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Abstract

Use of wastewater for irrigation has become indispensable worldwide due to accele-
rating water scarcity, and it also carries a social dimension of poverty reduction in
developing countries. However, the impacts of wastewater irrigation on soil proper-
ties are still insufficiently understood, especially with regard to change in soil micro-
bial community characteristics. The present study presents an assessment of soil
bacterial communities subjecting to different irrigation waters. We conducted soil
sampling in farmlands irrigated with wastewater, river water and groundwater re-
spectively in an arid region of China and performed a metagenomic survey of micro-
bial populations using the prokaryotic 16S ribosomal RAN gene. It sheds new light
on possible alteration of soil bacterial diversity due to irrigation water. It also reveals
that the relative abundance of nitrifying bacteria is greater in soil irrigated with river
water than soil irrigated with wastewater. The opposite is true for denitrifying bacte-
ria. The findings serve as a call for further in-depth study to explore the long-term
responses of soil microbial communities to irrigation waters for the sake of environ-
mentally sound watershed management.
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1. Introduction

The use of wastewater in agriculture is known to have been practiced for centuries in
developing countries of Asia [1] and is also a common practice in the water scarce re-
gions of the developed world such as Australia, south west USA, Florida, and densely

populated European countries such as France, England and Germany [2]. A historical
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turning point of waster reuse occurred in the 1880s when Louis Pasteur and Robert
Koch discovered pathogenic microbes and modes of disease transmission. Since then,
the industrialized countries of the world have taken on an almost obsessive fear of dis-
ease transmission by pathogen-laden wastewater and established strict and costly health
guidelines and standards for wastewater reuse. Although opinions have varied widely as
to the benefits and health risks associated with wastewater irrigation over the past 150
years, the use of wastewater in agriculture is regaining momentum as an emerging
priority, encouraged by governments and official entities worldwide in consideration of
the increasing demand for fresh water and increasing production of wastewater result-
ing from population growth, urbanization, living standard improvement and industrial
development. Since 40% of the world’s population will face water stress or scarcity
within the next 50 years, the use of wastewater represents a justifiable pathway toward
sustainable development.

It is estimated that more than 4 - 6 million ha of farmland are irrigated with waste-
water or polluted water [3] [4] [5]. A separate estimate indicates that the figure reached
to 20 million ha globally, an area that is nearly equivalent to 7 per cent of the total irri-
gated land in the world [1].

In rural regions of developing countries, wastewater treatment is often not possible
due to limited financial resources, and small, old or non-extendable sewerage systems.
Therefore, the use of wastewater in agriculture can also help to minimize pollution of
the ecosystem caused by direct disposal of wastewater into surface or groundwater. Ra-
schid-Sally and Jayakody [6] suggest from a survey across the developing world that
wastewater without any significant treatment is used for irrigation purposes in four out
of five cities. Hussain et al [7] report that raw or partially treated wastewater is used for
irrigation in 50 developing countries. Ujang and Henze [8] point out that 95 per cent of
wastewater generated enters the environment without proper treatment.

Based on these findings, it may be inferred that wastewater irrigation in developing
countries has largely been carried out with raw or insufficiently treated wastewater.
Considering the potential risks to the environmental and public health, the main prob-
lem with the growing trend toward more wastewater irrigation is that the practice ei-
ther involves the direct use of untreated or insufficiently treated wastewater, or the in-
direct use of polluted waters from rivers and streams that are the recipients of untreated
or insufficiently treated wastewater discharges in low income countries, but also many
middle-income countries as well. Thus, for sustainable reuse of wastewater, impact as-
sessment of wastewater reuse without treatment or with insufficient treatment must be
conducted thoroughly from various angles.

Irrigation with wastewater may impact soil at two different levels, altering the physi-
cochemical and microbiological properties of the soil. The first may affect soil produc-
tivity and fertility while the second may pose serious risks to human and environmental
health.

On the other hand, wastewater can be considered as a valuable source for plant nu-

trients and organic matter needed for maintaining fertility and productivity of arid
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soils. It is estimated that 1000 m’® of municipal wastewater applied to one hectare can
contribute 16 - 62 kg of organic nitrogen, 4 - 24 kg of phosphorus, 269 kg of potassium,
18 - 208 kg of calcium and 9 - 110 kg of magnesium each year [9]. A number of studies
have shown that the use of wastewater improved both the physicochemical properties
of the soil and crop yield. For instance, Singh et a/ [10] conducted a year-long experi-
ment on effects of sewage wastewater irrigation and revealed that the use of domestic
wastewater with fertilizers brought about improvement in the physicochemical proper-
ties of the soil, crop yvield and also in the nutrient status as compared to that resulting
from the application of groundwater with fertilizer. A study by Yang et al [11] also
showed that sewage irrigation could increase the production of vegetables and improve
soil fertility. Hanjra et al [12] reported that the use of wastewater for irrigation may be
a source of beneficial bacteria for soils. Similar results were also reported by other stu-
dies [13] [14].

Nevertheless, field experiments conducted by Mohammad Mazahreh [15] showed
that wastewater irrigation decreased soil pH and increased soil salinity, soil phospho-
rus, and increased soil organic matter only in the topsoil. Ndour et al [16] evaluated
the effects of groundwater versus urban wastewater irrigation regimes on a sandy agri-
cultural soil through chemical and microbial analyses. Their study indicated that soil
chemistry and total bacterial community were not affected by the two different irriga-
tion regimes.

Despite that the responses of soil properties to wastewater irrigation deserve in-depth
investigations from different aspects, the effects of wastewater irrigation on soil micro-
biota are indeed much neglected in the majority of studies on irrigation with wastewa-
ter according to the study of Becerra-Castro et al [17]. Therefore, given the importance
of soil microbial communities in relation to sustainable agriculture, studies should be
promoted to fill up this major knowledge gap.

The present study is designed to examine the structure of soil microbial communities
in relation to irrigation water through a field study in an arid region in Northwest Chi-
na for better understanding the drivers of environmental change. We investigated soil
bacterial at multiple sites subjected to different irrigation practices and here we present
our findings for the purpose of information dissemination, enriching the literature and

serving as a call for further comprehensive in-depth studies.

2. Materials and Methods
2.1. Site Description

The Zhangye basin, or the middle reaches of the Heihe River, was chosen as the study
area. The Heihe River is the second largest inland river in China. With a length of 821
km, its main stream, originates from the Qilian mountains of Qinghai province, flows
through the Zhangye basin, and ends up in the Inner Mongolia Autonomous Region.
The catchment of the middle reaches, or the Zhangye basin, covers an area of 1.08 x 10*
km? extending from 38°30'N to 39°50'N and 99°10E to 100°52'E. Along the main
stream, the middle reaches start from the Yingluo Gorge and end at the Zhengyi Gorge
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(Figure 1).

The Zhangye basin is characterized by a dry continental climate, with mean annual
precipitation of less than 200 mm, and annual potential evaporation of 2000 mm or
more. The renewable water resource per capita in Zhangye is 1250 m?/yr, just 5% of the
world average. Under such a natural condition, agriculture in this region is only possi-
ble via irrigation. Due mainly to farmland expansion which led to higher irrigation wa-
ter demand and also due partly to population increase, the water consumption in the
Zhangye basin started increasing since the 1960s. The annual surface water consump-
tion in the 1980s was twice as high as in the 1970s and the increasing trend continued
into the 1990s. This overuse of water in the middle reaches caused severe ecological de-
gradation in the downstream resulting in the drying up of East Juyan Lake in 1992 and
the drying up of West Juyan Lake even earlier. To restore the ecosystem of the down-
stream Heihe River basin, a water allocation policy was launched by the Chinese central
government in 2000, which mandates 0.95 x 10° m® of water per annum be diverted to
the downstream when the annual runoff at the entrance of the middle reaches is not
less than 1.58 x 10° m? [18]. Because 50% - 60% of the total river discharge has been di-
verted annually from the middle to the lower reaches of the river following the water
allocation regulation, groundwater abstraction increased causing groundwater level de-

cline in certain areas of the middle reaches. For the period from 1980 to 1992, the rate

98°E 100° 102°
| w N
Mongolia 4N
Bl —
© oyl
N
”“?j}/’ o S —
o Fal ~ \
S~ —
East Juyan lake 42°
EJN
Badain Jaran
desert
Zhengyi
| — 40°
(Mo
T
Heaqy r)
Yieniugmf> = <Sfream Yingluo Gorge
S5 ( QY6
QQLo ‘BYG
NG Mt.Qilian
Qilian S¥<< — 38°
<<
O Menyuan 0 100km
— ]

Figure 1. Watershed of the Heihe River.
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of ground water depletion varied from 0.09 m/yr to 0.31 m/yr among 7 monitoring sta-
tions in the basin while the rate depletion increased to the range of 0.31 m/yr —0.89
m/yr for the period of 1999-2004 [19]. Another recent analysis on groundwater-levels
of 42 observation wells in the middle reaches of the Heihe River revealed that the
groundwater levels generally decreased between 2000 and 2010, which led to the reduc-
tion of shrub forests and an increase in grassland desertification in particular areas [20].
To meet the needs of protecting the downstream environment and conserving the
groundwater resources in the middle reaches without affecting the livelihood of farmers
in the Zhangye basin, the Zhangye government established policies toward water-
saving society, promoting the planting of crops with less water demand and subsidizing
the use of advanced irrigation techniques such as sprinkle and dripping irrigation and
prohibited rice production because of its high water demand. In addition to crop
structure adjustment and use of advanced irrigation techniques, another technical solu-
tion to compensate for the reduced river water supply in the Zhangye basin is waste-
water reuse, which can provide not just another source of irrigation water but a source
of plant nutrients, allowing farmers to reduce fertilizer use. According to our field sur-
vey, wastewater reuse for irrigation has been put into practice for more than a decade in

certain areas of the Zhangye basin, which motivated the present work.

2.2. Methods

A field survey was conducted in the Zhangye basin in July 2015. Four types of farmland
were selected: three fields cultivating maize but using different types of irrigation water
and another field cultivating chili pepper using mainly groundwater but sometime river
water. We included such a site having different crop in this field study in order to ex-
plore the possibility of improving soil microbial diversity through planting different
crops. At the time of the field survey, COD, NH; -N and NO; concentrations of
wastewater flowing into farmland were measured to be >8 mg/L, 10 mg/L and 60 mg/L,
respectively. Therefore, it may be categorized as insufficiently treated wastewater. The
use of wastewater for irrigation in this area has been practiced since 2002.

From each of the river water irrigated, wastewater irrigated and two groundwater ir-
rigated fields, 8 soil samples were taken from the surface layer of 10 cm. At each site,
soil pH and soil temperature of the surface layer were measured. Soil illumination was
also measured in light of the discovery of bacteriophytochromes in non-photoauto-
trophs. The site information is compiled in Table 1. Besides, the nitrate contents of
sampled soils were also measured with Horiba LAQUA twin for Soil following the
manufacturer’s manual.

To identify bacterial community structure, total soil DNA was extracted with soil
DNA isolation kit (Norgen, ON, Canada) according to the manufacturer’ s instructions
with minor modification. We used skimmed milk as a competitor described as pre-
viously [21]. The purity of soil DNA was examined with agarose gel electrophoresis and
quantified by measuring 260 nm absorbance. 16S ribosomal DNA V3-V4 region was

amplified with following primers:
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Table 1. Sampling site information.

Irrigation water type latitude Longitude Soil Tem. (°C) Soil pH Iluminance
River water (Rw) 38°53'14.4" 100°20'05" 25 7.0 low
Wastewater (Ww) 39°00'16.7" 100°30'44.4" 23 7.0 low
Groundwater (Gw) 39°00'15.6" 100°30'41" 25 7.0 Low+
Mixed water (Gw-w) 38°51'19.6" 100°22'05.18.9" 23 6.5 low—

16S (V3-V4) Amplicon PCR Forward primer: 5’
TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG- 3’

16S (V3-V4) Amplicon PCR Reverse primer: 5-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAA
TCC-3.

The PCR program used was as follows: initial denaturation at 95°C for 3 min, then
25 cycles consisting of denaturation at 95°C for 30 sec, annealing at 55°C for 30 sec and
extension at 72°C for 30 sec, followed by final extension at 72°C for 5 min and hold at
4°C. The PCR products of 165 V3-V4 region were purified with AM Pure XP beads
(Beckman Coulter Inc. CA USA) according to the manufacturer’s instructions. The
amplicon libraries with different barcodes were pooled and sequenced on Ilumina Mi-
Seq sequencing instrument with 300bp pair end sequencing by Hokkaido System
Science Co Ltd. The sequencing data were analyzed with standard Quantitative Insights
Into Microbial Ecology (QIIME) pipeline and low quality reads and adaptor contami-
nations were eliminated by Hokkaido System Science Co Ltd.

To evaluate alpha diversity of soil bacterial, richness or the number of OTUs (Opera-
tional Taxonomic Unit), and Chao 1 index were employed. For beta diversity measures,
Bray-Curtis index and Weighted UniFrac distance were calculated with QIIME.

3. Results and Discussions

A total 60,212 OTUs were identified from all 32 soil samples and the average number of
OTUs was 1881 per sample. Figure 2 shows the OTUs (clustered at a 97% similarity)
abundance levels of the four sites. Species richness is significantly higher in the river
water irrigated field compared to the wastewater irrigated field. Since the river water ir-
rigated field is a few kilometers away from the wastewater irrigation field, and the dif-
ference in species richness between the two sites when the practice of wastewater irriga-
tion begun was not known, the current difference may be considered as due not totally
but largely to irrigation water. For the groundwater irrigated field, which is next to the
wastewater irrigation site, the OTUs abundance level is as low as the wastewater irri-
gated field. This suggests that wastewater irrigation may have affected the quality of
surrounding groundwater. For the groundwater irrigated field cultivating chili, which is
distant from the wastewater irrigation site, the species richness is also significantly
higher than the wastewater irrigated field, which can be considered as the result of

combined effects of soil-plant interaction, soil spatial variability and irrigation water.
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This provides a hint that degraded soil bacterial diversity could be restored via crop se-
lection. We hypothesize that Capsaicinoids contained in chili pepper might be an agent
for promoting soil bacterial richness. Figure 3 shows the comparison of Chao 1 diver-
sity index between the four sites. Like the OUTs abundance level, the alpha diversity
index is significantly higher for the river water irrigated field than for the wastewater
field (p < 0.001). On the other hand, the difference in Chao 1 index between the waste-
water field and the groundwater irrigated field next to it was very small.

Hui et al reported that an excess of nitrogen addition to soil significantly reduced

alpha diversity [22]. Because the use of wastewater for irrigation adds more nitrogen
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5000
Riverwater for maize
. Groundwater for Chili
4000 -

= = (Groundwater for maize

= =4= = \Nastewater for maize
3000

2000

1000

Rarefaction Measure: Chao 1

T T

0 500 1000 1500 2000 2500 3000 3500 4000

Sequences Per Sample

Figure 3. Diversity index for different fields.

K2
1096 0:{2: Scientific Research Publishing



G. W. Huang et al.

into soil than using river water, the relatively low alpha diversity of the wastewater irri-
gated field may be attributed to excessive nitrogen addition.

Figure 4 shows the results of Principal Coordinates Analysis (PCoA) generated with
UniFrac showing clustering of OTUs bacterial groups of soil samples. Each type of
samples formed a distinctive cluster in both weighted UniFrac distance and Bray-Curtis
index. The dissimilarity between river water and wastewater irrigated soil samples can
be attributed to human influence via effluent. On the other hand, studies in the 1950s
and 1980s [23] [24] [25] have clearly demonstrated a distinct indigenous microbial
community in subsurface waters as compared to surface waters. Therefore, the separa-
tion in cluster between soils irrigated by surface waters (both river water and waste-
water) and irrigated by groundwater can be considered as a natural extension of the
difference between surface and subsurface waters. Thus, the first coordinate may be
viewed as indicating human impact such as excessive nitrogen addition while the
second could be interpreted as an indicator of shift from surface to groundwater.

Nitrification has always been documented as a two-step process catalyzed by chemo-
lithoautotrophic microorganisms oxidizing either ammonia or nitrite. However, a re-
cent paper in Nature [26] reported the discovery of a completely nitrifying bacterium
from the genus Nitrospira. The genome of this organism encodes the pathways both for
ammonia and nitrite oxidation. Following this new finding, we scrutinized the micro-
bial community composition of all sampling sites. Although microbial community

composition varied between sites surveyed, Nitrospira were consistently detected.
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The relative abundance is 0.99% at the river water-fed site, 0.66% at the groundwater-
fed maize site, 0.79% at the groundwater-fed chili site and 0.41% at the wastewater- fed
site. The completely nitrifying process may eliminate the intermediate product of ni-
trite, which is toxic.

The three main sources of nitrogen used in agriculture are urea, ammonium and ni-
trate. Urea and ammonium fertilizer application involves the conversion of ammonium
to nitrate. Whether or not a complete nitrifying process is better than the two-step ni-
trification process in terms of the resistance to losses of nutrient from the soil by leach-
ing is a question worth exploring. If the complete nitrifying process were advantageous,
the present study would be viewed as evidence of another demerit of wastewater irriga-
tion and measures should be sought to increase completely nitrifying bacterium in
wastewaters.

On the other hand, denitrifying bacteria was also examined. Paracoccus denitrificans
was not detected but Pseudomonas was found present in all sites. The relative abun-
dance is 0.43% at the site using wastewater, 0.1% at the sites using river water and
groundwater for maize cultivation and 0.037% at the site using groundwater for chili
cultivation. This finding could be supported by the study of Friedel et al [13], which
demonstrated that soil denitrifying activity was stimulated with long-term wastewater
irrigation as compared to those under rain-fed agriculture. Such a finding may lead one
to hypothesize that although wastewater provides a valuable source of nutrients, en-
hanced soil denitrification might cancel this benefit because denitrification results in
the loss of nitrogen. On the other hand, the measurement of soil nitrate revealed that
the mean concentrations of soil nitrate are 110 ppm, 483 ppm and 425 ppm for river
water-irrigated, groundwater-irrigated and wastewater-irrigated fields, respectively.
This implies that wastewater irrigation led to significantly higher accumulation of ni-
trate in soil than river water irrigation. Such various derivations from the comparison
of soil bacterial communities serve as a call for further study to provide new insight into
the relationship between microbial communities and nutrient dynamics in soil.

Figure 5 shows 10 phyla detected in the four fields with relative abundance above
1%. Among the 10 phyla, the largest difference in relative abundance between fields lies
in Gemmatimonadetes.

In soil 16S rRNA gene libraries, Gemmatimonadetes is one of the nine most com-
monly detected phyla, yet their ecology remains little known [27]. Overall findings
from this study suggest that bacteria from the phylum Gemmatimonadetes are adapted
to different types of irrigation water. Our results might also imply that Gemmatimona-
detes in soil depends more on moisture availability since wastewater is more frequently
available than river water for irrigation in arid region. Nevertheless, the ecological role
of Gemmatimonadetes remains an open question.

In 2006, WHO published a third edition of its Guidelines for the safe use of waste-
water, excreta and grey water in agriculture and aquaculture. In four volumes, these
Guidelines propose a flexible approach of risk assessment and risk management in
which quantitative microbial risk assessment (QMRA) is focused on excrete-related

pathogens for assessment of human health. In the United States, each state government

1098

K
0:52: Scientific Research Publishing



G. W. Huang et al.

30
S
[«5]
S 20
< i
2 |
S 15 [
r=] H
© H
g 0
el
@ :
0
Q
&
P
>
v

@ river water M wastewater H groundwater O groundwater for Chilli

Figure 5. Dominant phyla in surveyed fields.

sets their own microbe standard of irrigation water following the EPA’s guidelines.
They all target Fecal coliform or E. coli. Standardized procedure for detecting E. coli
has been developed and widely used. For non-fecal bacteria, there is no good indicator
so far. A study by Armon [28] found that zucchini irrigated with poor-quality waste-
water accumulated higher levels of Cryptosporidium oocysts on the surface than other
types of crop. Besides, a top priority must be given to minimizing heath risk to farm
workers. Therefore, in addition to irrigation water standards, we propose a post-audit
framework for evaluating long-term effects of wastewater reuse in agriculture as shown
in Figure 6. It will target not just the alteration of physical and chemical properties but
also microbial communities of soil; and in the same time it places emphasis on health
effects on both farmers and consumers. The objective of the post-auditing is to improve
wastewater irrigation standards and practices through evaluation of long-term effects
based on monitoring data. We believe that the development of such a post-audit system
will contribute to the better reuse of wastewater, which is essential to integrated wa-

tershed management.

4. Conclusion

In an arid region, the bacteria in soil irrigated with wastewater for a decade have a sig-
nificantly lower richness and alpha diversity than soil irrigated with river water. The
relatively low diversity may be attributed to excessive nitrogen input from wastewater.
In-between lies the bacterial richness of soil irrigated with groundwater. However, for
the groundwater-fed site close to the wastewater-fed site, its taxonomic abundance level
is indifferent to that of wastewater-fed soil. It is also found that the relative abundance
of nitrifying bacteria is greater in soil irrigated with river water than soil irrigated with
wastewater and the opposite is true for denitrifying bacteria. Although it is a case study

and the survey was limited in scope, the insights gained from this investigation contribute
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Figure 6. A post-audit system for wastewater reuse.

to better understanding of the coupling between soil bacterial and the characteristics of
irrigation water. It enriches the literature by adding evidence of possible negative im-
pact of wastewater irrigation on soil microbes and highlighting other potential issues.
Besides, this paper proposes a post-audit framework for better management of waste-
water reuse. Given that wastewater reuse for irrigation has become an indispensable al-
ternative for water resource management in water-scarce regions across the world, the
present study serves as a call for more in-depth studies assessing the safety of wastewa-

ter irrigation from a microbial perspective.
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