

rRNA sequence database containing ribosomal information of bacterial, archaeal and

fungal sequences (Maidak et ai, 1994). The taxonomic characterization was also

studied using MEGAN (MEtaGenome ANalyzer) that employs NCBl taxonomy to

classify the bacterial diversity provided in the input file. The taxonomical composition

was studied and graphical representations were obtained using the above mentioned

tools (Plate 11).
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In the present investigation, among the nine metagenomic DNA samples, two

(YL5 and CH2) failed to produce V3 and V4 amplicons and hence, these were

eliminated from further studies. This might be due to the presence of traces of PCR

inhibitors like humic acid or phenolic compounds. The presence of humic acids and

PCR inhibitors were observed in a previous study and it was also observed that the

humic acid content was successfully removed using commercial cleaning kits, while

the inhibitors were not separated efficiently using the same (Desai and Madamwar,

2007).

The sequences were deciphered using various in silico tools. The eukaryotic

sequences present in the data obtained due to the amplification of mitochondrial DNA

were removed using the filter provided by the in silico tools. In the following

discussion, the details of individual samples are given, followed by a comparison of

bacterial taxa in YL and the corresponding AH sample.

The sample YL-2 had 97 per cent of its total reads belonging to the domain

bacteria, 3 per cent eukaryota, and 0.01 per cent archaea. The most abundant bacterial

phyla in the sample YL-2 was in the order Bacteroidetes, Actinobacteria, Firmicutes

and Proteobacteria, while 36 per cent of sequences belonged to the unclassified phyla

(Plate 1 la). The Bacteroidetes population in the sample YL-2 was majorly composed

of the genus Terrimonas (40%), followed by Chitinophaga (28%). The phylum

Actinobacteria was majorly composed of Arthrobacter (41%), followed by

Thermoleophilum (10%) and the phylum Firmicutes had a comparatively huge

proportion of Bacillus (59%) and Clostridium (8%). The phylum Proteobacteria was

dominant in the class Betaproteobacteria with the genus Massilia (11%) being the

abundant known genus.

A similar proportion of bacteria (97%) was present in the sample AH-2 with 2

per cent eukaryota and 0.2 per cent archaea. The major phyla in AH-2 was found to be

Actinobacteria, Firmicutes and Bacteroidetes respectively. About 28 per cent of the
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sequences were assigned to the unclassified phyla in this sample (Plate 11c). The

sample AH2 had a dominant population of the phylum Actinobacteria majorly

composed of Arthrobacter (45%) followed by Thermoleophilum (7%). An almost

similar trend in the Firmicutes population with 58 per cent of Bacillus population and

10 per cent Clostridium was observed. The primary habitat for the genera Bacillus and

Clostridium was found to be soil and plant ecosystem as most of them are capable to

survive as saprophytes. The wide adaptation of the genera was found to enable them in

the suppression of plant pathogens (Govindasamy et ai, 2010). A growth promotion

study in cucumber revealed that Clostridium sp. applied to the rhizosphere were found

to be comparatively slow growing and able to suppress fungal growth in the vicinity,

which was hypothesized to be the direct control exerted by the bacterium on the fungi

or indirect effect by the activation anti-fungal native bacteria by the applied

Clostridium sp. (Polyanskaya et ai, 2002). The population of the genus Massilia was

found to be high in AH-2. The bacterial genus Massilia was found to possess PGP

characters like lAA and siderophore production, antagonism against Phytophthora

infestans and cellulose degradation, as they are found in high numbers in plant

rhizosphere due to its copiotrophic nature (Ofek et ai, 2012).

In the Bacteroidetes phylum, the population of Terrimonas (28%) dominated

followed by Chitinophaga (18%). The genera Arthrobacter and Thermoleophilum of

phylum Actinobacteria were found to be useful in bioremediation of pesticide

contaminated soil and capable to degrade a wide range of hydrocarbons (Qingyan et

ai, 2008: Shivlata and Sathyanarayana, 2015). The genus Arthrobacter found in

Antarctic soils were found to have psychrotolerant abilities and to possess metabolic

adaptability by utilizing a range of carbon sources (Dsouza et ai, 2015).

A comparative analysis between the samples YL-2 and AH-2 was done and an

increased population of the phyla Acidobacteria, Gemmatimonadetes, Proteobacteria,

Planctomycetes, Verrucomicrobia, Actinobacteria and Firmicutes were observed in the

sample AH-2. The population of Actinobacteria and Firmicutes were high in the sample
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AH-2, while that of Bacteroidetes was high in the sample YL-2. The phyla Nitrospirae,

Chloroflexi, Chlorobi and Fibrobacteres were higher in the sample YL2 with only a

slight difference in the population. An increased proportion of unclassified bacteria

was found in the sample YL-2, while the proportion was comparatively less in that of

AH-2 (Plate 12).

The reason behind significantly increased population of the genera

Edaphobacter in AH-2 and Flavisolibacter YL-2 could not be justified, as the exact

role in the rhizosphere was not known. The population of Mucilaginibacter was found

to be very high in the sample AH-2. The genus Mucilaginibacter was isolated from the

peat soil amended with cellulose, but the in vitro studies failed to prove cellulolytic

ability (Lopez-Mondejar et ai, 2016). The population of the genera Bradyrhizobium,

Sphingomonas, Burkholderia and Bacillus was high in AH-2, while that of Massilia

was high in the sample YL-2 (Plate 13).

The metagenomic analysis of the sample YL-7 was done and 99 per cent of the

sequence belonged to bacterial domain, 1 per cent eukaryotic and 0.03 per cent archaeal

domain. The abundance of bacterial phyla was in the order Actinobacteria (52%),

Proteobacteria (14%), Bacteroidetes (6%), Firmicutes (5%) and Acidobacteria (2%)

(Plate 1 lb). The unclassified phyla occupied almost 18 per cent of the total sequences.

The phylum Actinobacteria was composed majorly of the genus Williamsia (59%),

followed by Gordonia and Brevibacterium (both 10%) and Microbacterium (8%). The

genus Microbacterium was reported to possess PGP characters like lAA, siderophore

production, N mobilization and P-solubilization (Ma et at., 2011). The phylum

Proteobacteria was majorly composed of the class Alphaproteobacteria (49%) and the

genus Methylobacterium (33%) was observed to be the most abundant genus. The

majority in the phylum Bacteroidetes was the genus Terrimonas (16%) followed by

Prevotella (14%) and Flavobacterium (11%). Prevotella was found to be of medically

importance, as they were found to be an active member of oral microflora (Takahashi,

2005). The phyum Firmicutes was majorly composed of the genus Bacillus (49%),
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while other genera like Paenibacillus, Clostridium and Ruminococcus shared 4, 5 and

6 per cent of the population. The genus Williamsia abundant in the sample YL-7 was

reported to be abundant in oil-contaminated ecosystem (Yassin et al 2007). The genus

Williamsia was also reported to have the capacity to degrade PCB (Polychlorinated

Biphenyl) and were found to be present in root ecosystem of pine (Leigh et al, 2006).

Almost 98 per cent of the sequence belonged to bacterial domain, with 1 per

cent eukaryotic and 0.09 per cent archaeal sequences of the sample AH-7. The most

abundant phylum in the sample was Acidobacteria (17%), followed by Actinobacteria

(12%) and thirdly Proteobacteria (10%). The unclassified phyla occupied almost 42

per cent of the bacterial population (Plate 1 le). The phylum Acidobacteria was less

diverse with three genera composing the whole of the phylum. The phylum

Actinobacteria was majorly composed of the genus Thermoleophilum (19%) followed

by Arthrobacter (14%) and 10 per cent of genus Williamsia. The phylum

Proteobacteria was dominant in the class Betaproteobacteria (41%) with 15 per cent

Burkholderia. Other genera like Bradyrhizobium, Pseudomonas, Methylobacterium

etc. were found in minor proportions.

A comparative analysis between the samples YL-7 and AH-7 was done and the

phyla Acidobacteria, Protebacteria, Planctomycetes, Verrucomicrobia and Chloroflexi

was abundant in the sample AH-7 compared to YL-7. The population in the phylum

Actinobacteria was tremendously high in YL-7 compared to AH-7, while the phyla

Bacteroidetes, Chlorobi, Nitrospirae and Firmicutes was slightly higher in the sample

AH-7. The proportion of unclassified phyla was found to be very high in the sample

AH-7 compared to that of YL-7 (Plate 14).

Among the prominent genera, a few genera namely Edaphobacter and

Flavisolibacter with unknown functions were prevalent in the apparently healthy

rhizosphere. These genus Edaphobacter has been reported to be very difficult to culture

in the laboratory (Koch et al, 2008) and this could be the reason for its unknown
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functions in soil. The population of Mucilaginibacter, Methylobacterium,

Pseudomonas, Williamsia and Brevibacter was highly pronounced in the sample YL-

7. Methylobacterium was also found to occupy a notable population in the arecanut

rhizosphere and was found to have endophytic association which resulted in increased

photosynthetic activity in tobacco (Andreote et at., 2009). The population of

Pseudomonas was found to be high in YL-7 than that in AH-7. The genus

Pseudomonas always had significant role as PGPR and has always been one of the

most exploited microorganism in agriculture. Apart from phytohormone production,

suppression of plant pathogens by pholoroglucinol production reported by Raajimakers

and Weller, (1998). The genus was also found to provide Induced Systemic Resistance

in the host plants by the production of 2,3-butanediol was also reported (Bakker et al,

2007). Apart from Pseudomonas, other bacterial genera namely Serratia and Bacillus

was found to elicit Induced Systemic Resistance in plants (Bakker et al, 2013). The

number of Bradyrhizobium OTUs in the samples AH-2 and AH-7 were found to be

high when compared to their yellowing affected counterparts. Apart from the

diazotrophic capabilities and nodulation properties, Bradyrhizobium was reported to

possess PGP activities like phytohormone production, siderophore production,

phosphate solubilization and antagonistic activities in non-host or non-legume

rhizospheres (Antoun et al, 1998). The bacteria with predatory nature like

Bdellovibrio was also found to be high in the sample AH7, in which the number of

OTUs were also found to be higher than that of YL7 (Plate 15).

The sample AH5 was left out without its respective yellowing affected

metagenomic data due to PGR inhibition. The sample AH5 was analysed for its

bacterial diversity and the most abundant bacterial phyla was found to be

Actinobacteria (19%), followed by Acidobacteria (12%) and thirdly by Proteobacteria

(11%), while the unclassified phyla occupied 32 per cent of the bacterial population

(Plate lid). The genus Thermoleophilum (24%) was found to be abundant in the

phylum Actinobacteria. The phylum Acidobacteria was composed of three genera and
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hence it was less diverse. The class Betaproteobacteria with a majority of unclassified

genera was found to be the most abundant class in phylum Proteobacteria. The

proportion of unclassified genera from all the classes of the phylum Proteobacteria was

found to be high. Other notable genera included Burkholderia, Desulfovibrio and

Massilia.

The CH samples being collected from entirely different region of Wayanad,

showed different results in the soil physico-chemical analysis and the culturable

microflora enumeration, because of this reason, the CH samples were considered as a

separate category. The completely healthy samples studied for its bacterial diversity

revealed that both the samples were dominant in the phylum Proteobacteria. The

sample CH5 was majorly composed of Proteobacteria (23%) followed by Bacteroidetes

(14%) and then Actinobacteria (12%) (Plate 11 f). The sample CH7 on the other hand

had 20 per cent of its bacterial population composed of Proteobacteria, followed by 17

per cent by Actinobacteria. The unclassified phyla contributed to 29 per cent of the

bacterial population in the sample CH-5, while it was 46 per cent in the sample CH-7

(Plate 1 Ig). The population of Bacteroidetes accounted only 1 per cent of the bacterial

population. An abundance of Gammaproteobacteria was observed in the sample CH-

5, while in CH-7, Deltaproteobacteria was the abundant class of the phylum

Proteobacteria. The genera Pedobacter, Sphingobacterium, Terrimonas and

Chitinophaga were predominant in Bacteroidetes phylum in the sample CH-5. Genus

Chitinophaga was reported to be a free living saprophytic bacterium and a prolific

degrader of plant derived polysaccharides (McKee and Brumer, 2015). It was reported

to secrete diverse glycoside hydrolases for the utilization of complex polysaccharides.

The genus Arthrobacter dominated in the phylum Actinobacteria of the sample CH-7.

Apart from the previously mentioned soil activities, a few members of the genus

Arthrobacter was reported to be capable of solubilizing phosphorus in the soil (Chen

et al, 2006).
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The phylum Proteobacteria was found to be abundant in the AH samples than

that of its corresponding YL samples. The population was also found to be high in the

CH samples. Among all the bacterial phyla, the phylum Proteobacteria was found to

be the most versatile, diverse and dominant one in rhizosphere ecosystems (Sanguin et

al.y 2006). A diversity analysis of disease suppressive soil revealed the greater

proportion of the phyla Proteobacteria and Firmicutes varying from 20 to 39 per cent

of the population respectively was reported (Plate 16). The classes Gamma and Beta

Proteobacteria of the phylum Proteobacteria, while the family Lactobacillaceae of

Firmicutes, were found to play dynamic roles in disease suppression (Mendes et al,

2011). The genus Burkholderia was also found to be notably important in the diversity

of arecanut palm rhizosphere. Apart from the clinical and minor phytopathological

roles of a few members of the genera, they are known for its capacity to produce

antimicrobial agents, siderophore and elicit other PGP activities like nitrogen fixation,

iron sequestration, phosphate solubilization and phytohormone production (Compant

et al., 2008). Genus like Cellulosimicrobium found in low proportion were also found

to exhibit plant growth promoting activities like lAA production and P-solubilization.

Other properties like cellulolytic and xylanolytic activities were also reported.

(Chattergee et al., 2009: Bakalidou et al., 2002).

Apart from these major phyla, Acidobacteria and Verrucomicrobia were also

found to form an important portion of the arecanut microbiome. A possible hypothesis

would be that the capacity of Acidobacteria to tolerate lower pH might have been the

reason of its abundance in the samples, since the lateritic soils of Wayanad was found

to be highly acidic. The samples AH-7 and CH-5 had comparatively higher number of

Acidobacteria and the pH of the samples were 4.9 and 6.1 respectively. It was also

reported that the competition in the rhizosphere was a matter of less concern for phylum

Acidobacteria (Da Rocha et al., 2013), while another study revealed that OTUs of

Verrucomicrobia and Betaproteobacteria to be highly sensitive to the changing soil

conditions like temperature (Campbell and Kirchman, 2013). The preference of
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Acidobacteria to oligotrophic habitats was observed and the ratio of Proteobacteria to

Acidobacteria was found to be higher in copiotrophic ecosystems, hence a selective

increase in the Acidobacteria! population was observed in the oligotrophic habitats

(Lee et al., 2008). The ratio of Proteobacteria to Acidobacteria for the samples AH2,

AH5 and AH7 were 1.57, 0.9 and 0.58 respectively, while the ratio was higher than 4

in the case of completely healthy and yellowing affected rhizosphere soils indicating a

minor possibility of elevated copiotrophic nature of the yellowing affected and healthy

rhizosphere. Regardless of this ratio, the composition of bacterial taxa in whole might

play a huge role in mediating the health of arecanut palms.

The unclassified taxa were found to be abundant in all the samples, the

proportion was less in the domain level, but was found to be very high in phylum level.

The percentage of unclassified genera particularly in the phylum Proteobacteria was

found to be very high than any other bacterial phyla. The population of the unclassified

phyla was found to be high in the AH samples compared that of its corresponding YL

samples. A random pattern was observed in the population of unclassified taxa in the

CH samples. This might indicate that the majority of the soil bacteria are undiscovered

and the activity of these bacteria are still unknown.

The archaeal population in the samples were found to follow a random pattern,

but an exceptionally high proportion was observed in AH-5 compared to other samples.

The study of archaeal diversity from the samples revealed that the AH rhizospheres

were abundant in the population of phylum Thaumarchaeota when compared to that of

YL. The AH and CH rhizospheres were observed to harbor higher number of

Thaumarchaeota than that by YL rhizospheres (Plate 17). The phylum was composed

of only one genera Candidatus Nitrososphaera in all the seven samples. The members

of phylum Thaumarchaeota was found to be active ammonia oxidizers and the

production of oxidized nitrogen species as a result of the action of Thaumarchaeota

was found to inhibit the growth of methanogens. This phenomenon was observed

mainly in paddy fields (Ke et ai, 2014).
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The total number of bacterial taxa at each taxonomic level was listed to compare

the diversity of all the seven samples. A comparison between YL and the corresponding

AH samples revealed that the number of taxa was high in the AH samples and hence

the diversity. The number of taxa in the CH samples were also analysed, but it showed

values intermediate to that of the other samples. The rarefaction analysis was also done

using the MG-RAST pipeline and it was observed that the AH samples were more

diverse than its corresponding YL samples (Plate 18a and b). The analysis of the

samples was also done and the curve was found to be higher in AH-7, indicating the

highest diversity (Plate 18c).

The analysis of the prokaryotic diversity including archaeal diversity from the

seven samples using Shannon-Weaver and Simpson indices at phylum level indicated

that the diversity was high in the apparently healthy rhizosphere when compared to that

of their yellowing affected counterpart (Table 32). Shannon-Weaver index, being an

information statistic index, defines the diversity in a sample, while Simpson index is

considered to be a dominance index measuring the diversity with the priority given to

the dominant taxa. The highly diverse bacterial assemblage in the apparently healthy

rhizosphere might indicate that the healthy plants have the ability to support a wide

range of bacterial taxa when compared to that of yellowing affected ones. The diversity

in the sample CH-5 was found to be higher than that of YL, but intermediary to AH

samples, while that of CH7 was found to be less than that of all the other samples.

From the present investigation, it is evident that, in general, the yellowing

affected plantations were situated in low lying areas. The parameters like bulk density

and EC was found to be not significant. The YL samples were of low pH, high Fe and

Cu and non-significantly high Al, while AH and CH were found to possess slightly

high pH and comparatively low Fe and Cu. Even though statistically not significant,

the organic carbon content was found to be little high in the CH samples. Other

nutrients were not found to be play any significant role in expression of yellowing in

arecanut. The increased Fe and low Ca concentration in YL leaf samples also indicated
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the possibility of the hindrance of Ca uptake by high Fe and A1 in the soil. The

microbial biomass carbon was not significantly different among the three categories,

however it showed a slightly high value in CH samples and the corresponding value to

that of the culturable microflora was also observed. The culturable microflora was

found to be not significantly different except Bacillus with a high population in CH.

The population of Trichoderma was found to be more in the AH samples, even though

it was not statistically significant.

The bacterial diversity analysis using metagenomics revealed that the

population of Acidobacteria, Verrucomicrobia, Proteobacteria and

Gemmatomonadetes to be high in AH samples than their corresponding YL samples.

The phyla Bacteroidetes, Firmicutes and Actinomycetes followed a random trend in its

population. The proportion of the unclassified phyla was also observed to follow a

random pattern. An increased population of Thaumarchaeota of domain archaebacteria

was found to be high in the AH samples than their corresponding YL samples. The

population of the genera Edaphobacter, Flavisolibacter, Arthrobacter and

Mucilaginibacter was found to follow a random pattem, while that of Sphingomonas,

Burkholderia and Bradyrhizobium was found to be high in AH samples than that of

their corresponding YL samples. The population of Massilia was found to be high in

the YL samples than that of their corresponding AH samples. The population of

different members of the Bacillaceae family was also found to be dynamic in the

rhizosphere of the three categories of palms. Genera like Bacillus, Anoxybacillus,

Oceanobacillus, Lysinibacillus, Brevibacillus and Paenibacillus were observed in all

the samples.

A difference in a few important bacterial taxa and one archaeal taxa was found

to vary among the three categories of samples and this variation was hypothesized to

be linked with the expression of yellowing of arecanut palms. To confirm this

hypothesis, more samples are needed to be studied and a detailed investigation on the

bacterial composition and ecological function in mediating the availability of nutrients
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and improving plant health is needed to be done. The proper management of native

microflora, emphasizing the multi-partite interactions to be used for improving the

plant health should be done in future. The role of unclassified bacterial taxa needs to

be found out to know whether they act as an aggravator of the condition or beneficiary

in reducing the symptom expression of yellowing in arecanut. The role of the

unclassified bacterial taxa can only be understood by doing whole metagenome

sequencing to identify the presence of functional genes and comparing it with a suitable

genomic database. The role of endophytic microorganisms was also reported to be very

important in mediating plant health. Hence, a need for the study of endophytic

microorganisms associated with arecanut palms along with the rhizosphere

microoorganisms as a continuum may be attempted in ftiture, because these two cannot

be considered independently. Nutrient management based on soil analysis and the

enhancement of the native microflora using proper application of organic amendments

to improve soil health may be considered to improve the health of the arecanut palms

and reduce the expression of yellowing.
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6. Summary

The study on ''Metagenomic analysis of bacterial diversity in the rhizosphere

of arecanut palms affected by yellowing in Wayanad" was carried out in the

Department of Agricultural Microbiology and Radio-Tracer Laboratory, College of

Horticulture, Vellanikkara, during the period 2015-2017. The objective of the study

was to analyse the bacterial diversity in the rhizosphere of yellowing affected and

healthy arecanut palms in Wayanad using metagenomics. The salient findings of the

study are summarized below:

• Yellowing affected were collected from Meenangadi and Kakkavayal and

healthy arecanut plantations from Ambalavayal and Kolagappara were

identified with the help of the officials from the Department of Agriculture,

Kalpetta and scientists from Regional Agricultural Research Station (RARS),

Ambalavayal.

• Rhizosphere soil samples were collected from yellowing affected, apparently

healthy palms and completely healthy arecanut palms. Seven samples from

each category of yellowing affected, apparently healthy and completely

healthy (YL, AH and CH respectively) was collected for further analysis. The

coordinates and altitudes were noted. It was observed that the yellowing

affected plantations were situated in converted paddy lands of lower

elevations, while healthy plantations were situated at higher elevations.

• The index leaves (middle portion of the fourth leaf from the apex) from the

arecanut palms were also collected and processed for the nutrient analysis.

• The soil samples were processed and subjected to physico-chemical analysis

and it was found that the YL samples were significantly low in pH and high in

the concentration of Fe and Cu. Even though statistically not significant, a

higher percentage of organic carbon was detected in CH samples and the

concentration of A1 was found high in YL than AH and CH. A higher

concentration of Ca was found in YL samples followed by AH and then CH.
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The leaf samples were also analysed for the nutrient content and a significantly

increased concentration of Fe was found in YL samples. Even though not

significant, a low concentration of Ca was detected in YL samples followed by

AH and the CH.

After the analysis of the physico-chemical properties of the soil and nutrient

concentration in leaf samples, the analysis of the biological characteristics was

done. It included microbial biomass carbon and population of culturable

microflora. The microbial biomass carbon was estimated using fumigation-

extraction method and it was found to be not significant among the three

categories, but the average value was found to be high in CH.

The microbial population was enumerated using dilution plate method and the

population of bacteria, fungi, actinomycetes, N-fixers, P-solubilizers,

fluorescent pseudomonads, Bacillus and Trichoderma was estimated. Even

though not significant, a slight increase in the average population of bacteria

and fungi was observed in CH samples and an increased population of

Trichoderma in the AH samples were also detected. A significantly high

population of Bacillus was found in CH samples.

The microbial enumeration was done and 27 predominant bacterial isolates

were obtained, which were then subjected to PGP characterization like lAA,

HCN, siderophore and ammonia production and phosphate solubilization.

Among the 27 isolates, 10 showed phosphate solubilization, seven showed

lAA production, 15 showed ammonia production, one isolate showed

siderophore production and two HCN production. The isolate AH4FP was

found to show the highest P-solubilization and the isolate CH2BC showed

highest lAA production after the quantification.

After the analysis of microbial biomass C and enumeration of microbial

population from the soil samples, the diversity of culturable and unculturable

bacteria was analysed using a culture-independent method called as
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metagenomics. The metagenomic DNA was extracted using MN Nucleospin

soil DNA isolation kit, as the direct method experimented showed a high

concebtration of humic acids. The metagenomic DNA samples were subjected

to qualitative and quantitative analysis using agarose gel electrophoresis and

spectrophotometry. Nine samples were subjected for metagenomic analysis, in

which two samples failed to produce V3-V4 amplicons most probably due to

the presence if PCR-inhibitors. The rest of the seven samples were used for the

analysis.

The amplicons were subjected to various processes like PCR-cleanup and

index PGR followed by library quantification and denaturation. It was then

subjected to Illumina sequencing after loading into the MiSeq sequencer. The

raw sequences were obtained in Fastq format.

The sequences were subjected for qualitative analysis like determination of GC

composition and base composition. It was further subjected to various filtration

steps to remove mismatch reads, chimeric sequences and singletons to obtain

the total number of OTUs. The total number of OTUs were observed and it

was found that the AH samples had comparatively higher number of OTUs

compared to that of YL. The number of OTUs in the CH samples were found

to show an intermediate value to the other samples.

The taxonomic assemblage of the bacterial diversity was analysed using the

bioinformatics tools QIIME, which uses PyNAST programme to align the

sequence against the Greengenes core set. The in silico tool, MG-RAST and

MEGAN was also used to obtain the bacterial diversity by using RDP database

and NCBI taxonomy respectively.

The domain level comparison indicated that the AH samples had higher

bacterial population than that of their corresponding YL samples. The archaeal

population was also found to be higher in AH samples that the YL samples.
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The bacterial and archaeal population in the CH samples were found to be

intermediary to the other samples.

The sample YL-2 was studied for its bacterial diversity and it was found that

the major phyla included Bacteroidetes, Actinobacteria, Firmicutes,

Proteobacteria, Acidobacteria and Verrucomicrobia. The unclassified phyla

was found to occupy 36 per cent of the total population. The predominant

genera in the sample was found to be Citinophaga, Terrimonas, Arthrobacter,

Thermoleophilum, Bacillus, Clostridium, Massilia, Burkholderia and

Bradyrhizobium. The genera Bacillus, Clostridium and Massilia was reported

to sow PGP activities, while Chitinophaga was found to be a chitin destroyer.

The sample AH-2 was analysed for bacterial diversity and the major phyla was

found to be Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria,

Acidobacteria and Verrucomicrobia. The unclassified phyla was found to

occupy 28 per cent of the total population. The major genera observed were

Terrimonas, Arthrobacter, Thermoleophilum, Chitinophaga, Bacillus,

Burkholderia, Ralstonia and Clostridium.

A comparison between the samples YL-2 and AH-2 was done and an increased

population of the phyla Acidobacteria, Bacteroidetes, Gemmatimonadetes,

Proteobacteria, Planctomycetes, Verrucomicrobia, Actinobacteria and

Firmicutes were observed in the sample AH-2, while that of Bacteroidetes was

found to be high inYL-2. The population of the genera Sphingomonas,

Mucilaginibacter, Bradyrhizobium, Burkholderia and Bacillus was found to be

high in AH-2, while that of Massilia was found to be high in YL-2. The genus

Bradyrhizobium was found to enhance plant growth in non-host or non-legume

plants also.

The sample YL-7 was found to be dominant in phyla Actinobacteria,

Proteobacteria, Bacteroidetes, Firmicutes, Acidobacteria and

Verrucomicrobia. The unclassified phyla was found to be only 16 per cent of
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the total bacterial population. The population of Williamsia of phylum

Actinobacteria was found to be very high in the sample and it was reported to

be present in oil contaminated sites and used for bioremediation of PCB

contaminated soils. Other genera including Gordonia, Brevibacter,

Methylobacterium, Prevotella and Terrimonas were also found to be prevalent

in the sample.

The sample AH-7 was found to be abundant in the phyla Acidobacteria,

Actinobacteria, Proteobacteria, Bacteroidetes, Firmicutes and

Verrucomicrobia. The unclassified phyla occupied 42 per cent of the total

population. The major genera included Arthrobacter, Thermoleophilum,

Williamsia, Burkholderia, Pseudomonas, Bradyrhizobium and

Methylobacterium. The genus Pseudomonas was reported to exhibit PGP

activities and elicit ISR in host plants, while Methylobacterium was also

reported to act as an endophye with plant growth promotion activities. The

PGP activities of Burkholderia was also reported earlier.

A comparison between YL-7 and AH-7 revealed an increased proportion of

Acidobacteria, Proteobacteria, Planctomycetes and Verrucomicrobia in AH-7,

while the population of Actinobacteria was found to be tremendously high in

YL-7. The population of Mucilaginibacter, Methylobacterium, Pseudomonas,

Williamsia and Brevibacter was observed to be very high in the sample YL-7,

while that of Burkholderia, Pseudomonas and Bradyrhizobium was found to

be high in AH-7.

The sample AH-5 was analysed and it was left out without its corresponding

YL sample. The abundant phyla was found to be Actinobacteria,

Acidobacteria, Firmicutes, Proteobacteria, Bacteroidetes and

Verrucomicrobia. The unclassified phyla occupied 32 per cent of the total

population. The notable genera in the sample was found to be Burkholderia,

Desulfovibrio and Massilia.
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The completely healthy samples (CH-5 and CH-7) were analysed for the

bacterial diversity and it was found that the total bacterial population was

intermediary to the other samples. The major phylum in both the samples was

found to be Proteobacteria. The other major phyla in the sample CH-5 was

found to be Bacteroidetes Actinobacteria, Firmicutes, Acidobacteria and

Verrucomicrobia, while that of CH-7 was in the order Actinobacteria,

Firmicutes, Acidobacteria, Verrucomicrobia and Bacteroidetes. The

unclassified phyla was found to be 29 per cent in CH-5, while it was 46 per

cent in CH-7. An abundance of class Gammaproteobacteria was observed in

CH-5 and that of Betaproteobacteria was found in CH-7. The class

Gammaproteobacteria was reported to be an active member of disease

suppressive soils. The genera Pedobacter, Sphingomonas, Terrimonas and

Chitinophaga was found to be abundant in CH samples.

The abundance of phylum Proteobacteria in the healthy rhizospheres were

observed and it was earlier reported that the members of the phylum to be an

active part of soil microfiora and known for their versatility in utilizing a wide

range of organic compounds. The abundance of Acidobacteria was also

observed and it was considered to be because of its preference for low pH, as

the soil samples were found to be acidic in nature.

The ratio of Proteobacteria to Acidobacteria was calculated from the samples

and low values were obtained for AH samples, while it was higher than four in

YL and CH samples. It was reported that higher the ratio, the more

copiotrophic was the soil.

The population of phylum Thaumarchaeota of domain archaebacteria was also

found to be high in the healthy rhizosphere and they were reported to be active

ammonia oxidizers, especially important in paddy lands, where the population

of methanogens are reduced by the oxidation of ammonia.
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The diversity of the bacterial population was analysed from all the samples

using the total number of bacterial taxa at each taxonomic level and also

diversity indices like Shannon-Weaver and Simpson indices at phylum level.

It was found that the AH samples were found to be diverse than the

corresponding YL samples and the diversity of CH samples were found to be

intermediary to the other samples.

The study was concluded by understanding the difference in soil properties and

bacterial diversity among the three categories of soil samples. It was observed

that more samples need to be studied, with the analysis of their functional and

ecological role to find the bacterial composition variation and the expression

of arecanut yellowing in Wayanad. A whole metagenome study of the arecanut

rhizosphere should be done to understand the functions of unclassified taxa. A

need for the study of endophytes in arecanut palms in relation with the

rhizosphere microflora as a continuum was also identified in the current

investigation. The manipulation of native microflora by enhancing the soil

conditions and proper nutrient management after soil analysis could improve

the health of the arecanut palms and reduce the incidence of yellowing up to a

limit.
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Annexure I

Equipment used in the present study

Sterilization of culture media - Equitron SLEFA and NatSteel horizontal autoclave

Incubation of cultures - GeNei OS-250

Centrifugation - Eppendorf 5804R and SPINWIN MC-02

pH of culture media and buffers - Eutech pH Tutor

Visualization of agarose gel

Photomicrography - Leica ICC50

Storage of microbial cultures and metagenomic DNA

m



r

Annexure II

Chemicals used in direct method of metagenomic DNA extraction by soft lysis

1. Extraction buffer

A. lOOmMTrisHCl - 10 ml

lMTrisHCl(pH-8.0) - 1ml

Distilled water - 100 ml

B. lOOmMEDTA - 0.372 g

C. l.SMNaCl

IMNaCl - 0.75 ml

Distilled water - 100 ml

2. Lysis buffer

A. 20%SDS - 0.8 g

B. Lysozyme - 20 mg/ml

C. ProteinaseK - 10 mg/ml

D. N-lauroyl sarcosine - 10 mg/ml

E. 1%CTAB - 4g

3. Phenol ; Chloroform : Isoamyl alcohol (25:24:1)

To 25 parts of phenol, 24 parts of chloroform, 1 part of isoamyl alcohol was added and

mixed properly. The mixture was stored in refrigerator before use.

4. Choloform : Isoamyl alcohol (24:1)

To 24 parts of chloroform, 1 part of isoamyl alcohol was added and mixed properly. The

mixture was stored in refrigerator before use.

5. Potassium acetate 7.5 M

A. Potassium acetate - 20.412 g

B. Distilled water - 50 ml
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6. Chilled ethanol (70%)

To 70 parts of absolute ethanol, 30 parts of double distilled water was added.

7. Sterile distilled water - 20-50 pi

<_

r
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Annexure III

Chemicals used in direct method of metagenomic DNA extraction by direct lysis

1. Extraction buffer

A. 200mM Tris (pH - 8.0) - 0.2 ml

B.25inMEDTA(pH-8.0) - 0.5 ml

C.250mMNaCl - 0.375 ml

D. 0.5%SDS - 0.005 ml

2. Phenol: Chloroform : Isoamyl alcohol (25:24:1)

To 25 parts of phenol, 24 parts of chloroform, 1 part of isoamyl alcohol was added

andmixed properly. The mixture was stored in refrigerator before use.

3. Ice-cold isopropanol

Equal volume of isopropanol

4. 70 per cent chilled ethanol
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Annexure IV

Materials used for agarose gel electrophoresls

1. 6x Loading/tracking dye

Bromophenol blue - 0.25 %

Xylene cyanol - 0.25 %

Glycerol - 30 %

The dye was prepared and kept in refrigerator at 4®C

2. Ethidium bromide (Intercalating agent)

The dye was prepared as a stock solution of 10 mg/ml in water and was stored at room

temperature in a dark bottle.

3. 50x TAE buffer (pH - 8.0)

Tris base - 242.0 g

Glacial acetic acid - 57.1 ml

0.5 M EDTA (pH - 8.0) - 100 ml

Distilled water - 1000 ml

The solution was prepared and stored at room temperature

29^
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Annexure V

Media used and composition

a) Actinomycete isolation media

Sodium caseinate 2.00 g

L-asparagine 0.10 g

Sodium propionate Dipotassium phosphate 0.50 g

Magnesium sulphate 0.10 g

Ferrous sulphate 0.001 g

Agar 20.00 g

Distilled water 1000 ml

Ashby's Mannitol agar

Mannitol 20.00 g

Dipotassium phosphate 0.20 g

Magnesium sulphate 0.20 g

Sodium chloride 0.20 g

Potassium sulphate O.lOg

Calcium carbonate 5-00 g

Agar 20.00 g

Distilled water 1000 ml



<

Jensen's agar

Sucrose 20.00 g

Dipotassium phosphate 1.00 g

Magnesium sulphate 0.50 g

Sodium chloride 0.50 g

Ferrous sulphate 0.10 g

Sodium molybdate 0.005 g

Calcium carbonate 2.00 g

Agar 20.00 g

Distilled water 1000 ml

Kenknight & Munaierers agar

Dextrose 1.00 g

Monopotassium Dihydrogen phosphate O.lOg

Sodium nitrate O.lOg

Potassium chloride O.lOg

Magnesium sulphate O.lOg

Agar 20.0 g

Distilled water 1000 ml

King's medium B base

Proteose peptone 1.00 g

Dipotassium hydrogen phosphate 1.50 g

Magnesium sulphate heptahydrate 1.50 g

Agar 20.00 g

Glycerol 15 ml

Distilled water 1000 ml

pH 7.2 ±0.2



f) Martin's Rose Bengal agar

Papaic digest of soybean meal

Dextrose

Monopotassium phosphate

Magnesium sulphate

Rose Bengal

Agar

Distilled water

pH

5.00 g

10.00 g

I.OOg

0.50 g

0.05 g

20.00 g

1000 ml

7.2 + 0.2

g) Nutrirent agar

Beef extract

Peptone

NaCl

Agar

Distilled water

3.00 g

5.00 g

5.00 g

20.00 g

1000 ml

h) Pikovskaya's agar

Glucose

Ca3(P04)2

(NH2)4S04

NaCl

MgS04.7H20

KCl

Yeast extract

MnS04.H20

FeS04.7H20

Distilled water

Agar

pH

10.00 g

5.00 g

0.50 g

0.20 g

O.lOg

0.20 g

0.50 g

0.002 g

0.002 g

lOOOg

20.00 g

7.0



i) Potato Dextrose agar

Potato infusion 200.00 g

Dextrose 20.00 g

Agar 20.00 g

Distilled water 1000 ml
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Abstract

Arecanut (Areca catechu L.), is a major masticatory crop that has become an

integral part of the nation's culture as well as the economy. The crop is mainly

cultivated in the Western Ghats and North-Eastem parts of the nation and Kerala

occupies second position in the production of arecanut in India, after Kamataka. An

increase in the area of cultivation has been observed but the productivity has been

stagnant due to the intricacies concerned with soil, climate and nutrient imbalances.

Among the challenges faced in arecanut cultivation, yellowing of arecanut palms has

gained greater attention due to the crop loss inflicted by it. Various etiological reasons

among which, nutrient imbalances and cultivation in low-lying areas stand to be the

probable cause of the disease.

The objective of the present investigation was to analyse the bacterial diversity

in the rhizosphere of yellowing affected and healthy arecanut palms in Wayanad

district. Soil samples were collected from the rhizospheres of yellowing affected,

apparently healthy (healthy palms in yellowing affected plantation) and completely

healthy palms and analysed for their chemical and biological properties. The culturable

microflora was enumerated using dilution plate method for bacteria, fungi,

actinomycetes, nitrogen fixers, phosphate solubilizers, fluorescent pseudomonads,

Trichoderma and Bacillus. The predominant bacterial isolates obtained from soil

samples were screened for plant growth promotion activities like production of lAA,

siderophore, HCN and ammonia and phosphate solubilization. A whole genome study

on the arecanut rhizosphere revealed the presence of lAA producing genes in the

bacterial metagenome and other reports indicating the activity of phosphate solubilizers

indicated the abundance of PGPR in the arecanut rhizosphere. The bacterial diversity

in the rhizosphere of the three categories of palms was analysed by metagenomic

library construction and sequencing of V3-V4 regions on the 16S rRNA gene, using

Next Generation Sequencing (NGS) technology. The sequences thus obtained were



analysed for the Operational Taxonomic Units (OTUs) present using the MG RAST

server and MEGAN.

The analysis of soil physico-chemical parameters revealed that an increased

proportion of Fe and A1 in the yellowing affected soils might have hindered the uptake

of other nutrients like calcium and magnesium. The culturable microflora and

microbial biomass carbon analysis indicated a slight increase in the rhizosphere of

apparently healthy and completely healthy arecanut palms than that of the yellowing

affected ones. A significant increase in the population of Bacillus was observed in the

completely healthy arecanut palm rhizospheres.

The predominant bacterial phyla in the arecanut rhizosphere included

Proteobacteria, Actinobacteria, Acidobacteria, Bacteroidetes and Firmicutes. The

phyla Proteobacteria, Acidobacteria and Verrucomicrobia were found to be dominant

in the apparently healthy arecanut palm rhizospheres when compared to the yellowing

affected counterpart. The class Alphaproteobacteria was found to be abundant in the

apparently healthy rhizosphere with the other classes namely Beta, Gamma and Epsilon

Proteobacteria showing no pattem of abundance. The abundance of genera

Bradyrhizobium. Sphingomonas and Burkholderia were observed in the apparently

healthy rhizosphere soil samples. An increased population of Pseudomonas, Bacillus

and Nitrospira in one of the completely healthy soil sample was identified, while an

increased proportion of Massilia in one of the yellowing affected rhizosphere was

recorded. Bacterial diversity in the rhizosphere of apparently healthy palms was found

to be higher than that of the yellowing affected palms as indicated by Shannon-Weaver

and Simpson indices.



The results indicated that an increased population of the aforementioned

bacterial taxa might have a significant role in maintaining the health of arecanut palms

and reducing the yellowing symptoms by mediating nutrient recycling and plant

growth promotion. Further studies to engineer the rhizosphere microflora might help

in reducing the yellowing incidence in the near future.
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