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Abstract 14 

Although Phragmites australis is commonly planted in constructed wetlands, very little is 15 

known about its roots-associated bacterial communities, especially in wetlands used for 16 

the remediation of oil produced waters. Here, we describe the bacterial diversity, using 17 

molecular (illumina MiSeq sequencing) and cultivation techniques, in the rhizosphere 18 

soils of P. australis from an oil-polluted wetland in Oman. The obtained isolates were 19 

tested for their plant-growth promoting properties. Most sequences belonged to 20 

Proteobacteria, Bacteriodetes and Firmicutes. Sequences of potential hydrocarbon-21 

degrading bacteria (e.g. Ochrobactrum, and Pseudomonas) were frequently encountered. 22 

All soils contained sequences of known sulfur-oxidizing (e.g. Thiobacillus, Thiofaba, 23 
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Rhodobacter and Sulfurovum) and sulfate-reducing bacteria, although the latter group 24 

made up only 0.1% to 3% of total sequences. The obtained isolates from the rhizosphere 25 

soils were phylogenetically affiliated to Serratia, Acinetobacter, Xenorhabdus, 26 

Escherichia and Salmonella. All strains were able to solubilize phosphate and about half 27 

were capable of producing organic acids and 1-aminocyclopropane-1-carboxylate 28 

(ACC) deaminase. Around 42% of the strains had the ability to produce indole acetic acid 29 

and siderophores. We conclude that the rhizosphere soils of P. australis in oil polluted 30 

wetlands harbor diverse bacterial communities that could enhance the wetland 31 

performance through hydrocarbon degradation, nutrient cycling and supporting plant 32 

growth.  33 

 34 
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 37 

Introduction 38 

The utilization of constructed wetlands for the treatment of contaminants has been 39 

increasing steadily over the past decades (Kadlec et al. 2008; Li et al. 2013; Zou et al. 40 

2013), mainly because it is cost-effective and environmentally friendly (Bouali et al. 41 

2014a). Several plants, with the large perennial wetland plant species P. australis, known 42 

also as the common reed, have been used in wetlands throughout temperate and tropical 43 

regions of the world (Chandra et al. 2012). The selection of the plant species is based on 44 

their ability to grow in local environment, their ability to withstand and degrade 45 

contaminants, their high biomass and root depth and based on the water management plan 46 



 

(water reuse or zero-discharge) (Ravit et al. 2003). However, the treatment performance 47 

of constructed wetlands relies largely on the microbial communities in the rhizosphere of 48 

the selected plant species, which not only play a direct role in pollutant removal but also 49 

in biogeochemical cycles of major nutrients (Tian et al. 2014). Some of these 50 

microorganisms possess plant-growth promoting (PGP) traits that accelerate the growth 51 

of plants (Jiang et al. 2013). The diversity of microorganisms associated with the roots of 52 

several wetland plants has been studied using culture-dependent and molecular 53 

techniques (Jiang et al. 2013; Li et al. 2013). Although it is believed that root exudates 54 

enhance the growth and activity of rhizosphere soil bacterial communities (Jiang et al. 55 

2013; Zou et al. 2013), few studies have compared these communities in different roots 56 

of the same plant species (Likar et al. 2009).  57 

Few wetlands have been constructed to treat oil-contaminated produced water 58 

(Abed et al. 2014a). Although previous studies have demonstrated drastic effects of oil 59 

spills on natural wetlands (Zou et al. 2013; Tian et al. 2014), engineered constructed 60 

wetlands are very effective in the breakdown and removal of hydrocarbons from 61 

produced water. In the Arabian Gulf region, one of the largest surface flow constructed 62 

wetland systems was constructed in Oman for the treatment of oil-produced water and 63 

this wetland is predominantly planted with the wetland plant species P. australis (Abed et 64 

al. 2014a). So far, there are no studies performed to describe and compare the diversity of 65 

microorganisms in the rhizosphere soils surrounding P. australis in this wetland in 66 

particular and in oil-polluted wetlands in general. The study of these bacterial 67 

communities will contribute towards a better understanding of their diversity under 68 

elevated levels of oil and very harsh desert conditions as well as their role in the 69 



 

performance of the whole ecosystem. Hence, we investigated, using culture-dependent 70 

and independent approaches, the composition of bacterial communities in the rhizosphere 71 

soils of P. autralis from an oil-polluted wetland located in the desert of Oman. 72 

Furthermore, we tested the obtained bacterial isolates for their PGP characteristics.  73 

 74 

Materials and methods  75 

Study site and roots collection 76 

The studied wetland occupies an area of 350 hectare, vegetated predominantly with P. 77 

australis. The wetland is mainly used for the treatment of oil-produced water (115,000 m3 78 

day-1). It is a surface flow design consisting of 0.2 m depth of soil overlain by an average 79 

15 cm depth of surface water. Detailed layout of the wetland has been described earlier 80 

(Abed et al. 2014a). The roots of P. australis were sampled from two different sites 81 

(termed hereafter as A and B); each was ten-hectare in size. These two sites were chosen 82 

because of the clear differences in oil concentration, temperature, pH, chemical oxygen 83 

demand (COD) and sulfate concentration in the overlying water (Table 1). The roots of 84 

three plants from two locations within each of the two studies sites (total 6 plants from 85 

each site) were gently pulled out of the ground. The fine-textured soils around the roots 86 

consisted of fine particles, silts and clays that when saturated are low in permeability. 87 

Around 5 g each of these soils were collected in a petri dish using a sterile spatula and 88 

then stored in sterile plastic boxes. All samples from site A and B were transferred to the 89 

laboratory in a cool box, and were immediately stored at -20ºC, for MiSeq sequencing.  90 

The two sampling sites were characterized for the water quality by measuring (in 91 

triplicate samples) water temperature, dissolved oxygen, pH, oxidation reduction 92 



 

potential (ORP) and conductivity using a standard calibrated multiline meter (WTW 93 

Multiline P4 Universal Meter and Hach HQ30d Flexi Meter). Oil concentration in the 94 

overlying water of each sampling site was measured on grab samples using a 95 

spectrophotometer (DR 3900 spectrophotometer, Hach Lange, Germany). Ammonia, 96 

phosphate, sulfate, boron and chemical oxygen demand (COD) were measured in the 97 

water samples using a spectrophotometer (DR 3900 spectrophotomer, Hach Lange, 98 

Germany) according to Hach standard methods (Hach 1989). 99 

MiSeq sequencing and sequence analyses 100 

DNA was extracted from the rhizosphere soil samples from site A and B using the 101 

PowerBiofilm DNA isolation kit (MOBIO laboratories, Inc., Carlsbad, CA) according to 102 

the manufacturer’s instructions. The DNA extracts of the triplicate samples from each 103 

location were pooled together. The four pooled and purified DNA extracts (total 4, 2 104 

from each site) were then submitted to Molecular Research MR DNA laboratory 105 

(www.mrdnalab.com, Shallowater, TX, USA) for illumina MiSeq sequencing of the 106 

bacterial 16S rRNA genes using the primers 341F (5'-CCTACGGGNGGCWGCAG-3') 107 

and 805R (5'-GACTACHVGGGTATCTAATCC-3') with barcode on the forward primer. 108 

Multiple samples were pooled together in equal proportions based on their molecular 109 

weight and DNA concentrations and then purified using calibrated AMPure XP beads. 110 

The pooled and purified PCR products were used to prepare a DNA library by following 111 

illumina TruSeq DNA library preparation protocol. Sequence analysis was carried out 112 

using the Mothur MiSeq SOP pipeline (https://www.mothur.org/wiki/MiSeq_SOP). 113 

Briefly, barcodes were removed and sequences with less than 200 base pairs (bp) and 114 

sequences with ambiguous base calls were eliminated. Sequences were denoised, 115 



 

operational taxonomic units (OTUs) generated and chimeras removed. OTUs were 116 

defined by clustering at 3% divergence (97% similarity). Final OTUs were taxonomically 117 

classified using BLASTn against a curated GreenGenes database.  118 

Isolation and identification of rhizosphere soil bacteria 119 

The soils attached to the rhizosphere of P. australis from the two sampling sites were 120 

mixed together prior to isolation to increase the chance of isolating different species. The 121 

aim of the isolation work was not to study and compare the bacterial diversity between 122 

the two sites but rather to obtain pure strains and study their PGP properties. Soil samples 123 

were then added into Erlenmeyer flasks containing 100 ml of Tryptic soy broth (TSB). 124 

TSB contains 17 g l-1 Bacto™ tryptone, 3 g l-1 Bacto soytone (peptic digest of soybean 125 

meal), 2.5 g l-1 glucose, 5 g l-1 sodium chloride and 2.5 g l-1 dipotassium hydrogen 126 

phosphate. The flasks were incubated at 30°C and shaken at 60 rpm for 24h. A loopful of 127 

each flask was plated on tryptic soy agar (TSA) to obtain single colonies. Twenty six 128 

bacterial colonies with different growth characteristics were picked and further purified 129 

on freshly prepared TSA plates. The 16S rRNA-based identification of the isolates and 130 

the construction of the maximum likelihood phylogenetic tree were performed as 131 

described in (Abed et al. 2014b).  132 

Screening for PGP traits  133 

The ACC deaminase production in all strains was detected in cell-free extracts using an 134 

established protocol (Belimov et al. 2005). The production of indole acetic acid (IAA) by 135 

the isolates was qualitatively tested using a previously described classical method 136 

(Gordon & Weber 1951). Bacterial isolates with the ability to produce various organic 137 

acids were identified by a color change of the alizarine red pH indicator from red ( pH > 138 



 

6 ) to yellow ( pH ~ 5 or below) using the method described in (Cunningham & Kuiack 139 

1992). A qualitative evaluation of siderophore production was based in the overlay-CAS 140 

assay (Pérez-Miranda et al. 2007). The Phosphate-solubilizing abilities of the isolated 141 

strains were assayed on plates as previously described (Schmid et al. 2009).  142 

Statistical analysis 143 

From MiSeq data, rarefaction curves and diversity indices (OTU richness, Chao 1 and 144 

ACE) were calculated using the Mothur software. Chao-1 is based on rare OTUs in a 145 

given sample and ACE is abundance-based coverage. The percentage of sequences that 146 

appeared only once (i.e. singletons, SSO) or twice (i.e. doubletons, DSO) were also 147 

calculated using a custom R script. Principal component analysis (PCA) implemented in 148 

PAST program (Paleontological Statistics, ver. 1.47, http:\\folk.uio.no\ohammer\past) 149 

was performed to evaluate the similarity among the bacterial communities of the four 150 

samples based on taxonomic composition.  151 

 152 

Results  153 

Physical-chemical characteristics of the sampling sites 154 

Oil concentration in the overlying water was five folds higher in site A than in site B with 155 

a total amount of 1.63 and 0.33 mg l-1, respectively (Table 1). The water temperature was 156 

slightly warmer in site A compared to site B.  Ammonia and dissolved oxygen of both 157 

sites were comparable. Site B had higher contents of phosphate, sulfate and boron but 158 

lower total phosphate (TP) and total nitrogen (TN) (Table 1). pH, conductivity and COD 159 

were also higher in Site B. 160 

MiSeq sequencing and bacterial diversity 161 



 

 A total of 455,201 16S rRNA sequences were generated by MiSeq sequencing (Table 2). 162 

The OTU richness and diversity indices (e.g. Chao and ACE) indicate higher diversity in 163 

Site A than Site B rhizophere soils samples (Table 2). Rarefaction curves showed that 164 

still more sequences are needed to cover the whole bacterial diversity in the samples 165 

(Figure 1A). Cluster analysis based on the distribution of bacterial groups and genera 166 

(Figures 1B and 1C) placed the Site A samples closer to each other than the Site B 167 

samples (Figure 1C). 168 

The majority of sequences belonged to the phylum Proteobacteria, with a relative 169 

abundance of 24.5-70.4% of total sequences (Figure 1B). The occurrence of 170 

proteobacterial sequences was higher in Site A than in Site B soils. Alphaproteobacteria 171 

exhibited a relative abundance between 3.1 and 27.4 % of total sequences in all samples, 172 

with the dominance of sequences belonging to Ochrobactrum (Figure 1C). Sequences 173 

affiliated to Agrobacterium and Brevundimonas were detected in all samples, except B1, 174 

whereas sequences of Rhodobacter and Labrenzia exhibited a higher relative abundance 175 

in Site A than Site B samples (Figure 1C). Betaproteobacteria constituted 2.3-16.5% of 176 

total sequences in all soils, however with higher relative abundance in Site A (Figure 1B). 177 

The betaproteobacterial sequences belonged to the genera Delftia, Acidovorax, 178 

Thiobacillus and Thauera. Gammaproteobacteria was the most dominant (19-29.1% of 179 

the total sequences) bacterial class in all samples (Figure 1B), with sequences belonging 180 

to Enhydrobacter, Pseudoxanthomonas, Halothiobacillus, Stenotrophomonas, 181 

Pseudomonas and Leclercia detected in the soils of both sites (Figure 1C). Sequences 182 

belonging to the genera Thiofaba were only found in Site A samples. Deltaproteobacteria 183 

made up between 0.1% and 3% of total sequences in all samples. All sequences from this 184 



 

group were related to known sulfate reducing bacteria from the genera Desulfofustis, 185 

Desulforhopalus, Desulfobulbus, Desulfovibrio, Desulfustis and Desulfonema (Figure 186 

1C). Epsilonproteobacteria constituted ≤5.6% of total sequences in all soils, with 187 

Sulfurovum and Sulfurimonas mainly encountered in Site A soils (Figure 1B and 1C). 188 

 The spore-forming classes Clostridia and Bacilli were predominantly detected in 189 

B1 sample, making up 1.5% and 19.6% of total sequences, respectively (Figure 1B). The 190 

two classes made up <4.2% of total sequences in all other samples. While Clostridia-191 

related sequences of the genera Clostridium and Ruminiclostridium were only 192 

encountered in the B1 sample, Bacilli-related sequences belonging to Enterococcus, 193 

Bacillus and Lysinibacillus were detected in B1 and A2 samples (Figure 1C). 194 

Actinobacteria and Flavobacteriia exhibited their highest abundance in the B1 sample 195 

(Figure 1B). The Actinobacterial sequences belonged to the genus Corynebacterium 196 

whereas the Flavobacteriia-related sequences belonged to the genera Cloacibacterium, 197 

Weeksella, Bergyella and Flavobacterium (Figure 1C).  198 

Principal component analysis (PCA) indicated that A1 and A2 samples were more 199 

related to each other than B1 and B2 samples (Figure 2). While Flavobacteriia and 200 

Bacilli were more associated with B1 site, Sphagnopsida and Gammaproteobacteria were 201 

associated with B2 site and Betproteobacteria with A1 and A2 sites.  Bacteria belonging 202 

to Sulfurimonas were most dominant in A1 and A2 sites whereas Halothiobacillus and 203 

Ochrobactrum exhibited their highest abundance in B2 sample.  204 

Strain identification and PGP characteristics 205 

All isolated strains belonged to the class Gammaproteobacteria (Figure 3). Five strains 206 

clustered together and shared 100% sequence similarity with Serratia marcescens 207 



 

(JX868557), which was isolated from an oil-polluted site. Two strains shared >88% 208 

sequence similarity to other strains of Serratia marcescens isolated from cotton soil 209 

rhizosphere (HQ123473 and HQ130340). Seven strains were phylogenetically related to 210 

Acinetobacter junii, which was isolated from wetlands (EF429000). Only one was related 211 

to the genus Xenorhabdus, two to E. coli and two to Salmonella enterica.  212 

Out of the 26 bacterial strains, 16 strains were capable of producing organic acids 213 

and 11 strains had the ability to produce indole acetic acid (Table 3). All strains had the 214 

ability to solubilize phosphate. The bacterial isolates that had a strong affinity to 215 

solubilize phosphate could always produce siderophores, except in the case of E. coli 216 

YS1 (Table 3). On the other hand, the strains that showed low phosphate solubility had a 217 

relatively strong ACC deaminase activity (11 strains), except in case of YS21and YS22. 218 

Approximately 70% of the isolates showed positive ACC deaminase activity (Table 3). 219 

Only one strain (i.e. YS20) was positive in all assays.  220 

 221 

Discussion 222 

Miseq sequencing provided a detailed insight into the bacterial diversity of the 223 

rhizopshere soils of P. australis from a poorly studied oil-polluted constructed wetland. 224 

The presence of diverse bacterial communities in the rhizosphere soils could be attributed 225 

to the organic-rich plant root exudates or oil, which could stimulate microbial growth and 226 

activity (Ukaegbu-Obi & Mbakwem-Aniebo 2014). Previous studies have shown that the 227 

whole diversity in the rhizosphere soils could not be covered using MiSeq, even after 228 

obtaining a large number of reads (Jiang et al. 2013) and rhizospheres contain 100-1,000 229 

times higher microbial diversity than bulk soils (Mwajita et al. 2013). OTU richness, 230 



 

Chao1 and ACE revealed a higher diversity in Site A compared with Site B soils. The 231 

microbial diversity exhibited variations even between the duplicate soils from each site. 232 

Sample heterogeneity depends on the physicochemical characteristics of soils, plant 233 

exudates, pollution level and environmental conditions (Yue et al. 2012; Huang et al. 234 

2014; Erguven et al. 2016).  235 

Proteobacteria in rhizosphere soils 236 

All soils were predominated by sequences of the class Proteobacteria. This finding is 237 

consistent with previous reports on the rhizosphere of P. australis (Li et al. 2013; Bouali 238 

et al. 2014b). Proteobacteria constituted 24-70% of the total sequences in our samples as 239 

well as in the rhizosphere of P. australis from other oil-free and oil-polluted wetlands 240 

(Bouali et al. 2014b; Tian et al. 2014). While Gamma- and Alphaproteobacteria 241 

dominated all our samples, Alpha- and Deltaproteobacteria dominated the rhizosphere of 242 

P. australis from a wastewater wetland in Tunisia (Bouali et al. 2014b), and Gamma- and 243 

Deltaproteobacteria dominated the rhizosphere of mangroves from a natural wetland in 244 

Hong Kong (Jiang et al. 2013). Both Alpha- and Gammaproteobacteria in our soils 245 

included potential oil-degrading species. For instance, species belonging to 246 

Ochrobactrum, Agrobacterium, Pseudomonas, Stenotrophomonas, Pseudoxanthomonas 247 

and Leclercia were shown to degrade low and even high molecular weight hydrocarbons 248 

(Cébron et al. 2011; Chandra et al. 2012). Indeed, the negative correlation between the 249 

measured COD values and oil concentration in the overlying water of the two studied 250 

sites indicates the occurrence of biodegradation (Erguven 2017). 251 

Sulfur and nitrogen cycles in the rhizospehere soils 252 



 

In the studied soils, several genera of known aerobic sulfur oxidizing bacteria such as 253 

Delftia, Thiobacillus, Thiofaba, Pseudomonas and Halothiobacillus (Behera et al. 2014), 254 

anaerobic sulfur oxidizing bacteria like Rhodobacter, Sulfurovum and Sulfurimonas 255 

(Pavitra et al. 2015) as well as sulfate-reducing bacteria (SRBs) have been detected. This 256 

points out to the presence of a sulfur cycle in the rhizosphere soils. Oil pollution and the 257 

high input of organic matter from root exudates are known to stimulate sulfur cycle 258 

(Kleikemper et al. 2002). Many of the detected sulfur-cycle related bacteria have been 259 

previously detected in the rhizosphere soils of different plants (Vladár et al. 2008; Li et 260 

al. 2013). Interestingly, the sequences of SRBs made up only 0.1% to 3% of the total 261 

sequences in all investigated soils. This finding is congruent with earlier reports, where 262 

SRBs made up a minor fraction of the total bacterial community in other wetlands 263 

(Bottos et al. 2008), despite the high rates of sulfate reduction (Balasooriya et al. 2008).      264 

Sequences of potential N2 fixing, nitrifying and denitrifying bacteria have also 265 

been detected in our soils. For instance, the genera Ochrobactrum, Agrobacterium and 266 

Brevundimonas are known to include nitrogen-fixing species. Sequences related to 267 

nitrifiers such as Labrenzia, Bacillus and Lysinibacillus (Mishra et al. 2015) and 268 

denitrifiers such as Thiobacillus and Pseudomonas (Ruiz-Rueda et al. 2009) have also 269 

been encountered. Earlier studies have reported the presence of these bacterial taxa 270 

(Haaijer et al. 2006) and the occurrence of nitrogen cycle processes such as N2 fixation, 271 

nitrification and denitrification (Whitmire & Hamilton 2005) in other wetlands. 272 

Flavobacteriia in rhizosphere soils 273 

An interesting feature of the obtained sequencing data was the dominance (38.4% of total 274 

sequences) of Flavobacteriia in B1 sample. Oil pollution was shown to favor the growth 275 
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of Flavobacteriia (Lv et al. 2014) and this group contains species that are able to degrade 276 

hydrocarbons (Hemalatha et al. 2011). Flavobacteriia also known to possess PGP 277 

features, such as their ability to hydrolyse organic phosphate (Fitriatin et al. 2011) and 278 

their ability to solubilize sulfate ester (Fitzgerald 1976). Thus, presence of these bacteria 279 

suggests a role in hydrocarbon degradation as well as in nutrient cycling and 280 

enhancement of plant growth in this nutrient-poor wetland (Dipak & Sinha 2013). 281 

PGP characteristics of rhizosphere isolates 282 

Most isolated strains from the rhizosphere soils belonged to Serratia (60% of total 283 

strains) and Acinetobacter (30%). Serratia and Acinetobacter spp. have been detected in 284 

the rhizosphere of P. australis in other natural and constructed wetlands (Chandra, et al. 285 

2012; Zhang et al. 2013) as well as in the rhizosphere of different plants (Gyaneshwar et 286 

al., 2001; Rokhbakhsh-Zamin et al. 2011). Previous reports demonstrated a key role of 287 

Serratia marcescens in phytoremediation (Almansoory et al. 2014; Ukaegbu-Obi & 288 

Mbakwem-Aniebo 2014) and the degradation of aromatics by a Serratia-containing 289 

consortium (Ortega-González et al. 2013). The ability of our strains to exhibit ACC 290 

deaminase activity, siderophores production and phosphate solubilization has been 291 

previously demonstrated for species of the same genera (Nadeem et al. 2010; George et 292 

al. 2013). The production of IAA by Acinetobacter and Serratia spp renders them as 293 

potential biofertilizers (Gulati et al. 2009). IAA production not only improves plant 294 

growth (Mohite 2013), but also supports plant survival and adaptation under the desert’s 295 

harsh environmental conditions (George et al. 2013).  296 

 297 

Conclusions 298 
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In conclusion, the bacterial communities of the rhizosphere soils of P. australis are 299 

diverse and vary with location and in different plants of the same species. These bacteria 300 

are likely to contribute to the removal of hydrocarbons from the produced water. 301 

Moreover, they also play a role in nutrient cycling in the wetland and in supporting the 302 

growth of P. australis under the harsh desert conditions. Future research should focus on 303 

the interaction between P. australis and their associated bacteria under these harsh 304 

conditions and on studying the diversity of endophytic bacteria. The potential of these 305 

extremophilic bacteria for biotechnology should be exploited.  306 

 307 
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Table and figure legends  459 

Table 1. Physical-chemical properties of the water from the two sampling sites. 460 

Table 2. MiSeq sequencing and bacterial diversity estimators for the four P. australis 461 

rhizosphere soils. 462 

Table 3. Plant growth characteristics of the bacterial strains isolated from the rhizosphere 463 

soils of P. australis 464 

Figure 1. A) Calculated rarefaction curves of observed OTUs (sequences that have 97% 465 

similarity are defined as one OTU) richness in the soils B) the most dominant bacterial 466 

classes/phyla in different rhizosphere soil samples, all classes that made up ≤ 3% each 467 

were groups into “others” C) Heatmaps representing a comparison of the relative 468 

abundance (% of total sequences) of bacterial genera between different rhizosphere soil 469 

samples. 470 

Figure 2. Principal component analysis (PCA) based on the relative abundance of all 471 

detected bacterial classes/phyla (A) and genera (B) of the four studied rhizosphere soil 472 

samples  473 

Figure 3. Unrooted phylogenetic tree showing the affiliation based on the 16S rRNA 474 

genes of the 26 strains obtained from the rhizosphere soils of P. australis 475 

 476 

 477 

 478 

 479 

 480 

 481 



 

 482 

 483 

   484 

Table 1. Physical-chemical water characteristics of the 

two sampling sites  

Sampling site A B 

Oil concentration (mg l-1) 1.6±1.1 0.3±0.4 

Water temperature (˚C) 29.3±7.2 26.6±3.2 

COD (mg l-1) 131.7±5.2 336.7±11.5 

Ammonia (mg l-1) 0.3±0.1 0.3±0.1 

TN (mg l-1) 1.2±0.1 0.5±0.1 

Phosphate (mg l-1) 0.1±0.1 0.3±0.1 

TP (mg l-1) 0.1±0.1 0.1±0.1 

Dissolved oxygen (mg l-1) 8.0±3.4 7.5±1.1 

pH 8.3±0.2 8.7±0.1 

Conductivity (mS cm-1) 11.8±0.4 14.4±1.1 

ORP (mV) 102.9±84 76.4±66 

Sulfate (mg l-1) 370.2±29 448.7±42 

Boron (mg l-1) 5.4±1.6 7.6±3.0 

ORP: Oxidation reduction potential   

COD: Chemical oxygen demand     

Table 1 
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  490 

Table 2. Pyrosequencing and bacterial diversity estimators for the four Phramites 

australis rhizosphere soils using MiSeq. 

Sample  Number of 

sequences 

Number of 

OTUs 0.03a 

Chao1 ACE SSO DSO 

A1 112113 796 1084 1069 10 10.1 

A2 104845 888 1177 1160 7.1 8.9 

B1 151664 568 874 868 12.7 10.2 

B2 86579 629 998 958 11.7 9.0 
a Operational taxonomic unit at 3% sequence dissimilarity based on equal subsets of 

sequences  

SSO Singletons sequences that were observed once       

DSO  Doubletons are sequences that were observed  

twice       
   491 

Table 2 



 

492 

Table 3. Plant-growth characteristics of the bacterial 

strains isolated from the rhizosphere soils of Phragmites 

australis  

Strain  OA ACC 

deaminase 

P SID IAA 

YS1 + - +++ - ++ 

YS2 + ++ + - - 

YS3 + ++ + - - 

YS4 + ++ + - - 

YS5 + ++ + - - 

YS6 - - +++ + - 

YS7 + ++ + - - 

YS8 - - +++ + - 

YS9 + ++ + - ++ 

YS10 - - +++ + ++ 

YS11 + ++ + - ++ 

YS12 - - +++ + ++ 

YS13 + ++ + - - 

YS14 + + +++ + - 

YS15 - + +++ + ++ 

YS16 + ++ + - - 

YS17 + ++ + - - 

YS18 - - +++ + ++ 

YS19 - - +++ + ++ 

YS20 + + +++ + ++ 

YS21 + + + - - 

YS22 + + + - - 

YS23 - - +++ + ++ 

YS24 + ++ + - - 

YS25 - + +++ + - 

YS26 - + +++ + ++ 
OA: organic acid production, ACC: 1-aminocyclopropane-1-

carboxylate deaminase; IAA: indole acetic acid; SID: siderophore 

production; P: inorganic phosphate solubilization. 

- No activity, + low activity, ++ high activity, +++ very high activity 

Table 3 
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Figure 1 
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Figure 2 
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Figure 3 


