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ARTICLE INFO ABSTRACT

Handling Editor: Mario De Tullio A microbial consortium, based on the functional integration of photosynthetic and heterotrophic microorgan-
isms, is the core of the Zero Mile System. This system is designed for reusing and upcycling household grey-
waters, a still untapped water resource. The previous challenges of dishwasher wastewater bioremediation
demonstrated the capability of an ad hoc consortium (including a photosynthetic cyanobacterium and three
heterotrophic bacterial isolates from dishwasher wastewater) to reclaim the wastewater at small/medium scale.
In this study the wastewater treatment demonstrated to be effective in nutrient recycling and upcycling at a
larger scale, i.e. 4 L (in three replicates to treat the total amount of wastewater discharged by the dishwasher), by
removing high percentage of N and P from the wastewater (70% nitrogen, 50% phosphorous, respectively).
Again, the reclaimed wastewater successfully fertilized lettuce plants both indoor (in the Zero Mile System
demonstrator) and outdoor (in open field). Plants showed a significant higher biomass productivity in fresh
weight compared to control plants and comparable or better values of the pigments and quality indices (e.g.,
soluble solids, total phenols, total flavonoids). Furthermore, the safety of the reclaimed wastewater is demon-
strated by the analysis of the metabolic/ecologically relevant functions of the microbial communities in both
untreated and treated wastewater. Colonizers were mainly organic matter degraders and bacteria involved in
nitrogen cycling. The human related genera are quite few and no pathogens or potential microbiological con-
taminants of water bodies (as E. coli), were found. Hence, the utilization of treated dishwasher wastewater does
not imply biological risks to agricultural products, soil, or groundwater.
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1. Introduction

Wastewater treatment and reuse is a pivotal issue worldwide, due to
its direct link with the reduction of freshwater consumption and its
potential reuse, necessary to face the freshwater scarcity (Shakir et al.,
2017; Bixio et al., 2005). The biological rehabilitation made by micro-
bial consortia has emerged as an environmentally and economically
sustainable procedure (Munoz and Guieysse, 2006), which may effi-
ciently be applied to reduce the organic load of several different
wastewaters. In particular, in the microbial consortia, the synergistic
interactions between photosynthetic and heterotrophic microorganisms
result in an efficient biological system capable of exploiting wastewater
nutrients, effectively purifying the water (Liu et al., 2017; Posadas et al.,

2017).

The dishwasher wastewater (DWW) is classified as greywater
(Raschid-Sally and Jayakody, 2008), generally flowing into blackwater.
Recovery and reuse of dishwasher wastewater is of particular relevance
since it is composed essentially of tap water, detergents and food left-
overs. The reuse of treated wastewater in plant irrigation must be
controlled to minimize risks to agricultural products, soil, and ground-
water from toxic and pathogenic microorganisms, which could pose
health risks to consumers (Toze, 2006). The careful consideration of
environmental and human health risks, such as pathogen exposure, is
essential when using wastewater for irrigation (Zhang and Shen, 2019;
Shakir et al., 2017; Brambilla et al., 2007). When properly treated and
managed, wastewater irrigation can significantly promote the plant
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growth, being a valuable resource in water-scarce areas (Libutti et al.,
2018). As already shown in Congestri et al. (2020) and Alabiso et al.
(2023), proper treatment can transform dishwasher wastewater into
water of quite good quality, suitable for plant irrigation. Within the
framework of The Jetsons’ Kitchen project, which focuses on reusing
and upcycling household greywaters, starting with dishwasher waste-
water, the Zero Mile System was designed. This system, as described in
Costa et al. (2021a) and Alabiso et al. (2023), is based on a biological
filter made up of an ad hoc engineered microbial consortium (specif-
ically, a photosynthetic cyanobacterium and three heterotrophic bac-
teria isolated from dishwasher wastewater). This consortium has been
designed for the specific purpose (ad hoc in Latin) to process and
mineralize food leftovers in the dishwasher wastewater. To this end,
besides a photosynthetic, filamentous and nitrogen-fixing cyanobacte-
rium, Trichormus variabilis (known to produce EPS and biofilm), three
heterotrophic aerobic bacterial strains were chosen among the colonizer
of dishwasher wastewater. This composition ensures the heterotrophic
partner of the consortium to thrive in dishwasher wastewater consuming
the food leftovers, benefiting of the oxygen produced by the cyanobac-
terium. In turn, heterotrophic bacteria directly supply Trichormus vari-
abilis of the CO3 necessary for its photosynthetic activity. This design
gives the consortium intrinsic properties for the bioprocessing of dish-
washer wastewater (Congestri et al., 2020; Alabiso et al., 2023). The first
attempt to reuse untreated dishwasher wastewater (Costa et al., 2021b)
has been followed by a couple of studies aimed to treat progressively
larger amounts of dishwasher wastewater: the mineralizing process of
food leftovers carried out by the consortium has been tested at a lab scale
(50 and 500 mL) with different dishwasher wastewaters obtained using
bio-detergents (Alabiso et al., 2023, 2024). The studies demonstrated
the consortium’s bioremediation capability at the lab scale: a significant
reduction of nitrogen and phosphorus from food leftovers in dishwasher
wastewater which are mineralized, thereby making the treated waste-
water suitable for plant irrigation. Nitrogen is a main component of
essential compounds such as amino acids, proteins, nucleic acids, and
chlorophyll, which are vital for various plant metabolic processes. It
directly influences the photosynthetic capacity of plants and signifi-
cantly affects plant growth (Cercioglu et al., 2012; Tsiakaras et al., 2014)
by promoting vegetative development, increasing leaf area, and
enhancing the rate and duration of photosynthesis (Fathi, 2022). Simi-
larly, phosphorus plays a critical role in various physiological and
biochemical plant processes. In addition to being part of energy-rich
compounds like ATP, phosphorus is also crucial component of nucleic
acids and phospholipids. It is essential for the development of a strong
root system, necessary for the efficient uptake of water and nutrients
(Malhotra et al., 2018). In fact, the treated dishwasher wastewater from
the 500 mL test has been successfully utilized for plant irrigation
(Alabiso et al., 2023).

Under this conceptual framework, the scope of this study has been to
continue the upscaling of the Zero Mile System toward the operational
volume and to reuse the treated dishwasher wastewater for watering
vegetables in a demonstrator built for this purpose (Zero Mile demon-
strator) and in the field. In particular, the aims of this study were: i) to
challenge the microbial consortium with a large scale dishwasher
wastewater volume (4 L, in three replicates to treat 12 L, the total
amount of wastewater discharged by the dishwasher), maintaining the
dishwasher wastewater replenishment rate every 4 days; ii) to evaluate
the efficiency of the treated dishwasher wastewater for watering vege-
tables in the Zero Mile demonstrator and in the field; and iii) to explore
the safety of dishwasher wastewater reuse by evaluating the putative
ecological functions of the microorganisms present in untreated/treated
wastewater and in the microbial consortium to confirm its suitability.
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2. Materials and methods
2.1. Cyanobacterium/heterotrophic bacteria consortium assemblage

The ad hoc engineered microbial consortium developed by Congestri
et al. (2020), has been assembled according to Alabiso et al. (2023,
2024). The microbial consortium was made up as a one-to-three con-
sortium forming by the heterocytous cyanobacterium Trichormus varia-
bilis (Kiitzing ex Bornet & Flahault) Komarek & Anagnostidis (VRUC168)
from the Tor Vergata University of Rome Collection (VRUC168; ATCC
Strain designation: IUCC 1444; MSU A-37) and three bacterial strains
isolated from dishwasher wastewater (Acinetobacter sp., Aeromonas sp.
and Exiguobacterium sp.).

Each of the three heterotrophic bacteria were cultured as confluent
growth to produce a uniform layer of growth over the surface of the
plates. These microbes were collected each in 1L TSB (Tryptic Soy Broth)
to obtain three separated pure cultures, incubated under magnetic stir-
ring for 24 h at room temperature. Then, the optical density (OD) was
measured at A = 600 nm until the value of 0.15 was reached. A sus-
pension of T. variabilis was also prepared and maintained in BG11,
(Blue-Green Medium-nitrogen-depleted) until the OD at 665 nm reached
0.15. The microbial consortium was assembled by combining
T. variabilis and the three heterotrophic bacteria, in order to get a 0.15
OD of each microbe in the final volume of dishwasher wastewater (pH
around neutrality), in this case 12 L (see section 2.3); this allows to use
the same bacterial density and ratio utilized in Alabiso et al. (2023).

2.2. Dishwasher wastewater collection

The wastewater was produced by a household dishwasher (Energy
Class A+++, Electrolux EES69300L) setting the ‘eco’ program as
washing cycle and using an EU Ecolabel certified dishwasher detergent
(Everdrop tablets, Germany). The dishwasher wastewater was collected
from April 2023 every four days, for 40 days. The characteristics of tap
water and dishwasher wastewater, are reported in Supplementary
Table 2.

2.3. Testing the consortium with periodic and complete DWW refill in
scaled-up volume

The semi-batch test was planned to evaluate the capability of the
consortium (i) to face and operate under periodic and almost complete
wastewater refill, as expected for the Zero Mile system functioning, and
(ii) to modify the concentration of total nitrogen and total phosphorus in
the wastewater, by consuming the food leftover.

After assembling the consortium as reported in section 2.1, the test
was performed in Erlenmeyer flasks 5.0 L (Large size-Replenish test, 4 L
medium; L-Rep test). The consortium has grown in undiluted dishwasher
wastewater and the experiment was carried out in controlled condition
in a thermostatic chamber at 25 °C, under 130 pmol photons m ™2 s~?
irradiance, with a 12:12 L:D cycle. The experiments were set up in 3
replicates of 4 L, to treat the total amount of dishwasher wastewater
discharged per washing cycle.

Every 4 days, 3.0 L of treated DWW (t-DWW) were removed from
each Erlenmeyer flask without damaging the consortium and replaced
with the same amount of untreated DWW (u-DWW). The test lasted 40
days, for a total of 8 refills and the production of 24.0 L of treated
wastewater.

The consortium growth was measured at the end of the experiments
as microbial biomass and quantified as dry weight, measured after 48 h
in oven at 37 °C.
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2.4. Nitrogen and phosphorus concentration in consortium treated/
untreated wastewaters

The capability of consortium to reduce the organic load was evalu-
ated as total nitrogen and total phosphorus concentrations in the treated
DWW, collected every four days. Analyses were performed in triplicate,
according to the Italian official protocol (Belli et al., 2004), as reported
in Congestri et al. (2020) and Alabiso et al. (2023). The data were
calculated against a calibration curve for each nutrient: nitrogen cali-
bration curve was built with a standard solution of NaNOs in distilled
water at 0, 0.625, 1.25, 2.5, 5, 10 and 20 mg L! N, phosphorous cali-
bration curve was built with a standard solution of KHoPOy4 in distilled
water at 0, 6.25, 12.5, 25.0, 50, 100 and 200 pg L7lp.

2.5. Growing plants with treated dishwasher wastewater

The L-Rep test has been planned to evaluate the efficiency of treated
wastewater in fertilizing edible plants.

Two set of tests were performed: an indoor test, using the Zero Mile
demonstrator and an open field test (environmental conditions in Sup-
plementary Table 3). In both tests Lactuca sativa cv. Canasta (Aster-
aceae) was used, particularly seedlings were used in the indoor test and
four-week-old plants in the open field test. The lettuce has been selected
because it holds a high commercial and economic value, being the leafy
vegetable most widely used in agricultural crops in southern Europe
(Marzuoli et al., 2017).

Indoor test. Twenty-four seedlings (each of 3.13 + 0.16 g fresh
weight and 0.23 + 0.02 g dry weight) were planted in the plant dedi-
cated structure (8 pots, 60x15 x 10 cm) of the Zero Mile demonstrator
(Fig. 1, left), 3 per pot, in commercial soil (Dorater, Vigor Plant). Plants
were divided in 2 experimental batches (4 pots each), watered every
second day with 40 mL of consortium treated DWW (t-DWW) or tap
water (TW, Rome water main). The Zero Mile demonstrator was placed
at indoor room temperature (April-May) under L:D cycle 12:12 artificial
light (irradiance: 130 mM photons m~2 s™1). After 42 days all plants
were collected and, for each experimental batch, six plants were
weighted (fresh and dry weight) to quantify the final plant biomass and
morphometrically analysed by means ImageJ platform (version 1.52a),
while six plants were used to quantify the plant descriptors: total phe-
nols and flavonoids, soluble solid content.

Open field test. The field experiment was conducted in May-June
2023 at the Botanic Gardens of the Tor Vergata University of Rome in
soil previously subjected to organic farming practices, such as hoeing
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and manual weed removal (the soil properties are reported in Supple-
mentary Table 4). The plants were arranged in a row (9.50 m length and
0.80 m width) divided into two groups, spaced 1.5 m apart, one for the t-
DWW group and one for the control (Fig. 1, right). Each group
comprised fifteen plants, spaced 25 cm apart, divided into 3 subgroups
of five plants, each representing a replicate. The soil was covered with
biodegradable mulching film to prevent water evaporation and the weed
growth. The plants were manually irrigated every day with 200 mL of a
1:1 (v/v) dilution of consortium t-DWW (in 100 mL distilled water,
dH>0) or dH0 for the control group. The choice of dH,O was manda-
tory as in the Botanic Gardens only well water is available, very rich in
nutrient, metals and microbes. To evaluate the growth difference be-
tween wastewater treated lettuces and control plants, dH,O has been
necessary to use. After 56 days the entire lettuce plants were collected
and, for both treated and control batches, plants were weighted (fresh
weight) and measured. To determine the total length, all plants were
photographed using a Canon EOS 550D camera placed 70 cm away from
the countertop and the images processed using the ImageJ v1.51 soft-
ware (U.S. National Institutes of Health, Bethesda, MD, USA). Sub-
samples of leaf tissue from 15 plants of both treated and control batches
were immediately used for photosynthetic pigment determination and
the rest of the samples were stored at —20 'C for total phenol and
flavonoid analysis.

2.6. Soluble solid content (SSC) determination

Soluble Solid Content determination was made according to Braglia
etal. (2022): 1.5 g fresh weight (FW) of each plant were homogenized in
liquid nitrogen with mortar and pestle, then centrifuged at 6.089g for
10’. Aliquots of 100 pL of the supernatants obtained were collected and
analysed by a digital refractometer (Hanna HI96800, Woonsocket, RI,
USA) to determine (quantify) sugars and other soluble solids in the ex-
tracts (Jaywant et al., 2022).

2.7. Photosynthetic pigments contents (concentrations)

Pigments, i.e., Chlorophyll a (Chl a), b (Chl b) and Carotenoids (Car),
were determined in 500 mg of each plant samples (fresh weight, FW),
after homogenization in liquid nitrogen with mortar and pestle and
extraction in 80% acetone for 24 h, at 4 °C under dark. After centrifuging
(3000g; 10°) the suspensions, extract (supernatants) absorbance was
measured using a spectrophotometer (Hanna HI801, Woonsocket, RI,
USA) at the wavelengths of 663 nm, 644 nm, and 452 nm, respectively.

Fig. 1. Seedling of L. sativa cv. Canasta: planted in the Zero Mile demonstrator (left) or planted in the open field (right).
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Pigments concentration was calculated according to Lichtenthaler
(1987) and expressed as pg g~ of fresh weight (FW).

2.8. Total phenol and flavonoid contents

Total phenol and flavonoid contents were determined in 500 mg
(fresh weight) leaf material of each plant sample), homogenized in
liquid nitrogen with mortar and pestle, extracted overnight in 4 ml of
absolute methanol, under continuous mixing (orbital shaker, 110 rpm)
and then centrifuged (5.000g; 20’). The supernatant was utilized for
both total phenol and flavonoid quantification, as reported below.

Total phenols content was determined by the Folin Ciocalteu pro-
cedure (Di Marco et al., 2014). Aliquots of 200 pL of plant extract were
mixed with 1000 pL of Folin-Ciocalteu reagent (1:10 v/v in distilled
water) and 800 pL of 1 M NapCO3 and then the mixture was incubated
(60°) at room temperature. The absorbance was measured spectropho-
tometrically at 765 nm and results compared to a reference curve of
gallic acid (0-250 mg/L). Total phenol content was expressed as mg
gallic acid equivalent (GAE) g~! plant fresh weight.

Total flavonoid content was determined by the aluminium chloride
colorimetric method (Chang et al., 2002). Aliquots of 200 pL of plant
extract were mixed with 40 pL of 10% AlClg, 40 pL of 1 M CH3COOK,
600 pL of absolute methanol and 1.120 pL of dH20. The reaction mixture
was maintained at room temperature for 30°, then absorbance was
measured spectrophotometrically at 415 nm and results compared to a
reference curve of quercetin (0-250 pg mL™1). Total flavonoid content
was expressed as mg quercetin equivalent (QE) g~ plant fresh weight.

2.9. Statistical analysis

Parametric t-test was used to assess significant differences between
plant treatments, after confirming a normal distribution of the data
using the Shapiro-Wilk normality test; p-value <0.05 were considered
statistically significant. The software Past 4 (@yvind Hammer, Oslo,
Norway) was used for all statistical analyses.

2.10. Analysis of putative microbial functional groups by FAPROTAX
analysis

To get insight on the ecological functions of microorganisms present
in the 3D consortium aggregate and in the dishwasher wastewater
globally utilized in all experiments, the Functional Annotation of Pro-
karyotic Taxa (FAPROTAX) tool have been used. The tool uses amplicon-
based next-generation sequencing data, associating taxa with their
documented functions in microbiology research, organizing them ac-
cording to their functional roles and annotations.

The tool analyses the OTU (Operational Taxonomic Unit) table of
each sample, which has been previously compiled using the Greengenes
or Silva databases. A Python program is utilized to align the OTU’s
annotated information with the corresponding taxa data in the function
database (Liang et al., 2020). This alignment produces the list of po-
tential ecological roles played by each microorganism found in each
different sample. FAPROTAX has been applied to the 3D consortium
aggregate and both treated and untreated dishwasher wastewater mi-
crobial communities utilized in the studies of Congestri et al. (2020),
Alabiso et al. (2023, 2024): unpublished data (Perini N., personal
communication; Supplementary Table 1) for the Milan dishwasher
wastewater utilized in Congestri et al. (2020), and data for the Rome
dishwasher wastewater, already published in Alabiso et al. (2023, 2024)
were collected and used to build the OTU table; the OTUs represented by
less than 10 reads were excluded.

3. Results and discussion

The efficiency in wastewater reclamation and water reuse of the ad
hoc engineered cyanobacterium/heterotrophic bacteria consortium has
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been assessed using upscaled operational condition compared to those
used in Alabiso et al. (2023), although using a similar approach.

In fact, the ability and efficiency of the consortium were challenged
with three batches of 4 L wastewater and an almost complete refill every
4 days, a condition that increasingly approximate the Zero Mile system
which implied the treatment of 12 L. of DWW approximately every 2
days.

The efficiency of the treated dishwasher wastewater for watering and
fertilizing vegetables has been tested in different conditions: both indoor
(Zero Mile demonstrator) and outdoor (open field); and finally, the
safety of treated dishwasher wastewater has been assessed.

3.1. Consortium functioning in the zero mile system condition

Consortium assemblage was performed as in Congestri et al. (2020)
and Alabiso et al. (2023), but for the largest size (4 L medium); the
cyanobacterium T. variabilis and the heterotrophic bacteria Acinetobacter
sp., Aeromonas sp. and Exiguobacterium sp. were assembled in triplicates
and grown in semi-batch conditions using a home household dishwasher
wastewater as growth medium.

As already observed in experiment of different size (50 mL, Congestri
et al., 2020; 50 and 500 mL, Alabiso et al., 2023; Alabiso et al., 2024),
few hours after the assemblage, the consortium formed a
three-dimensional structure (Fig. 2a), visible to the naked eye. Even at
this increased volume the consortium showed to adapt its shape to the
container shape and to retain this shape along the entire experiment.

After 40 days, consortium biomass increases significantly (mean
values from 8.01 + 0.62 to 32.05 + 2.46 g; Student t-test; p < 0.001)
maintaining its dark green colour and 3D-aggregation structure during
the whole test (Fig. 2b).

The bioremediation efficiency of the consortium, as nutrient removal
capability, was evaluated every 4 day at every wastewater refill. Total
nitrogen and total phosphorous were quantified in the consortium
exposed wastewater, measuring the total amount of nutrients, including
both the solubilised and those still embedded into the solid fraction of
the wastewater. The amount of nutrient in each wastewater is highly
variable, depending on the daily load of leftovers on dishes. For nitro-
gen, it varied from 14.69 mg/L (day 4) to 43.42 mg/L (day 30), and after
four days it was reduced to 13.2 mg/L and 10.33 mg/L, respectively. For
phosphorous, it varied from 1.12 mg/L (day 8) to 3.02 mg/L (day 30),
and after four days it was reduced to 0.8 mg/L and 1.34 mg/L, respec-
tively. This reduction depends on the metabolic activities of the con-
sortium which grows 4-fold in 40 days (Fig. 2b), by utilizing the
mineralized nutrients. Fig. 3 shows that the consortium efficiency to
remove nutrients increased with time, reaching respectively a maximum
of 70% for nitrogen and 50% for phosphorous. Hence, a reasonable
amount of nutrients remains in the treated dishwasher wastewater
useful for plant fertilization.

The process of mineralization of the two nutrients is quite low at the
very beginning: at the first refill (day 4th), no phosphorus removal while
nitrogen removal was observed, then they both increased with time, the
removal of nitrogen being always higher than phosphorous. This initial
difference in nitrogen or phosphorous mineralization can be explained
with the growth conditions of the T. variabilis inoculum before the
consortium assemblage: during the preparation of the T. variabilis
inoculum BG11, a culture medium not containing nitrogen was used;
the culture medium is conversely rich in phosphorous (KoHPO4).
Therefore, at the consortium assemblage, T. variabilis has reserves of
phosphorus, since it is well known that cyanobacteria accumulate
phosphorus in their biomass (Gismondi et al., 2016; Guzzon et al., 2008;
Voronkov and Sinetova, 2019; Wang et al., 2018). The initial low
amount of nutrient removal can be both related to the (small) dimension
of the consortium and to the time taken by the just assembled hetero-
trophic bacteria in attacking and degrading the food leftovers. As regard
nitrogen, the presence of quite a high amount of N in the DWW did not
activate the resource-consuming N-fixation metabolic pathway (Zhang
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Fig. 2. The 3D microbial consortium aggregates in treated domestic wastewater (DWW), (a) after few hours and (b) after 40 days from the assemblage.
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Fig. 3. Microbial consortium efficiency in removing Nitrogen and Phosphorus from DWW over time. The R-squared values indicate a strong correlation
between time and the removal percentages for both elements. The light dashed lines represent the confidence intervals (95%) for the regression models.

et al., 2023). As regard phosphorous, several extra- and intra-cellular
processes of P removal from the environment are known in multispe-
cies consortia (Di Pippo et al., 2012; Xu et al., 2020), anyway the in-
teractions among these consortium partners still remain unknown.

These results are particularly important because, notwithstanding
the different experimental set up (4 L DWW instead of 50 or 500 mL and
an almost complete refill instead of 1/4 DWW refill), the capability of
the consortium to attach and degrade the organic matter present in the
DWW is confirmed and data are consistent with those already reported
(Alabiso et al., 2023).

Another result of this experimental setting is the additional insight
into the design of the biofilter container, which integrate the pre-
liminary indications reported in Alabiso et al. (2024). Indeed, the ne-
cessity to treat 12 L of DWW and simultaneously ensure the best
consortium growth conditions (e.g., light, pH, nutrient supply; Alabiso
et al., 2024) can steer the biofilter container design towards the
following characteristics: capacity of 12 L, rectangular shape, trans-
parent material, which can be divided into three independent sections
(each of 4 L capacity), simultaneously operating to obtaining a high
speed of refill, a reduced mixing rate avoiding consortium damages and,
if physically separated, even a better illumination (Fig. 4). This triple
structure may allow even an efficient DWW bioremediation if compared
to a single structure as it enhances the consortium surface/DWW volume
ratio.

3.2. Plant growing in the zero mile demonstrator or in open-field

The bioremediation efficiency of the consortium supported the use of
treated DWW in plant fertilization. To assess the effect of t-DWW

X

4L

CHE T

?&
Fig. 4. Biofilter container inspired to the experimental settings. Brown
arrows = input of untreated DWW; green arrows = output of treated DWW; in

the lens, the inferred organization from the experimental data of the 3D mi-
crobial consortium aggregates.

watering on the growth of L. sativa cv. Canasta plants, morphological
and biometric parameters, such as fresh weight and total length, were
measured in plants both cultivated indoor in the Zero Mile demonstrator

and outdoor, in open field.
As shown in Table 1, the plants grown both indoor and outdoor,
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Table 1
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Fresh weight of L. sativa cv. Canasta plants grown indoor or outdoor, watered with consortium treated dishwasher wastewater (t-DWW) or water (TW = tap water;

dH,0 = distillate water).

Parameters Indoor (Zero Mile demonstrator)

Outdoor (Open field)

Treatment (42 days)

Treatment (56 days)

DWW Tap Water t-DWW dH,0
Total Fresh Weight (g) 13.51 + 1.19%* 8.12 + 0.55 631.60 + 88.23** 471.22 + 89.57
Total Length (cm) 22.53 + 3.02 19.02 + 1.24 54.17 + 5.66* 46.56 + 5.14

Data represents mean =+ SD (n = 3); asterisks indicate significant differences between treatments (* = p<0.05; ** = p<0.01).

watered with +DWW showed a significant higher fresh weight than
control plants, with a 66.38% and 34.03% increase, respectively. Also,
the total length showed an increase of 18.45% in the indoor plants and
16.34% in the outdoor plants, although the indoor growth was clearly
lower than outdoor.

These data are in agreement with previous studies reporting an in-
crease in lettuce fresh weight when irrigated with treated domestic
wastewater (Urbano et al., 2017) or with our findings where the DWW
was treated with the same engineered microbial consortium as in this
study (Alabiso et al., 2023), which made nutrients more readily avail-
able for plants due to the metabolic activity of heterotrophic bacteria.

The high quality and the good physiological status of the treated
plants was further confirmed by other parameters used to assess the
effect of -DWW fertigation, such as photosynthetic pigments, soluble
solids (SSC), total phenols and total flavonoids content (Table 2).

The content of pigments (chlorophylls and carotenoids) in lettuce
leaves treated with --DWW showed no significant differences compared
to plants watered with tap or distilled water, under both indoor and
outdoor conditions. The analysis of photosynthetic pigments content is
commonly used as indicator of plant physiological stress, by evaluating
their variation in plant tissues (Penuelas and Filella, 1998; Yang et al.,
2010). Their content in plants under fertigation, from an agronomic
perspective, is crucial to evaluate the productivity and the overall health
conditions of plants (Shah et al., 2017). The absence of significant var-
iations in photosynthetic pigments between t-DWW watered plants and
control plants, indicates the healthy state of the lettuce plants, high-
lighting that fertigation did not cause negative effect on plants.

Also, the analysis of soluble solid content (SSC, mainly sugars)
showed comparable results in all plants (indoors and outdoors grown, t-
DWW or water irrigated). This quality index allows to evaluate the
quality of fruits and vegetables (Wu et al., 2021) and the data indicated a
good and comparable quality in treated and control plants. Moreover,
the SSC concentration in our plants was higher than those observed in
thirteen different cultivars of L. sativa grown in a hydroponic system
(Hernandez et al., 2020) or grown in controlled environment (Sabatino
etal., 2021; Consentino et al., 2022), suggesting that in lettuce this index
may be affected by both cultivar and growing conditions.

Table 2

Conversely, total phenol and flavonoids concentration in plant
grown outdoor, showed a significant difference between t-DWW and
dH,0 watered plants, dH,O showing a significantly higher concentra-
tion of total phenols and total flavonoids than DWW (83.82% and
82.49%, respectively; p < 0.01). These compounds are produced to
fulfill functions related to plant growth, development, and protection
(Pratyusha, 2022) and exhibit a readily detectable response to nutrient
deficiency (Naikoo et al., 2019). Hence, the high phenolic compound
concentration observed in the field in dH,O treated plants, may be
associated to the low availability of nutrients in plants irrigated with
distilled water. These data agree with previous studies, showing
increased production of phenolic compounds as a response to nutrient
deficiency, in lettuce (Galieni et al., 2015; Sofo et al., 2016). Further-
more, some authors reported a reduction of phenol content in L. sativa
(Qadir et al., 2017) and other vegetables following the application of
nitrogenous fertilizers and different agricultural management (Ahmed
et al., 2002; Heimler et al., 2017). Flavonoids, being phenolic com-
pounds, follow the same trend as phenols. Their reduction can be
explained by the correlation between flavonoid biosynthesis and nitro-
gen metabolism, as the synthesis of these compounds is influenced by
the nitrogen content of the plants (Deng et al., 2019) and the flavonoid
concentration in crop is inversely related to nitrogen fertilization
(Nguyen and Niemeyer, 2008; Becker et al., 2015; Groenbaek et al.,
2016).

3.3. Functional prediction of microbial communities

The results of this study demonstrated a good growth of the plants
watered with treated dishwasher wastewater, as already found in
another previous study (Alabiso et al., 2023). Hence, a consequent
important point is the evaluation of the safety of untreated and treated
wastewater, that become a pressing information.

To achieve this goal, the NGS DNA metabarcoding of the microbial
communities present in the 3D consortium aggregate (3D-AGG), in the
dishwasher wastewater utilized in all experiments (dishwasher waste-
water from Milan and Rome experiments, M-DWW and R-DWW,
respectively) and in the treated wastewater (TR-DWW), were utilized to

Pigments (chlorophyll a and b, Chl a, Chl b; carotenoids, CAR) and quality indices (soluble solids, SSC; total phenols, PHE; total flavonoids, FLA) in L. sativa cv. Canasta
plants grown indoor or outdoor, watered with consortium treated dishwasher wastewater (t-DWW) or water (TW = tap water; dH,O = distillate water).

Parameters Indoor (Zero Mile demonstrator) Outdoor (Open field)

Treatment Treatment

t-DWW ™ t-DWW dH,0
Chl a (pg g71 FW) 120.25 + 3.93 118.31 +£5.21 58.22 + 0.65 59.74 £+ 0.87
Chlb (ug g7' FW) 126.81 + 2.11 123.08 + 2.36 89.97 + 6.35 76.58 + 6.16
Chla + b (pg g ! FW) 247.06 + 3.21 241.39 + 4.35 148.20 + 5.74 136.32 + 5.37
CAR (pg g71 FW) 67.93 + 0.61 67.73 £ 1.21 32,13 £ 0.13 32.00 + 0.12
SSC (%) 10.97 + 0.15 10.80 + 0.2 5.75 + 0.48 5.96 + 0.83
PHE (mg GA Eq g ! FW) 134 £5.71 152.97 +11.21 44.98 + 14.99 278.05 + 14.04**
FLA (mg Q Eq g7l FW) 11.65 £+ 0.95 14.32 +£1.82 43.96 + 22.82 251.08 + 20.75**

FW = Fresh weight; GA Eq = Gallic acid equivalent; Q Eq = Quercetin equivalent.

Data represents mean =+ SD (n = 3); asterisks indicate significant differences between treatments (*= p<0.05; **=p<0.01).
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Fig. 5. Relative abundance of putative functions, in dishwasher wastewater collected in Milan or Rome (M-DWW, R-DWW), in the consortium treated dishwasher

wastewater (TR-DWW) and in the 3D consortium aggregate (3D-AGG).

explore the putative microbial functions associated with the identified
microorganisms. Functional prediction analysis was performed using
the FAPROTAX software, a database that maps the metabolic or
ecologically relevant functions (e.g., nitrogen fixation, sulfate respira-
tion, hydrocarbon degradation) of bacterial or archaeal taxa, based on
literature data about cultivated representatives. The relative abundance
of functional groups per sample was calculated as the cumulative
abundance of OTUs assigned to each functional group (Fig. 5).

Based on the classification results of 16S rDNA sequences, a total of
67 functional groups were identified, among these, 18 showed a relative
abundance greater than 2% in at least one sample (see Fig. 5).

As expected, the predominant functional groups in all samples were
chemoheterotroph/aerobic chemoheterotroph. Their abundance indi-
cated that a large number of microbes obtain carbon and energy from
the oxidation of the organic compounds (food leftovers) present in the
wastewater. Concurrently, several microbes are involved in the nitrogen
cycle, although they are not uniformly distributed among samples. This
indicates that some microorganisms are actively involved in nitrogen
transformation, a typical function in biological treatments. In these
processes, organic nitrogen compounds are actively converted into
inorganic nitrogen forms, including those essential for growth, such as
ammonium and nitrate (Kuypers et al., 2018).

As awaited, among the functions identified there were some related
to humans and stated as ‘human associated’ or ‘human pathogen all’
(Table 3). However, looking further into the analysis, only four bacterial
genera were found (Citrobacter sp., 51 reads; Pseudomonas sp., 1026

Table 3

reads; Roseomonas sp., 16 reads; Stenotrophomonas sp., 132 reads)
differently distributed in the samples and with a general predominance
of Pseudomonas (80.3%) and Stenotrophomonas (14.5%). Three of the
human related genera were only found in a single sample (M-DWW),
they were represented by few reads per sample that, as a total,
accounted for 2.3% and 2.2% of the total, respectively for ‘human
associated’ and ‘human pathogens’. The identified genera are known
colonizers of kitchens, as they have already been found in dishwasher
rubber seals (Zupancic et al., 2019; Raghupathi et al., 2018) or on
kitchen surfaces (Jeon et al., 2013; Flores et al., 2013; Kembel et al.,
2012). Therefore, their presence in DWW is not surprising and depends
on different sources, including raw foods and dishwasher users.

As a final remark, the recovered purified wastewater even complies
with the limits set by the Italian Ministerial Decree 185/2003 for the
microbiological parameters (Escherichia coli, 100 CFU/100 mL and Sal-
monella absent), as no E. coli were found in the dishwasher wastewaters.
It is worth to note that reads may depend on the presence of just DNA,
while CFUs (Colony Forming Units) imply the presence of living
microorganism. In any case, wastewater can be utilized for growing
lettuce plants.

To the best of our knowledge, this was the first study aimed to
investigate the functional prediction analysis for bacterial communities
in dishwasher wastewaters to evaluate their possible use for the irriga-
tion of edible plants. Some studies offer insights into microbial com-
munities in various types of wastewaters and their potential functions
(Xie et al., 2021; Tong et al., 2023), while others focused on the changes

DNA metabarcoding identified reads including the two potentially harmful functions, as identified by the FAPROTAX software (several reads are found in both groups).

Functions ‘human associated’ ‘human pathogens’ Genus-level taxonomic identification of the reads
Sample Total reads per sample % Total reads per sample %

M-DWW 1209 2.3 1158 2.2 Citrobacter*; Pseudomonas; Stenotrophomonas
R-DWW 10 0.1 10 0.1 Stenotrophomonas

R-TDWW 48 0.2 48 0.0 Roseomonas; Stenotrophomonas

3D-AGG 11 0.2 11

0.0 Roseomonas
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of the microbial community structure and function in
wastewater-irrigated soils (Chen et al., 2017), as well as on the impor-
tance of monitoring wastewater quality for plant development, soil
characteristics and human health (Ibekwe et al., 2018).

4. Conclusion

The capability of the microbial consortium to treat a dishwasher
operating volume (12 L, divided into three batches), producing treated
wastewater every four days, has been demonstrated. The consortium
maintains, also in these operational conditions, the capability to
mineralize the organic load of the wastewaters (due to food leftovers)
and the mineralization increased with time, related to the increase of
consortium biomass.

The treated dishwasher wastewater demonstrated to be useful for
plant watering, both indoor, in the Zero Mile System demonstrator, and
outdoor, in open field. While watered with treated wastewater dish-
washer, lettuce plants demonstrated good growth and quality (as pig-
ments, soluble solids, phenols, and flavonoid content), comparable or
better than control plants.

A final consideration has been devoted to state the salubrity of the
dishwasher wastewater: the microbial load in both untreated and
treated wastewater is mainly made by organic matter degraders and
bacteria involved in nitrogen cycling. The human related genera,
widespread in the kitchen environment, are quite few in the dishwasher
wastewater, probably counter selected by the limiting dishwasher con-
ditions. Furthermore, no pathogens or potential microbiological con-
taminants of wastewater (as E. coli) were found. Hence, the on-site
utilization of this treated dishwasher wastewater does not imply risks
to agricultural products, soil, and groundwater.

The use of the synergistic interactions between photosynthetic and
heterotrophic microorganisms represents an effective and convenient
solution to reclaim a still untapped water resource in a regenerative
circular economy framework.
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