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1. Introduction  22 

Water is important for our daily lives and is central for  food security (Hamdy et al., 23 

2003). However, by 2050, up to 3.1 billion people will face a shortage of water supplies due to 24 

increasing water scarcity in most countries (Gosling and Arnell, 2016). A consequential effect 25 

would be depleting food supplies, and an increasing reliance to increase imports of food due to 26 

failure in the agricultural sector to feed their domestic populations (Hamdy et al., 2003). With 27 

rapidly increasing global populations, demand for food has also increased, further aggravating 28 

concerns over water and food security (Pescod, 1992).  29 

Municipal wastewater that has been treated by means of membrane bioreactor offers an 30 

attractive alternative for water supply and would be a good source of water to use for agriculture 31 

since it has higher quality than those obtained from conventional activated sludge processes. 32 

Membrane bioreactors (MBRs) can be categorized into aerobic MBRs (AeMBRs) or anaerobic 33 

MBRs (AnMBRs). In AeMBRs, membranes are placed either in submerged or external 34 

configurations to the conventional activated sludge tanks to achieve an additional physical 35 

removal of microbial contaminants from the permeate stream. Dissolved oxygen must be 36 

provided to the aerobic microorganisms in the AeMBR so as to promote active metabolism and 37 

biodegradation of the organic matter present in the wastewater. Ammonia are also oxidized to 38 

nitrite and nitrate by nitrifying bacteria in the presence of oxygen, and subsequently to nitrogen 39 

gas by denitrifying bacteria in anoxic zones within the sludge tanks. Hence, AeMBRs are energy 40 

intensive, usually requiring ca. 2 kWh of energy per cubic meters of wastewater (Martin et al., 41 

2011).  42 

In contrast, AnMBR does not require aerating the wastewaters, and instead relies on 43 

anaerobic microbial consortium to ferment organic carbon, converting them into methane along 44 
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with other end-products like short chain volatile fatty acids. Anaerobic treatment of wastewater 45 

is generally more energy efficient as compared to their aerobic counterparts since the methane 46 

can be converted into electrical energy to offset energy costs associated with wastewater 47 

treatment (Huang et al., 2011; Kleerebezem and Macarie, 2003). AnMBRs are therefore 48 

emerging as alternative treatment technology to clean water in an energy-efficient manner 49 

(Shoener et al., 2016). Furthermore, AnMBR does not remove nitrogenous content from 50 

wastewater, and the effluent stream usually contains ammonia in concentrations similar to that in 51 

the untreated wastewater. It was hypothesized that post-AnMBR effluent can therefore be 52 

advantageous to use as liquid fertilizers for crops while also alleviating the demand for 53 

freshwaters to be used for irrigation.  54 

However, besides organic load, various contaminants for example heavy metals and 55 

hormones are also prevalent in municipal wastewaters. Despite an improved water effluent 56 

quality after MBRs, full removal efficiency of all contaminants is not technologically achievable. 57 

Aerobic and anaerobic microorganisms in the biological treatment process are distinctly 58 

different, and are likely to utilize or interact with these heavy metals and hormonal compounds 59 

with different efficiencies (Froehner et al., 2011; Gola et al., 2020). Therefore, in addition to 60 

differences in nitrogenous content, effluent quality related to heavy metal and hormone 61 

composition is also postulated to be very different in post-AeMBR and post-AnMBR effluent 62 

streams. Depending on the concentrations of such contaminants remaining in the effluent 63 

streams, their presence can potentially impact crop growth and yield. For example, effluents 64 

containing estrogens are demonstrated to affect plant growth differently from plants not exposed 65 

to treated wastewater (Shore et al., 1993).  66 
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The use of treated effluent to irrigate crops is only feasible if such practice does not 67 

detrimentally impact crop yield and food safety. Earlier studies mainly evaluated municipal 68 

wastewater that were treated aerobically, either by means of activated sludge processes, slow 69 

sand filtration or aerobic membrane bioreactor (Christou et al., 2014; Manios et al., 2006; 70 

Petousi et al., 2019). These studies demonstrated that tertiary treated wastewater, including post-71 

AeMBR effluent, did not detrimentally impact tomato crop productivity compared to control 72 

water. Neither did the use of these treated water resulted in any compromise to food safety. In 73 

comparison, there are limited studies that looked into how post-AnMBR effluent would differ 74 

from post-AeMBR effluent in their impacts on agricultural crops.  75 

This study aims to assess for differences in key parameters related to water quality in 76 

post-AeMBR and post-AnMBR effluent streams collected over a period of 5 months, and to 77 

determine if both types of treated wastewaters would impact seed germination, as well as lettuce 78 

and tomato yield in greenhouse pot experiments. Findings from this study can provide 79 

information on the approach to reuse these treated wastewater for agricultural irrigation without 80 

impacting agriculture output.  81 

 82 

2. Materials and methods 83 

 84 

2.1. Types of irrigation water   85 

A total of four types of water was used to irrigate the lettuce and tomato plants. The first 86 

water matrix is treated wastewater from an AeMBR operated in KAUST wastewater treatment 87 

plant (WWTP), and is subsequently referred to as post-AeMBR effluent. The KAUST WWTP is 88 

situated within the gated KAUST compound (Latitude: 22.3126; Longitude: 39.1105), with 89 
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operational conditions of the WWTP described in an earlier study (Jumat et al., 2017). Briefly, 90 

the AeMBR was operated with a dissolved oxygen content of approximately 2-3 mg/L, a 91 

hydraulic retention time of 6.5 h and a sludge retention time of 40 d. A 0.4 µm pore sized-92 

submerged microfiltration membrane is equipped to form the AeMBR, and the permeate stream 93 

of the membrane tank was collected throughout the period of June to October 2019 to meet the 94 

required irrigation needs of the plants at different stages of growth. The second water matrix is 95 

treated wastewater from a lab-scale 2 L AnMBR (i.e., post-AnMBR effluent). The AnMBR 96 

receives the same untreated wastewater that enters into the KAUST WWTP but the wastewater is 97 

treated in the absence of oxygen by anaerobic fermentation process with a hydraulic retention 98 

time of 47 h and a sludge retention time of approximately 560 d. A 0.4 µm pore sized-external 99 

microfiltration membrane is equipped to form the AnMBR, and the permeate stream was 100 

collected during the same period of June to October 2019 for agricultural irrigation. The third 101 

water matrix was prepared by adding 14.7 mg ammonium nitrate and 4 mg phosphate in the form 102 

of potassium phosphate monobasic (Sigma Aldrich, St Louis, MO, US) to 1 L of MilliQ water. 103 

The addition of ammonium and phosphate is done to match the ammonium and phosphate 104 

concentrations present in AnMBR effluent, and is subsequently referred to as mock controls. The 105 

fourth water matrix was desalinated tap water (i.e., TW control) from a seawater reverse osmosis 106 

desalination plant operated in KAUST.  107 

2.2. Seed germination tests 108 

Commercially available tomato (variant Pomodoro ACE 55 VF) and lettuce (variant 109 

Lattuga bionda degli ortolani) seeds from Zorzi were used in this study. Tomato and lettuce 110 

seeds were sterilized in a solution that consisted of bleach and distilled water in 1:1 v/v, and two 111 

drops of commercial detergent. The seeds were mixed inside the solution for 20 min, and 112 
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subsequently washed with distilled water until no foam was observed. The sterilized seeds were 113 

then kept in sterile falcon tubes with 50 mL distilled water, and ready for sowing on agar media 114 

plates. The sterilized seeds were plated in 1/2-strength Murashige and Skoog medium containing 115 

0.05% (w/t) morpholinoethanesulfonic acid monohydrate at pH 5.7, 1.0% sucrose, and 0.8% 116 

plant agar reconstituted using 10 types of water, namely post-AeMBR effluent in 25 %, 50 %, 117 

and 75 % concentrations, post-AnMBR effluent in 25%, 50%, and 75% concentrations, mock 118 

controls in 25 %, 50 %, and 75 % concentrations, and TW control. All seeds were germinated in 119 

a growth chamber at 32 °C, and the number of seeds that germinated at the end of 10 days was 120 

counted and normalized against the total number of seeds inoculated in that water matrix.  121 

2.3. Growth experiment 122 

Healthy seeds that have germinated in each type of water matrix were transplanted into 123 

individual potted soil. A total of 100 pots were prepared (n1 = 50 for lettuce, n2 = 50 for tomato 124 

plants). All pots were first irrigated with TW for three days. Thereafter, 5 pots of lettuce and 5 125 

pots of tomato seedlings were individually irrigated with the respective type of water matrix (i.e., 126 

post-AeMBR effluent in 25%, 50% and 75% concentrations, post-AnMBR effluent in 25%, 50% 127 

and 75% concentrations, mock controls in 25%, 50% and 75% concentrations and TW control). 128 

The volume of water varied throughout the growth, ranging from 5 mL per day during the initial 129 

growth to 200 mL per day at the late stage of the growth experiments. Lettuces were harvested 130 

after 8 weeks, and measurements were made on the surface area of individual leaves and the 131 

weight of the lettuce heads. Tomato plants were monitored for the number of flowers throughout 132 

the growth period, and the number of mature and unripe tomatoes were counted after 5 months 133 

of growing. All plants were removed from the pots at the end of the experiment, and processed 134 

for root-associated microbiota analysis as detailed in section 2.6.   135 
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2.4. Water quality analyses for organics and inorganics 136 

All water matrices were measured for COD, ammonia, nitrite, nitrate and phosphate 137 

concentrations using the respective HACH kits. Non-purgeable dissolved organic carbon (DOC) 138 

was measured using Shimadzu Total Organic Carbon Analyzer (model TOC-VCPH) equipped 139 

with the combustion catalytic oxidation method. Liquid chromatography – organic carbon 140 

detector (LC-OCD) was used to study the molecular weight distribution of DOC. ChromCaluni 141 

software was then used to determine the concentrations of biopolymers, humic acids, building 142 

blocks, low molecular weight (LMW) neutrals and acids. Heavy metal concentrations were 143 

obtained from an Inductively Coupled Plasma Mass Spectrometry (ICP-MS). Prior analysis, all 144 

water samples were filtered with 0.45 µm syringe filter to minimize particulate fouling of 145 

analytical instruments. 146 

2.5. Liquid chromatography for targeted and non-targeted analyses of water constituents 147 

 Water samples were prepared for liquid chromatography for estrogen-targeted and non-148 

targeted analysis. Samples were first filtered through 0.45 µm syringe filter prior to solid phase 149 

extraction (SPE) using Dionex Auto Trace 280 (Thermo Fisher Scientific, Wal). Samples were 150 

extracted based on protocol described earlier (Sapozhnikova et al., 2011) in which Oasis HLB 151 

cartridge was used for SPE. Following that, three types of estrogens, namely estrone, beta-152 

estradiol and estriol, were detected using AB SCIEX QTRAP 5500. For the target analysis, 153 

estrone-d4, 17b-estradiol-d4 and estriol-d3 (Sigma-Aldrich, St Louis, MO) were used as internal 154 

standard for estrone, beta-estradiol and estriol, respectively. The range of the calibration curve of 155 

all estrogens was from 1-500 ng/L. The SPE extracts were also injected into Agilent 1260 156 

Infinity system coupled with AB SCIEX QTRAP 5500 for a non-target analysis. Analytes in the 157 

extracts were detected by electron spray in both positive and negative mode over a mass range 158 
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from 50 to 1500 m/z. In non-target analysis, no internal standard was used since the intention 159 

was to perform a non-target screening of potential compounds that may be present. However, a 160 

standard solution of known concentration of caffeine was injected prior to the sample to ensure 161 

that the analytical instrument is performing well. Xcalibur Qual browser was used to analyze and 162 

process the obtained data for all samples analyzed by AB SCIEX QTRAP 5500. Compounds 163 

were identified by analyzing the mass spectra against the spectra database of M/Z cloud 164 

(https://www.mzcloud.org/). 165 

2.6. 16S rRNA gene-based amplicon sequencing  166 

Root-attached soils were collected by placing the roots in 10 mL of sterile 1X PBS, 167 

vortexing the tube at maximum speed for 1 min and ultrasonicating contents in the tube in an ice 168 

bath at 25% amplitude for 2 min with 2 s pulse intervals. The tube was then vortexed again at 169 

maximum speed for 1 min before removing the roots and centrifuging the contents within the 170 

tube at 10000 g for 10 min. The cell pellet was retained for DNA extraction using MoBio 171 

PowerSoil DNA isolation kit (Qiagen, Hilden, Germany) with some modifications as described 172 

earlier (Hong et al., 2011). DNA concentrations obtained from each sample were quantified 173 

using Qubit BR assay kit (Thermo Fisher Scientific, Waltham, MA, US). PCR amplification of 174 

the 16S rRNA genes was applied with 515F (5’- Illumina overhang- 175 

GTGYCAGCMGCCGCGGTAA- 3′) and 907R (5’-Illumina overhang- 176 

CCCCGYCAATTCMTTTRAGT- 3′). All amplicons were of the anticipated size of 177 

approximately 550 bp and the negative control had no amplification. PCR amplicons were 178 

cleaned up by AMPure XP beads (Beckman Coulter, CA, USA). After that, index PCR was 179 

conducted to attach dual indices provided by the Nextera XT Index Kit (Illumina Inc., San 180 

Diego, CA, USA) based on the manufacturer's protocol. Indexed PCR amplicons were cleaned 181 

https://www.mzcloud.org/
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up by AMPure XP beads (Beckman Coulter, CA, USA). Equimolar concentrations of the 182 

samples were mixed together and submitted to KAUST Core lab for Illumina MiSeq sequencing. 183 

All high-throughput sequencing files were deposited in the Short Read Archive (SRA) of the 184 

European Nucleotide Archive (ENA) under study accession number PRJEB37734. 185 

2.7. High-throughput sequencing data analysis 186 

Amplicon sequences obtained in our study had Phred score >30. Chimeric sequences 187 

were identified and removed by UCHIME (Edgar et al., 2011). Chimera-free sequences were 188 

then analyzed through two approaches. The first approach was taxonomical assignment using the 189 

Ribosomal Database Project (RDP) Classifier at 95% confidence level with copy number 190 

adjustment (Wang et al., 2007). Relative abundance at genus level was calculated for each 191 

sample. In the second approach, sequence files were identified as unique operational taxonomic 192 

units (OTUs). Briefly, chimera-free sequences were combined with an in-house written Perl 193 

script. The combined sequence was then sorted for unique OTUs at 97% 16S rRNA gene 194 

similarity using CD-Hit (Li and Godzik, 2006). Relative abundance of each OTU was calculated. 195 

Taxonomy classification was carried out using QIIME (Bolyen et al., 2019). Alpha diversity was 196 

calculated based on an in-house R script. 197 

2.8. Statistical analysis 198 

Minitab v19 was used to conduct one-way ANOVA to compare variance in the means of 199 

all measured parameters within the four groups (i.e., plants watered with different concentrations 200 

of post-AeMBR effluent, plants watered with different concentrations of post-AnMBR effluent, 201 

different concentrations of mock controls, TW control). The measured parameters include seed 202 

germination percentage, weight of harvested lettuce, surface areas of lettuce leaves, percentage 203 
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of ripe and unripe tomato fruits, DOC and nutrient concentrations, and heavy metal 204 

concentrations. Null hypothesis (i.e, no difference between the groups and equality between 205 

means) was rejected at confidence level of 95%.  206 

 207 

3. Results 208 

3.1. Effect on seed germination 209 

Exposure of tomato and lettuce seeds to different concentrations of post-AnMBR effluent 210 

(i.e., 25%, 50%, 75% and 100%) resulted in a significantly lower percentage of seeds that 211 

germinated successfully compared to different concentrations of post-AeMBR effluent, mock 212 

and TW controls (Figure 1a, one-way ANOVA, P = 0.002). Compared to the other types of water 213 

which resulted in a median 80% of seeds to germinate, post-AnMBR effluent only resulted in a 214 

median 50% of seeds to germinate.  215 

3.2. Effect on lettuce biomass and leaves surface area. 216 

Post-AnMBR effluent resulted in beneficial effect in terms of harvested lettuce weight 217 

(Figure 1b). Two of the tested concentrations, namely 25% and 75% of post-AnMBR effluent 218 

resulted in significantly higher weight of harvested lettuce compared to the same concentrations 219 

of post-AeMBR effluent and TW control (One-way ANOVA, P = 0.002 and 0.028, respectively). 220 

The weight recovered after watering with 25% post-AnMBR effluent was not significantly 221 

different from that obtained with 25% mock controls. Similarly, there were no differences in the 222 

lettuce weight harvested from pots watered with 50% post-AnMBR effluent, 50% post-AeMBR 223 

effluent, 50% mock and TW (P = 0.249). There was a significant decrease in the weight of 224 

lettuce as concentrations of the mock control increased (P = 0.001). The decrease in weight of 225 
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lettuce watered with 75% mock corresponds with a significantly lower average surface areas of 226 

lettuce leaves (Figure 1c). The TW also resulted in consistently smaller leaves’ surface area 227 

compared with the other water matrices at all tested concentrations except 75% mock.  228 

3.3. Effect on fruit ripening 229 

The use of post-AnMBR effluent and mock controls resulted in a higher number of 230 

unripe tomato fruits at the time of harvesting. To exemplify, there was no significant difference 231 

in the number of tomato flowers (Figure S1) counted from the pots watered with different 232 

concentrations and types of water. However, the average number of green unripe fruits counted 233 

from pots watered with 25%, 50% and 75% post-AnMBR effluent was consistently higher than 234 

that watered with the paired concentrations of post-AeMBR effluent (Figure 1d, P = 0.05, 0.05 235 

and 0.03, respectively). The number of unripe fruits obtained from pots watered with post-236 

AnMBR effluent were similar to that counted in the different concentrations of mock controls 237 

and TW. However, TW resulted in significantly higher number of ripe fruits at the end of the 238 

experiments compared with the pots watered with the other three types of water (Figure 1d).  239 

3.4. Water quality in undiluted effluents  240 

3.4.1. Organic and nutrient concentrations  241 

The undiluted post-AeMBR and post-AnMBR effluents are measured for their organic 242 

and nutrient concentrations. Despite going through membrane-based filtration process, both post-243 

AeMBR and post-AnMBR effluents still have an average 4.7 ± 0.5 mg/L and 7.1 ± 1.6 mg/L of 244 

DOC, respectively (P = 0.008). This is in contrast to the average DOC concentrations of 1.1 245 

mg/L and 0.1 mg/L in mock and TW, respectively. Although the post-AnMBR effluent has 246 

higher DOC contents than post-AeMBR, the DOC to total nitrogen ratio is almost similar (1.3 247 

for post-AeMBR effluent and 1.7 for post-AnMBR effluent). However, the main constituents of 248 
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total nitrogen for post-AeMBR effluent is nitrate (average 5.6 ± 0.7 mg/L) while that for 249 

AnMBR effluent is ammonium (average 14.4 ± 0.8 mg/L). The mock controls were formulated 250 

to contain 14.7 mg/L ammonium salts so as to match the concentrations in the post-AnMBR 251 

effluent, but the concentration of its nitrate (14.5 mg/L) is ca. 2.6 times higher than that in post-252 

AeMBR effluent. Hence, the DOC to TN ratio in mock controls was only 0.04. The main 253 

constituents for DOC also differed between post-AeMBR and post-AnMBR effluents. Compared 254 

to post-AeMBR effluent, post-AnMBR effluent has a significantly higher concentrations of 255 

biopolymers and building blocks, which are both organic carbon fractions ranging from 4.5 to 28 256 

kDa molecular weight (P = 0.047 and 0.004, respectively) (Figure 2). In addition, the phosphate 257 

concentrations in the post-AnMBR effluent is significantly higher than that in post-AeMBR 258 

effluent (P = 0.042). The phosphate concentrations in post-AeMBR effluent, post-AnMBR 259 

effluent and mock controls are 2.5 mg/L, 3.1 mg/L and 4 mg/L respectively. Phosphate 260 

concentration in the TW are below detection limits.  261 

3.4.2. Emerging chemical contaminants  262 

Both targeted and non-targeted approaches were performed to detect emerging chemical 263 

contaminants present in the undiluted post-MBR effluents. Specifically, targeted analysis was 264 

made to determine estrogenic compounds and their concentrations. In all instances, mock and 265 

TW controls did not result in any detected signals and hence excluded from subsequent analyses. 266 

Estrone was present at an average concentration of 24.2 ± 3.1 ng/L in post-AeMBR effluents, 267 

which was significantly higher than 16.8 ± 1.5 ng/L detected in post-AnMBR effluents (P = 268 

0.005). However, estriol was detected only in post-AnMBR effluents at concentrations of 5.7 ± 269 

0.8 ng/L, and in not in any of the sampled post-AeMBR effluents. Beta-estradiol was detected 270 

sporadically in 50% of the tested post-AnMBR effluent samples, and at concentrations of 1.5 ± 271 
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0.7 ng/L. The presence of these three estrogens were confirmed by non-targeted mass 272 

spectrometry in which compounds associated with these three estrogens were identified by 273 

means of mass/charge and retention time (RT). In addition, contaminants classified into the 274 

categories of steroids, pharmaceutical drugs, pesticides, sterols and vitamins were detected in 275 

both types of treated wastewaters (Table 1, Figure S2). In total, steroids (e.g. testosterone, 276 

aldosterone, hydrocortisone etc.) comprise 41% and 40% of the chemical contaminants detected 277 

by non-targeted mass spectrometry to be present in post-AeMBR and post-AnMBR effluent, 278 

respectively. There were more peaks associated with pharmaceutical drugs in post-AeMBR 279 

effluent than post-AnMBR effluent. Instead, peaks associated with pesticides and insecticides 280 

were only found in post-AnMBR effluent. A peak associated with gibberellic acid, a plant 281 

hormone, was only detected in post-AeMBR effluent.  282 

3.4.3. Concentrations of heavy metals  283 

Several heavy metals and minerals were present in significantly higher concentrations in 284 

the undiluted treated AeMBR wastewater compared with the other water matrices (Figure 3). 285 

Mineral such as magnesium, and heavy metals that such as chromium, iron and zinc, had an 286 

average concentration of 4.16 mg/L, 1.8 µg/L, 0.32 mg/L and 19.0 µg/L, respectively in the post-287 

AeMBR effluent. Undiluted post-AnMBR effluent also had significantly higher concentrations 288 

of magnesium (2.77 mg/L), aluminum (0.12 mg/L), manganese (25.6 µg/L) and iron (0.27 289 

mg/L), respectively, compared with mock and TW controls (p < 0.05). However, concentrations 290 

of zinc were significantly lower in post-AnMBR (0.07 µg/L) effluent compared to post-AeMBR 291 

effluent (19.0 µg/L). Copper was also significantly higher in both mock (6.58 µg/L) and TW 292 

(7.87 µg/L) controls compared with both post-AeMBR (2.6 µg/L) and post-AnMBR effluents 293 

(0.57 µg/L) (p < 0.05). All other metals, namely titanium, cobalt, nickel, zirconium, cadmium, 294 
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lead and silver showed no significant differences among the four types of water matrices (Figure 295 

S3 and Figure 3h).  296 

3.5. Differences in the microbial community attached to roots 297 

Alpha diversity of lettuce root-attached soil microbiota increased due to short-term 298 

exposure of lettuce with increasing concentrations of post-AeMBR effluent (R2 = 0.990, P = 299 

0.07) but not for post-AnMBR effluent (R2 = 0.25, P = 0.67). In contrast, the alpha diversity of 300 

lettuce root-attached soil microbiota decreased with increasing concentrations of mock (R2 = 301 

0.999, P = 0.02) (Figure 4). However, a longer duration of irrigating tomato plants with 302 

increasing concentrations of both post-AeMBR and post-AnMBR effluent as well as mock did 303 

not significantly change the alpha diversity in the tomato root-attached soil microbiota (P > 304 

0.15).  305 

The main predominant phyla in the soils associated with both tomato plants and lettuce 306 

are Proteobacteria, Actinobacteria, Bacteroidetes, Acidobacteria. Planctomycetes were present in 307 

relatively higher relative abundance in the soils associated with tomato plants while 308 

Cyanobacteria were more associated with lettuce plants (Figure S4). A further examination on 309 

the genera associated with N-cycling microbial populations and opportunistic pathogens was 310 

made since these two microbial groups can affect the soil productivity and human health, 311 

respectively. To exemplify, Nitrosospira (an ammonia-oxidizing genus) was consistently present 312 

in higher relative abundance (up to 0.44%) in plants irrigated with mock compared to when 313 

irrigated with other water matrices (up to 0.19%). Mesorhizobium (a genus associated with 314 

nitrogen fixing bacteria) was also present in consistently higher relative abundance in presence 315 

of mock (0.12%) and post-AnMBR effluent (0.11%) compared to TW (0.07%) and post-AeMBR 316 

effluent (0.06%). Genus Pseudomonas was consistently present in up to 1.1% relative abundance 317 
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of total root-attached soil microbiota when lettuce and tomato plants were exposed to post-318 

AeMBR effluents. An OTU analysis further determined that the best-matched identities of reads 319 

associated with genus Pseudomonas spp. are mainly Pseudomonas thivervalensis of soil origin. 320 

Genus Legionella, which consists of OTUs assigned with best-matched identities to L. 321 

pneumophila, was present in 0.2% relative abundance when plants were exposed to post-322 

AnMBR effluents compared to the other water matrices (up to 0.1%).  323 

 324 

4. Discussion  325 

Aerobic and anaerobic MBR processes remove organic carbon from wastewater using 326 

different suite of microorganisms. Aerobic process in a wastewater treatment plant is generally 327 

operated with both anoxic and oxic zones, and hence facilitate removal of ammonium by 328 

biological nitrification and denitrification. However the anaerobic process operated in this study 329 

does not favor for anammox bacteria, which although is able to anaerobically oxidize 330 

ammonium, requires special reactor operating conditions and environmental factors (Kuenen, 331 

2008). Hence the post-AnMBR effluent in this study remains to contain nitrogenous content and 332 

has higher levels of DOC:TN ratio and phosphate content compared to the post-AeMBR effluent. 333 

An increase in lettuce yield was recovered due to the use of post-AnMBR effluent, and the 334 

beneficial effect is likely due to the relatively higher N and P concentration. This is in agreement 335 

with past studies which also observed that a higher N and P are beneficial for lettuce yield 336 

(Greenwood et al., 1980; Savvas et al., 2006). However, there is no clear trend between 337 

harvested biomass amount and surface area of lettuce leaves with increase in ammonium 338 

concentrations in the post-AnMBR effluent (Figure 1b and 1c). 339 
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Instead, it was observed that the post-AnMBR effluent negatively affected seed 340 

germination compared to post-AeMBR effluent (Figure 1a).  This is despite post-AeMBR 341 

effluent containing higher concentrations and diversity of steroids/hormones compared to post-342 

AnMBR effluent. Human testosterone was able to stimulate pollen germination and tube growth 343 

in tobacco plants at > 2 µM (i.e., > 0.6 mg/L) (Ylstra et al., 1995). At higher concentrations of 10 344 

µM, testosterone, progesterone and estradiol positively influenced pollen tube growth. The 345 

presence of both steroids and hormones can therefore affect the subsequent flowering and 346 

fruiting process in a tomato plant. Using both targeted and non-targeted LC/MS-MS approach, 347 

estradiol was detected sporadically in post-AnMBR effluent but not in post-AeMBR effluent. 348 

The detected concentrations was on average 1.5 ng/L and lower than the 10 µM (i.e., 2.7 mg/L) 349 

estradiol used to positively influence pollen tube growth (Ylstra et al., 1995). In contrast, 350 

testosterone was detected as a sharper peak in post-AeMBR effluent than estradiol is in post-351 

AnMBR effluent (Figure S2), suggesting that testosterone may be present in a higher 352 

concentration in post-AeMBR effluent. Coupled with the presence of gibberellic acid, a 353 

phytohormone which provides a stimulatory effect on seed germination (Ylstra et al., 1995), in 354 

post-AeMBR effluent, these stimulants likely contributed to faster fruit ripening observed upon 355 

exposure to post-AeMBR effluent (Figure 1d).  356 

In addition, certain heavy metals are present in differing concentrations in the post-357 

AnMBR and post-AeMBR effluent which might have affected germination rates. Metal 358 

accumulation in seeds is a prerequisite for germination. Although the concentration of Al in post-359 

AnMBR effluent was significantly higher than that detected in other water matrices, high 360 

concentrations of Al ranging from than 0.05 to 20 mg/L was not observed to detrimentally 361 

impact germination rates of lettuce seeds (Silva and Matos, 2016). Instead, it is postulated that 362 
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the low concentrations of Zn in post-AnMBR effluent may have inhibited seed germination rates. 363 

Zinc ions act as cofactors for ARS1, an enzyme that protects against oxidative stress during seed 364 

germination of Arabidopsis (Baek et al., 2015). While it remains unknown if enzymes 365 

homologous to ARS1 are also present in lettuce and tomato seeds, the concentrations of Zn in 366 

post-AnMBR effluent were lowest among all the tested water matrices (Figure 3g), and may 367 

therefore be less bioavailable as cofactors which in turn negatively impact germination.  368 

 Past literature has suggested that plant host may select for certain groups of microbial 369 

populations through production of certain metabolites or signal molecules to achieve beneficial 370 

interactions (Kim et al., 2011; Trivedi et al., 2020). In this study, it was observed that 371 

Cyanobacteria was present consistently in higher relative abundance when associated with 372 

lettuce than with tomato plants (Figure S2). Due to the short length sequencing reads achieved in 373 

this study, identification at species level and inference on the potential functional roles cannot be 374 

made accurately. However, it is known that at the phylum level, most Cyanobacteria are 375 

autotrophic bacteria that can perform photosynthesis (Nelson and Ben-Shem, 2004; Soo et al., 376 

2014). Coincidentally, the decrease in relative abundance of this phylum decreased when lettuce 377 

were irrigated with treated effluent and this trend corresponds with the increase in surface area of 378 

the lettuce leaves. It is postulated that the photosynthetic Cyanobacteria may have provided 379 

complementary role to the plant photosynthesis but more studies would be needed to confirm 380 

this.  381 

Diversity of the microbiota was in general higher at diluted concentrations of the effluent, 382 

particularly at the 25% v/v concentrations. Although the concentrations of biopolymers and 383 

organic building blocks were higher in post-AnMBR effluent than post-AeMBR effluent (Figure 384 

2), the presence of these assimilable organics did not contribute to observable differences in the 385 
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microbial diversity between both effluent streams (Figure 4). Furthermore, there is also no clear 386 

trend in the diversity of lettuce-associated soil microbiota with the yield of the lettuce. Nor is 387 

there any association between diversity of tomato root-associated microbiota with the number of 388 

fruits that were harvested. An earlier study observed that soil bacterial diversity did not 389 

correspond to the extent of crop resilience against diseases, and concluded that the composition 390 

of microbial community could be more important than diversity (Peralta et al., 2018). Similarly, 391 

we noted that when ammonium concentrations in mock water are present at levels similar to that 392 

of the post-AnMBR effluent, a higher relative abundance of ammonia-oxidizing Nitrosospira but 393 

no corresponding increase in the relative abundance of nitrite-oxidizing groups was observed. 394 

This imbalance of ammonia-oxidizing bacteria and nitrite-oxidizing bacteria may have resulted 395 

in nitrite accumulation that detrimentally impacted the growth of the tomato plants (Phipps and 396 

Cornforth, 1970), and subsequently negated the yield of tomato fruits (Figure 1d). 397 

25% v/v concentration of post-AnMBR effluent not only achieves an optimal nutrient 398 

concentration, it can also minimize abundances of pathogenic Legionella pneumophila that was 399 

detected in the post-AnMBR effluent. Such dilutions of treated wastewater may be necessary as 400 

most agriculture irrigation demands freshwater at volumes that exceed the amount of treated 401 

wastewater that is generated. To exemplify, an estimated 57.1 million m3 of water per day is 402 

needed for agricultural irrigation in Saudi Arabia (FAO, 2009). A full capture of all wastewater 403 

in the kingdom would generate only 8.7 million m3 (based on an average 260 L of water used per 404 

day per capita in 2017 that will be discharged back into sewers as waste by the current 33.4 405 

million population (GASTAT, 2017)) of treated municipal wastewater. Based on such 406 

calculations, it is likely that treated wastewater would only account for approximately 15% v/v 407 
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of the total freshwater to be used for agriculture irrigation and within the optimal range of post-408 

AnMBR effluent concentration we reported in this study.  409 

 410 

5. Conclusions  411 

In summary, this study demonstrated that the type of treated wastewater generated from 412 

different upstream treatment technologies can potentially impact crop yield based on the crop 413 

type. Our findings suggest that the post-AeMBR and post-AnMBR effluent have different 414 

organic and nutrient content as well as concentrations of emerging contaminants and heavy 415 

metals. These differences in water quality impacted the crop growth and yield. Specifically, 416 

using post-AnMBR effluent increased the harvested lettuce biomass but lowered the seed 417 

germination rates and number of tomato fruits obtained from mature plants. However, one 418 

limitation of this study is that the effect of different effluent quality on crop quality (e.g. protein, 419 

starch, sugar, moisture content etc.) were not measured. Future studies would be needed to 420 

determine not only the biomass yield but also the quality of the crops produced.  421 

  By understanding how the treated wastewater affect the downstream agricultural 422 

activities, changes in management practices can be made accordingly. For example, treated 423 

wastewater derived from AnMBR should be not be used at the initial phase after sowing seeds 424 

and should not be used to irrigate flowering crops. Both aerobic and anaerobic MBR effluent still 425 

have detectable traces of emerging chemical and microbial contaminants, and will need to be 426 

diluted with other freshwater sources prior to use. This is needed to meet the water demand, and 427 

to minimize potential detrimental impact arising from residual contaminants. These efforts can 428 
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assist in alleviating water stress due to the increasing demand for food and water by the growing 429 

global population.  430 
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 436 

Figure legends 437 

Figure 1. Impact on various aspects of crop yield, namely (A) Percentage of seeds germinated, 438 

determined by accounting for all tomato and lettuce seeds tested, (B) Weight of lettuce, (C) Surface 439 

area of lettuce leaves, (D) Number of unripe and ripe tomato fruits, upon exposure to post-aerobic 440 

membrane bioreactor (AeMBR) effluent, post-anaerobic membrane bioreactor (AnMBR) effluent, 441 

mock control at various concentrations (25%, 50% and 75% v/v) and tap water (TW).   442 

Figure 2. Organic fractions in the treated wastewater matrices. Higher biopolymer and building 443 

blocks concentration were detected in the post-anaerobic membrane bioreactor (AnMBR) effluent 444 

compared to the post-aerobic membrane bioreactor (AeMBR) effluent.  445 

Figure 3. Concentrations of selected heavy metals in post-aerobic membrane bioreactor (AeMBR) 446 

effluent, post-anaerobic membrane bioreactor (AnMBR) effluent, mock and tap water (TW) 447 

control.  448 
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Figure 4. Microbial diversity (Shannon Index) of root-attached soil microbiota upon exposure to 449 

post-aerobic membrane bioreactor (AeMBR) effluent, post-anaerobic membrane bioreactor 450 

(AnMBR) effluent, mock control at various concentrations (25%, 50% and 75% v/v) and tap water 451 

(TW). Values are shown as an average.  452 
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Table 1. Possible identified compounds detected in both post- aerobic membrane bioreactor 550 

(AeMBR) and anaerobic membrane bioreactor (AnMBR) effluents. RT stands for retention time.  551 

 552 

 553 

 554 

 555 

Post-AeMBR effluent RT (min) Post-AnMBR effluent RT (min) 

Steroids/hormones 

Hydrocortisone acetate 6.8 Beclomethasone 
4.2 

 

Estrone 10.9 Estriol 5.4 

Prednisone 11.68 Hydrocortisone Acetate 9.8 

Ethisterone 12.7 Prednisone 12.5 

Testosterone 15.35 Megestrol acetate 13.97 

Hydrocortisone 16.65 Alclometasone dipropionate 23.3 

Alclometasone dipropionate 18.56 Prednisolone acetate 25.83 

Aldosterone 20.16 Estradiol 28.7 

Prednisolone acetate 27.3   

Pharmaceutical drugs 

Dipyridamole 4.2 Rescinnamine 7.4 

Paroxetine 4.4 Bisacodyl 9.4 

Colchicine 8.61 Desomorphine 17.4 

Syrosingopine 15.93 Prasterone 24.54 

Clofoctol, trifluoroacetate 20.06   

Rescinnamine 22.4   

Deserpidine 23.5   

Pesticides 

  Strychine 15.6 

  Permethrin 18.24 

Sterols 

Cholesteryl benzoate 9.12 Cholesteryl benzoate 22.1 

Ergosterol 14.08   

Vitamins 

Cholecalciferol 21.95 Biotin 6.04 

  Retinol 17.44 

Others 

Gibberellic acid 18.16 Astaxanthin 3.14 

2,6-Dichloronitrobenzene 23.7 Obacunone 10.99 

Carotene 29.3 Zirconium acetylacetonate 20.82 
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