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Abstract
This study aimed to evaluate the short-term effects of irrigation with diluted fish-processing effluents on soil pH, electrical 
conductivity, nitrification rate and abundance of ammonia oxidizers. To accomplish that, we constructed microcosms of 
soil from an undisturbed arid ecosystem of Patagonia, and irrigated them for 2 months with diluted effluents from a fish-
processing factory or with water as control. In the initial soil sample, and along the experiment, we determined soil pH, 
electrical conductivity, and the concentration of inorganic nitrogen forms, which we used to calculate the net nitrification 
rate. We further estimated the abundances of ammonia-oxidizing archaea and bacteria in the initial soil sample and at the 
end of the experiment, by qPCR of amoA genes. Soil pH decreased and electrical conductivity increased in both irrigation 
treatments, although the effect was higher in effluent-irrigated microcosms. Soil nitrate + nitrite concentration, and thus the 
nitrification rate, was higher in effluent than in water-irrigated microcosms. The abundance of archaeal amoA genes was 
higher under effluent than water-irrigation, but that of bacterial amoA genes did not vary significantly between treatments. 
Neither ammonia-oxidizing archaea nor bacteria were influenced by the changes in soil pH and electrical conductivity 
induced by effluent irrigation.
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Introduction

The water crisis is among the 10 most likely proposed global 
risks and among the 5 risks with a higher global impact, 
according to the World Economic Forum (World Economic 
Forum 2020). Currently, 17 countries that are home to one 
quarter of the world’s population face extremely high fresh-
water scarcity issues (World Resources Institute 2019). Irri-
gated agriculture is responsible for nearly 70% of the world’s 
freshwater consumption (FAO 2014); therefore, wastewater 
reuse for irrigation has been adopted by many countries, 

particularly from arid and semiarid regions, in an attempt to 
reduce their consumption of freshwater. Wastewater reuse 
for irrigation was proposed to have additional advantages in 
nutrient-poor soils, such as benefits on soil fertility due to 
increased nutrient supplies; though negative effects, e.g. on 
soil salinity and pH were also reported (Chen et al. 2017).

Fish-processing factories consume on average 11–15  m3 
of water per ton of processed product, and the estimated 
amount of fish production worldwide is 179 million tons; 
leading to a rough estimate of global water consumption by 
the fishery industry of 2.0–2.7 billion  m3 (de Melo Ribeiro 
et al. 2020; FAO 2020). This large water consumption is 
directly related to the amount of produced wastewater; part 
of which may be reused in some industrial applications to 
reduce the factory consumption of freshwater (Guimarães 
et al. 2018). The remaining amount, after a proper treat-
ment to fulfill the local regulations, is usually discharged 
into water bodies. However, resources contained in fish-
processing effluents have a high potential to be reused in 
agriculture, e.g. in irrigation or as liquid fertilizers (Gwon 
and Kim 2012; Cristóvão et al. 2015; Santoyo Figueroa et al. 
2015; Jung and Kim 2016). Nevertheless, there has still been 
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little discussion on the effects of soil irrigation with effluents 
from the fish industry on the soil microbial community.

Fish-processing effluents are saline if seawater or saline 
groundwater is used in the process, and have a high con-
tent of organic matter, of which proteins represent ca. 70% 
(Veiga et al. 1994; Mishra et al. 2015). As a result of protein 
degradation, they also have high contents of ammonium. 
Besides changes in the overall microbial community (Valle-
jos et al. 2020); this high content of ammonium and ammon-
ifiable organic matter, together with the potential changes in 
soil pH and salinity, may particularly affect a specific group 
of soil prokaryotes, i.e., the ammonia oxidizers. To the best 
of our knowledge, there is no evidence of nitrification inhibi-
tory molecules in fish-processing wastewaters. The ammo-
nia oxidizers perform the rate-limiting step of nitrification 
under oxic conditions and are represented by archaea of the 
phylum Thaumarchaeota (AOA), and bacteria of the β- and 
γ-proteobacteria (AOB). Nitrifiers are critical players in the 
soil nitrogen cycle, as this process controls the total inor-
ganic nitrogen available in soil (Prosser 2011). In addition, 
since ammonia oxidizers are susceptible to different kinds 
of soil perturbations, they have been previously reported as 
possible bioindicators for soil monitoring (Wessén and Hal-
lin 2011; Zabaloy et al. 2017). In other arid regions, despite 
having no significant effects on the composition of the total 
soil bacterial community, and having only a minor effect 
on total bacterial activities, treated municipal wastewater 
stimulated soil nitrification rates and the relative abundance 
of OTUs related to Nitrosococcus, Nitrosovibro, and Nitro-
spira in short- and mid-term studies (≤ 2 years), whilst the 
impact on AOA was not analyzed (Frenk et al. 2015; Ibekwe 
et al. 2018). In addition, shifts in the composition of AOB 
from Nitrosospira-like to Nitrosomonas-like dominated pop-
ulations were observed in response to soil irrigation with 
treated urban effluents (Oved et al. 2001; Frenk et al. 2015). 
In contrast, the use of sewage sludge compost tea as soil 
fertilizer had no effect on either AOB or AOA abundances 
(Vela-Cano et al. 2018). It is still unknown how irrigation 
with effluents from fish-processing industries could affect 
soil nitrifiers; however, in accordance with previous studies 
based on irrigation with municipal wastewater (Frenk et al. 
2015; Ibekwe et al. 2018), we hypothesize that through their 
input of ammonium, fish-processing effluents may stimulate 
nitrification and the abundances of AOB and AOA, despite 
potential changes in soil pH and salinity. Therefore, the 
aims of this study were (i) to evaluate the short-term effects 
of irrigation with diluted fish-processing effluents on soil 
salinity and pH in contrast with soils irrigated with freshwa-
ter; and (ii) to analyze the effects of irrigation with diluted 
fish-processing effluents or fresh water on soil ammonium 
 (NH4

+) and nitrate + nitrite  (NO3
− +  NO2

−) concentrations, 
nitrification rate, and on the abundance of AOB and AOA 
populations.

Materials and methods

Soil sampling and characterization

Soil samples were collected in a field near a cluster of fish-
processing industries in Puerto Madryn city, Chubut Prov-
ince, Argentina (42° 43′ S; 65° 02′ W). This is an arid-
climate location (mean annual temperature: 13.4 ± 0.1 °C, 
mean annual precipitation: 184.4 ± 10.5 mm, 1970–2019 
time series INTA SIPAS, http:// sipas. inta. gob. ar/) in 
the southern part of the Monte Phytogeographic Prov-
ince (Patagonian Monte) were vegetation corresponds 
to a shrubland of Larrea divaricata Cav., with perennial 
grasses (León et al. 1998). Soils are a complex of Typic 
Torriorthents (Pereyra and Bouza 2019), and vegetation is 
heterogeneously distributed in plant patches surrounded 
by bare soil areas (Bisigato and Bertiller 1997). Soil sam-
ples were collected from the bare soil areas (to minimize 
the interaction with vegetal organic matter) using cores 
(0–10 cm depth and 10 cm in diameter), and immediately 
transported to the laboratory at 4 °C. Thereafter, samples 
were pooled, homogenized and sieved through a 2 mm 
mesh to have a homogeneous soil sample for microcosm 
construction.

Air-dried sub-samples were characterized according 
to their physicochemical properties. Soil moisture was 
determined gravimetrically (105 °C, 48 h), and all the 
results were expressed on the basis of dry soil weight. 
Soil pH, electrical conductivity (EC), and sodium adsorp-
tion ratio (SAR) were assessed in soil saturation extracts, 
as described in Allison and Richards (1954). Soil texture 
(sand, silt and clay percentages) was assessed by the Bouy-
oucos Hydrometer method (Bouyoucos 1962). Total soil 
carbon (C) and nitrogen (N) concentrations were measured 
using a CN628 Carbon/Nitrogen Determinator (LECO 
Corporation, USA). The concentration of inorganic C was 
assessed gravimetrically, after removing soil carbonates 
with 3 N HCl (Allison and Moodie 1965). The concentra-
tion of soil organic C was assessed by wet combustion, and 
was used to calculate soil C/N ratio. The concentration of 
 NH4

+ in soil sample extracts was assessed according to 
Keeney and Nelson (1982), and that of  NO3

− +  NO2
− as 

described by Shand et al. (2008). All soil analyses were 
performed in triplicate, and are reported in Table 1. Soil 
physicochemical properties were similar to previously 
reported values in uncultivated soils from this and other 
arid regions (Xie et al. 2001; Li et al. 2006; Vallejos et al. 
2020).

http://sipas.inta.gob.ar/


3947Archives of Microbiology (2021) 203:3945–3953 

1 3

Fish‑processing effluent sampling 
and characterization

Fish-processing effluents were collected from the outgoing 
of a fishing-factory treatment plant in Puerto Madryn city. 
The effluent processing in this plant consisted of a primary 
treatment, a secondary treatment by activated sludge, and 
a final chlorination step. Effluent samples were collected 
according to method 1060 of the American Public Health 
Association (APHA et al. 2017), and immediately trans-
ported to the laboratory at 4 °C, where sub-samples were 
characterized according to their physicochemical prop-
erties. The effluent was 16-fold diluted in tap water, ali-
quoted in 500 ml bottles and stored in a freezer at − 20 °C 
until its use for microcosm irrigation (Ching and Redzwan 
2017). The 16-fold dilution was chosen so that the efflu-
ent salinity was lower than 0.45 g total dissolved solids 
(TDS)/l, which is the limit value for effluent reuse in irri-
gation with no restrictions, according to Chubut Province 
guidelines (adapted from Ayers and Westcot 1994).

The EC, TDS and temperature of the fish-processing 
effluents were measured with a Hanna HI 98192 conductiv-
ity meter, while pH was measured using a Hanna pH 211 
meter (Hanna Instruments, USA). The organoleptic charac-
teristics of the effluents were assessed according to methods 
2150 B (odor) and 2130 B (turbidity) of the APHA et al. 
(2017). The effluent SAR was determined as described in 
Allison and Richards (1954). Chemical oxygen demand 
(COD) was measured using a Hanna HI83099 photometer 
(Hanna Instruments, USA), (method EPA 410.4-adapted; 
US EPA 1993). In addition, effluent alkalinity (concentration 
of bicarbonates; method 2320 B), oils and greases (method 

5520 B), and  NH4
+ concentration (method 4500-NH3 F) 

were carried out according to APHA et al. (2017). The con-
centration of  NO3

− in the effluents was assessed following 
EPA method 352.1 (Keith 1996). All effluent analyses were 
performed in triplicate.

Microcosm experimental setup

Soil microcosms were prepared in plastic pots containing 
350 g of fresh soil, and incubated in a greenhouse at room 
temperature for 61 days. Microcosms were irrigated daily to 
constant 15% soil moisture (corresponding to the usual water 
content of these soils in wet periods) with either tap water 
(W) as a control, or fish-processing effluent diluted 16-fold 
in water (DFE). Twelve replicates were prepared per irriga-
tion treatment, which were destructively sampled in quadru-
plicates on days 8, 19 and 61 to determine soil pH, EC, and 
the concentrations of  NH4

+ and  NO3
− +  NO2

−, as described 
above. The net nitrification rate in soil microcosms was cal-
culated as the increase in  NO3

− +  NO2
− concentration after 

61 days of incubation (Drury et al. 2007).

Soil DNA extraction and qPCR of amoA genes

Total DNA was extracted from ca. 0.5 g of the soil used for 
microcosms set up (day 0) and of soil microcosms at the end 
of the irrigation experiment (day 61) using the  FastDNA® 
SPIN Kit for Soil (MP Biomedicals, USA) and following the 
manufacturer’s instructions. The DNA extraction protocol 
included a washing step with 5.5 M guanidine thiocyanate 
solution, to remove PCR inhibitors (Tournier et al. 2015). 
DNA was quantified using a Quantus™ Fluorometer and the 
 QuantiFluor® dsDNA Dye System (Promega Corporation, 
USA). Real-time PCR amplifications of amoA genes were 
performed on a 7500 Real-Time PCR System (Applied Bio-
systems, USA), using the 7500 System Software (Applied 
Biosystems, USA) for the setting of qPCR parameters, and 
the visualization and analyses of the amplicons. The amplifi-
cations were conducted using the SsoAdvanced™ Universal 
 SYBR® Green Supermix (Bio-Rad Laboratories, USA), and 
the amoA-1F/amoA-2R (Rotthauwe et al. 1997; amplicon 
size 491 bp) and Arch-amoAF/Arch-amoAR (Francis et al. 
2005; amplicon size 635 bp) primer sets for AOB and AOA, 
respectively. All qPCRs were performed using 10 ng of tem-
plate DNA, except for control reactions where DNA was 
replaced by ultrapure water. Primer concentrations were 0.3 
µM and 0.2 µM for amoA-1F and amoA-2R (AOB), respec-
tively; and 0.4 µM for both Arch-amoAF and Arch-amoAR 
(AOA). The amplification program for bacterial amoA genes 
was: 5 min at 95 °C and then 44 cycles of 30 s at 95 °C, 1 
min at 55 °C, 30 s at 72 °C and a final step before fluores-
cence read of 40 s at 81 °C. In addition, the program for the 
quantification of archaeal amoA genes was: 5 min at 95 °C 

Table 1  Physicochemical characteristics of soil used for microcosm 
construction (n = 3)

EC electrical conductivity, SAR sodium adsorption ratio

Soil properties Average ± standard error

Moisture (%) 2.35 ± 0.01
pH 8.71 ± 0.04
EC (mS/cm) 0.48 ± 0.08
SAR 1.30 ± 0.06
Sand content (%) 80.59 ± 0.46
Silt content (%) 14.72 ± 0.33
Clay content (%) 4.69 ± 0.35
Total C (%) 0.52 ± 0.01
Inorganic C (%) 0.27 ± 0.02
Organic C (%) 0.36 ± 0.06
Total N (%) 0.05 ± 0.002
C/N ratio 5.02 ± 0.43
NH4

+ concentration (µg/g soil) 2.33 ± 0.12
NO3

− +  NO2
− concentration (µg/g soil) 3.70 ± 0.07
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and then 45 cycles of 30 s at 95 °C, 1 min at 53 °C, 1 min at 
72 °C and a final step of 40 s at 80 °C before fluorescence 
read. Melting curves were run at the end of the amplification 
program to verify the specificity of the amplified DNA frag-
ments. Standard curves were constructed by performing 1:10 
serial dilutions of linearized plasmids containing the amoA 
gene from Nitrosomonas europaea or from an uncultured 
archaeon (clone E2), in the range of  107 –  102 amoA gene 
copies/µl (r2 > 0.99). qPCR efficiencies were 93% and 92% 
for bacterial and archaeal amoA genes, respectively.

Statistical analyses

The statistical significance of differences in soil physico-
chemical properties between irrigation treatments at each 
incubation time was tested with Student’s t tests, and that 
among incubation times within each irrigation treatment 
was tested with one-way analysis of variance (ANOVA) 
followed by the Tukey test when data accomplished the 
assumptions of normality and homoscedasticity, or by the 
Tamhane test otherwise. The significance in the (log-trans-
formed) amoA gene abundances between incubation day 0 
and day 61 within each irrigation treatment, and between 
irrigation treatments on day 61 were analyzed with Student’s 
t tests. The relationships among soil properties were ana-
lyzed by Spearman rank-order correlation tests. The rela-
tionship between amoA gene abundances and nitrification 
rates was tested with regression analyses. Normality and 

homoscedasticity assumptions were tested before perform-
ing all parametric tests. Significance levels were set at 0.05.

Results and discussion

Fish‑processing effluent characteristics

Fish-processing effluent physicochemical characteristics are 
reported in Table 2. Considering a potential irrigation reuse, 
one of the main threats of the fish-processing effluent was 
its salinity. According to the Chubut Province Standards, EC 
and TDS effluent values implied severe irrigation restrictions 
(Table 2), whereby the effluent was diluted to a concentra-
tion of approximately 0.45 g TDS/l for microcosm irrigation. 
Effluent dilution also contributed to reducing the values of 
other parameters such as SAR and bicarbonate concentra-
tion; therefore, the diluted effluent fell within the limits of 
irrigation without restrictions (Table 2). Moreover, the pH 
value of the diluted effluent was circumneutral and within 
the accepted values for irrigation. On the other hand, even 
though effluent dilution led to a decrease in  NH4

+ concentra-
tion to approximately 17 mg/l, this value is still close to the 
 NH4

+ concentrations of culture media used for enrichment 
and isolation of ammonia-oxidizers (Achuthan et al. 2006; 
Koops et al. 2006).

Table 2  Characterization 
of effluents from the fish-
processing industry (n = 3)

EC electrical conductivity, TDS total dissolved solids, SAR sodium adsorption ratio, TON threshold odor 
number, NTU nephelometric turbidity units, COD chemical oxygen demand
a Chubut Province guidelines for irrigation water (adapted from Ayers and Westcot 1994 and Blumenthal 
et  al. 2000). WR irrigation without restrictions, MMR mild to moderate irrigation restrictions, SR severe 
irrigation restrictions, nr no recommendation (parameter not specified for irrigation water by Chubut Prov-
ince guidelines)
b SAR interpretation should consider EC. Wastewaters with the SAR values reported in this table and 
EC > 5 can be used for irrigation WR, EC = 5–2.9 for irrigation with MMR, and EC < 2.9 for irrigation 
with SR
c Values correspond to foliar spray irrigation only

Effluent properties Average ± standard error Guidelines for irrigation  watera

EC (mS/cm) 14.17 ± 0.67 WR: < 0.7; MMR: 0.7–3; SR: > 3
TDS (g/l) 7.09 ± 0.34 WR: < 0.45; MMR: 0.45–2; SR: > 2
Temperature (°C) 18.50 ± 0.60 nr
SAR 53.03 ± 1.39 20–40b

Bicarbonates (mg  CaCO3/l) 1080.91 ± 13.81 WR: < 90; MMR: 90–500; SR: >  500c

pH 7.46 ± 0.003 6.5–8.4
Odor (TON) 6666.67 ± 1333.33 nr
Turbidity (NTU) 118.93 ± 12.07 nr
COD (mg/l) 2183.33 ± 164.96 nr
Oils and greases (mg/l) 32.67 ± 8.84  < 10
NO3

− concentration (mg/l) 6.33 ± 0.33 WR: < 22; MMR: 22–133; SR: > 133
NH4

+ concentration (mg/l) 270.96 ± 4.77 nr
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Irrigation effects on soil pH and salinity

Irrigation with fish-processing effluents produced a sig-
nificant decrease in soil pH of 1.3 pH units by the end of 
the experiment (Fig. 1a). Previous studies showed that pH 
may decrease in response to soil irrigation with wastewater, 
probably as a consequence of ammonia absorption by plants 
or nitrification, or due to leaching of base cations, such as 
 Na+,  Ca2+,  K+, and  Mg2+, that in turn reduce the alkaline 
reserves of the soil (Tarchouna et al. 2010; Bedbabis et al. 
2014; Ganjegunte et al. 2017). In this study, irrigation with 
W also caused soil pH to decrease at the end of the experi-
ment (day 61), although the extent of the pH drop was lower 
than in DFE. The rewetting of soil may cause pH to either 
increase or decrease as a result of the balance between two 
mechanisms that pursue the N mineralization induced by 
wetting, i.e., ammonification and nitrification (Haynes and 
Swift 1989). When ammonification exceeds nitrification, 
ammonium may accumulate leading to an increase in soil 
pH; whilst when ammonification is followed by nitrification 
-as seems to be the case in this study-, nitrate may accu-
mulate producing a decrease in soil pH (Haynes and Swift 
1989).

Contrarily to soil pH, EC significantly increased along 
the experiment in both treatments, with a significantly 
higher effect in DFE- than in W-irrigated microcosms 
(Fig. 1b). This result was expected, as soil salinization is a 
commonly reported adverse effect of wastewater irrigation 
(Becerra-Castro et al. 2015; Ibekwe et al. 2018). However, 
the microcosm study probably had higher evapotranspira-
tion and lower lixiviation conditions than those in the field, 
contributing to a higher accumulation of soil salts than that 
expected under field conditions. Accordingly, the exposure 
of Patagonian arid soils to fish-processing effluents of higher 

EC (2.8 mS/cm) in a field study showed only a mild increase 
in soil EC, and the soil neither became saline nor sodic after 
exposure to the effluents (Vallejos et al. 2020). Nevertheless, 
regular soil monitoring should be performed if effluents are 
to be reused for irrigation to prevent soil salinization.

Irrigation effects on inorganic nitrogen forms, 
nitrification rates, and abundances of AOB and AOA

Ammonium concentration in DFE irrigated soils increased 
at the beginning, and then decreased to the initial  NH4

+ val-
ues at the end of the experiment (Fig. 2a), reflecting the 
input of  NH4

+ supplied by the effluent and, possibly, its 
later consumption by soil microorganisms (e.g., through 
nitrification). In contrast, this variable did not change sig-
nificantly along the experiment in soil microcosms irri-
gated with W. Soil  NO2

− +  NO3
− concentration increased 

significantly after irrigation with DFE compared to the 
initial soil sample, whilst that in soil irrigated with W, 
in general, did not change significantly along the experi-
ment (Fig. 2b). However, a slight but significant increase in 
 NO2

− +  NO3
− concentration in W was observed after 8 days 

of irrigation despite no external input of  NH4
+ (Fig. 2b). 

This could be due to a rapid stimulation of N mineraliza-
tion of the soil organic matter induced by dry soil rewetting, 
followed by the  NH4

+ depletion through nitrification and 
microbial consumption for growth (Schimel 2018). At the 
end of the experiment (day 61),  NO2

− +  NO3
− concentration 

in DFE was significantly higher than in W. Furthermore, 
soil  NO2

− +  NO3
− concentration was used to calculate the 

net nitrification rate, which after 61 days of irrigation was 
significantly higher in DFE than W irrigated microcosms 
(W: 0.13 ± 0.03 µg  NO3

− +  NO2
−/g dry soil × day, DFE: 

0.25 ± 0.02 µg  NO3
− +  NO2

−/g dry soil × day, p < 0.05).

Fig. 1  Irrigation effects on soil pH (a) and electrical conductiv-
ity (EC; b). Mean values ± Standard errors (n = 4). Soil(0): soil 
initial sample (before microcosms irrigation), W: water-irrigated 
microcosms, DFE: diluted fish effluent-irrigated microcosms. Dif-
ferent uppercase letters indicate significant differences (p < 0.05) 

in soil pH and EC of microcosms irrigated with W among incuba-
tion times, whereas lowercase letters refer to the same comparisons 
in microcosms irrigated with DFE. The results of pairwise compari-
sons between irrigation treatments within each date are indicated with 
asterisks (** p < 0.01) or with “ns” (not significant, p > 0.05)
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We quantified the abundance of bacterial and archaeal 
amoA genes in the initial soil sample and in soil from micro-
cosms at the end of the experiment (day 61). A predomi-
nance of AOA over AOB has been reported in several soils 
(Leininger et al. 2006); particularly from arid regions, since 
AOA are highly resistant to the unfavorable environmen-
tal conditions of drylands (Delgado-Baquerizo et al. 2013). 
However, there is also evidence of AOB prevailing in dry-
lands (Banning et al. 2015; Marcos et al. 2016); which could 
indicate that soil site-specific effects (e.g., degree of aridity, 
soil conditions and plant litter input) may modulate AOB or 
AOA predominance (Delgado-Baquerizo et al. 2016; Trivedi 
et al. 2019). In this study, the abundance of archaeal amoA 
genes in the initial soil sample was significantly higher than 

that of AOB (Fig. 2c). In agreement, previous analyses of 
16S rRNA gene sequences showed that ammonia-oxidizing 
archaea of the family Nitrososphaeraceae were dominant 
among the archaeal communities of Patagonian arid soils 
(reaching abundances as high as 99.5% of the archaeal 
sequences, Marcos et al. 2019; Vallejos et al. 2020); sug-
gesting that they may be stable and highly resistant mem-
bers of the community in this arid ecosystem. Moreover, 
we detected a positive linear relationship between the net 
nitrification rate and the  log10 abundance of the amoA gene 
of AOA (linear regression, R2 = 0.786, p = 0.003, Fig. 2d), 
but not with that of AOB (p = 0.819); reflecting that under 
the conditions of this study the former gene could be consid-
ered as an estimator of nitrification. Nevertheless, also other 

Fig. 2  Effects of irrigation with diluted fish-processing effluents 
(DFE) or freshwater (W) on soil microcosms inorganic nitrogen 
forms and nitrifying populations. a,  NH4

+ concentration (µg/g soil); 
b,  NO3

− +  NO2
− concentration (µg/g soil); c, bacterial and archaeal 

amoA gene abundances (copy numbers/µg DNA); d, nitrification rate 
as a function of amoA gene abundance. Soil(0): soil initial sample 
(before microcosms irrigation). In panels a and b, different upper-
case letters indicate significant differences (p < 0.05) in soil  NH4

+ 
or  NO3

− +  NO2
− of microcosms irrigated with W among incuba-

tion times, whereas lowercase letters refer to the same comparisons 

in microcosms irrigated with DFE. In panel c, uppercase and lower-
case letters indicate the significance of differences in bacterial and 
archaeal amoA genes, respectively. The results of pairwise compari-
sons between irrigation treatments within each date (panels a and b) 
or between bacterial and archaeal genes within each irrigation condi-
tion (panel c) are indicated with asterisks (**p < 0.01, *p < 0.05) or 
with “ns” (not significant, p > 0.05). Only the regression adjustment 
between nitrification rate and archaeal amoA genes is shown in panel 
d since that between nitrification rate and bacterial amoA genes was 
not significant (p > 0.05)
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microorganisms not targeted in this study (like the complete 
ammonia oxidizers, i.e. comammox, or heterotrophic nitri-
fiers; Daims et al. 2015; van Kessel et al. 2015; Li et al. 
2018) could be contributing to nitrification in the analyzed 
soils from this arid region.

Archaeal but not bacterial amoA genes were more abun-
dant in DFE than in the W irrigated control (Fig. 2c). Such 
AOA difference could be not only associated with its preva-
lence in the soils under study, but also with the moderate 
ammonium concentration in the effluent used for irrigation. 
The dilution of the fish-processing effluent to meet the local 
guidelines for irrigation led to a final ammonium concen-
tration of 17 mg/l (ca. 1 mM), which does not represent an 
excessive input of ammonium, as is within the range of cul-
ture media for the isolation of ammonia oxidizers adapted to 
low ammonia concentrations, and considerably below tradi-
tional media (with up to 20 mM ammonium) used for enrich-
ment or isolation of AOB (Koops et al. 2006; Bollmann et al. 
2011). The ammonium concentration in the diluted efflu-
ent is also below the inhibitory ammonium concentration 
reported for both AOA and AOB (Lehtovirta-Morley et al. 
2016). In addition, while in general AOA have been associ-
ated with low nutrient soils (Delgado-Baquerizo et al. 2013); 
members of the Nitrososphaeraceae—as those previously 
detected at high abundance in soils from Patagonian arid 
regions—have also shown a mixotrophic or even hetero-
trophic metabolism, with a capability to use organic carbon 
compounds (Sauder et al. 2017). Most of the COD of fish-
processing effluents is represented by proteins, which when 
degraded produce not only ammonia but also organic acids 
(Hwang and Hansen 1998); that could have benefited the 
growth of this group of AOA.

Neither archaeal nor bacterial amoA genes were influ-
enced by the decrease in pH or the increase in soil EC 
induced by irrigation with DFE (Spearman  RhoAOA-pH: 
0.132, p = 0.699; Spearman  RhoAOA-EC: − 0.100, p = 0.769; 
Spearman  RhoAOB-pH: − 0.591, p = 0.056; Spearman 
 RhoAOB-EC: 0.509, p = 0.110). AOA are known to prevail 
in acidic soils (pH < 5.5), but both groups of ammonia 
oxidizers are found in neutral and alkaline soils (Prosser 
and Nicol 2012). Even though DFE caused pH to decrease, 
it still remained within the pH range tolerated by both 
groups of ammonia oxidizers. Regarding salinity, previous 
studies of irrigation with saline waters showed contrast-
ing results. Guo et al. (2020) found that the irrigation of 
desert soils with saline water inhibited nitrification, and 
reduced the abundance of the amoA gene of AOA and 
AOB. In contrast, other studies found that irrigation with 
high-salinity wastewater increased nitrification and pro-
moted an enrichment of OTUs assigned to AOB (Frenk 
et al. 2015; Ibekwe et al. 2018). In addition, the AOA 

Candidatus Nitrosocosmicus exaquare, Candidatus Nitro-
socosmicus franklandus, and Candidatus Nitrososphaera 
gargensis (all members of the Nitrososphaeraceae) were 
predominantly active in microcosms treating highly saline 
municipal wastewater (30 g/l) (Pan et al. 2019). Despite 
the fact that these AOA are thought to be non-halophilic, 
the authors proposed that they may be able to survive 
salinity stresses and be highly active after a lag period. 
Interestingly, one of the most abundant OTUs previously 
found in soils of the same study site (accounting in average 
13% of the archaeal sequences) had its closest match in 
the NCBI database (98.9% identity) with Nitrosocosmicus 
franklandus (Vallejos et al. 2020); thus, the high archaeal 
amoA gene abundances in DFE could be associated with 
the presence of these AOA adapted to high soil salinity.

Conclusions

Irrigation with diluted effluents from a fish-processing 
factory promoted nitrification and stimulated the ammo-
nia-oxidizing archaea inhabiting soils of an arid region 
of Patagonia compared to the water-irrigated control. In 
contrast, ammonia-oxidizing bacteria were not affected 
by the irrigation treatment. Irrigation with diluted fish-
processing effluents also provoked changes in soil pH and 
EC, however, neither of those changes affected the abun-
dances of AOA or AOB negatively. Nevertheless, although 
these effluents have potential as water resource and liquid 
fertilizers, regular soil monitoring should be considered 
if reused for irrigation purposes, to avoid the risk of soil 
salinization. Further studies should be conducted to ana-
lyze the diversity of the ammonia-oxidizers inhabiting 
these soils, as they seem highly resistant to salinity stress.
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